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In this paper, N-Methylmorpholine-N-Oxide (NMMO) was used as solvent for regenerated
silk fibroin (RSF). Concentrated solutions with RSF content from 10 to 25 wt% were
obtained by dissolving RSF film into NMMO monohydrate. The spinning and rheological
properties of RSF/NMMO-H,0 solutions were studied by a simple piston type single
filament spinning apparatus and HAAKE RS150L rheometer, respectively. The results are
discussed to understand the influences of shear rate, temperature and RSF concentration
on the rheological behaviors of RSF/NMMO-H,0 and to choose appropriate process
condition for spinning. Spinning was performed using a dry-wet spinning process. The
regenerated silk fibre was prepared successfully and the tenacity can reach to
3.07cN/dtex. © 2005 Springer Science + Business Media, Inc.

1. Introduction

Silk is a well-known natural fibre produced by the
silkworm, Bombyx mori, which has been used tradi-
tionally in form of threads. It is composed of two kinds
of protein: a fibrous one (named silk fibroin) that forms
the thread core, and a glue-like one (named sericin)
that surrounds the fibroin fibers to stick them together.
Although the use of silk as threads is very popular,
recently, interest has been increasing in the use of
solubilized silk fibroin (SF) in biotechnological mate-
rials, and biomedical applications. It should be noted
that silk must be regenerated into a desirable form to
meet a specific biomedical application. To date, the
SF is known to be soluble in several special solvents.
The most common solvent is aqueous 9.0-9.5 M LiBr
[1]. Moreover, mixtures of aqueous calcium chloride
and ethanol CaCl,-EtOH-H,O [2, 3], calcium nitrate
in methanol Ca(NOj3),-MeOH [4] or aqueous lithium
bromide and ethanol LiBr-EtOH-H,O [5, 6] were also
used as well as aqueous lithium thiocyanate LiSCN [7]
and aqueous sodium thiocyanate NaSCN [8]. Those
solutions have been used to cast films for structure
studies. In addition, aqueous SF solution can also
be obtained from formic acid or H;PO, solution [9].
The dissolution of SF in LiCl/N,N-dimethylacetamide
has been investigated thoroughly [10]. Those skills in
the art have been attempted to find suitable solvents
for preparing silk fibroin solutions, which may be
subsequently spun into fibers. A number of these

*Author to whom all correspondence should be addressed.
0022-2461 © 2005 Springer Science + Business Media, Inc.
DOI: 10.1007/s10853-005-4301-9

solvents have been described in a series of patents
assigned to the E.I. DuPont de Nemours & Co. These
patents disclose further methods for producing solu-
tions of fibroin and other fiber-forming polypeptide
in hexafluoroisopropanol in combination with lithium
salt solutions and the like [11-13]. Although it has
been possible to produce silk fibroin fibers from
such spinning solutions as described above, these
solvents tend to be harsh and may be very difficult to
recycle.

A number of scientific reports and patents have fo-
cused over the last two decades on the development of
new organic solvents for cellulose, with a final goal of
preparing regenerated cellulose films and fibers through
a simple nonpolluting process. N-methyl morpholine
N-oxide (NMMO) appears to be the most potential di-
rect solvent for cellulose and it is environment friendly
and easy to be recycled. In 1999, Freddi [14] first found
that NMMO monohydrate is also a good direct solvent
for SF and its relatively low melting point allows people
to conduct dissolution and spinning experiments in a
reasonably safe temperature range (90—110°C) to avoid
excessive thermal degradation of SF. However, he did
not obtain the silk solution suitable for fibre spinning.
On the other hand, the concentration of RSF in NMMO
monohydrate can easily reach up to 25 wt% by dissolv-
ing the regenerated silk fibroin (RSF) film into NMMO
monohydrate. The aim of this study is to investigate the
rheological behaviors of RSF/NMMO-H,0 solution
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and choose appropriate process conditions for fibre
spinning.

2. Experimental procedures

2.1. Samples

Fresh Bombyx mori cocoons were cut to remove the
pupa, degummed twice with anhydrous sodium car-
bonate 0.5% (o0.w.f.) solution at 100°C for 1 h, then
rinsed thoroughly in warm deionized water and dried
at room temperature.

2.2. Preparation of RSF film and
RSF/NMMO-H,0 solution

Degummed silk fibres from Bombyx mori cocoons were
dissolved in 9.3 M LiBr aqueous solution under con-
stant stirring for several hours at room temperature.
The salt was removed by hollow fibers dialysis. After
being filtered, the aqueous solution of RSF was cast
onto flat polyethylene sheets and allowed to stand at
room temperature for drying overnight. A transparent,
cellophane-like RSF films were prepared.

NMMO aqueous solution with 50 wt% water con-
tent (purchased from BASF) was distilled at 70-100°C
under vacuum to prepare NMMO-H,O solution with
13.3 wt% water content.

Dissolution of RSF was performed in a dissolving
apparatus, in which the RSF films and the melted sol-
vent were added. With continuing vigorous mixing for
4-5 h, a thick, clear, and light yellowish solution was
obtained.

2.3. Spinning of RSF/NMMO-H,0 solution
Spinning was performed on a simple piston type single
filament spinning equipment using a dry-wet spinning
process. Methanol was used as coagulation bath.

2.4. Measurements

Rheological measurements were performed on a
HAAKE RS150L rheometer (manufactured by Hakke
Company, Germany) using a C35/1°C cone and plate
system. The range of shear rate was from 0.01 to
250 s~! and the measurements were carried out at the
range of temperature from 70 to 100°C. The rheological
curves were obtained for the SF/NMMO-H, O solution
under different temperatures.

The tenacity of resultant fibre was measured on a
XQ-1 tensile strength tester (manufactured by Donghua
University, China) at the condition of 20°C and R.H.
65%.

3. Results and discussions

3.1. Influence of shear rate

Typical flow behaviors for the apparent viscosity of
a molten polymer as a function of shear rate can be
described in power-law equation 1:

na=Ky"! (1)

where constant K is called the consistency index, con-
stant n is known as the power-law index and y is
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Figure I Flow curves of RSF/ NMMO-H,O solutions with different
concentration at 85°C.

shear rate. The flow curves of RSF/NMMO-H,O solu-
tions with different concentrations at 85°C are shown
in Fig. 1. It can be seen that the apparent viscosity
of RSF/NMMO-H,O solution with a concentration of
15 wt% is very low. It has a slightly decrease at low
shear rates and levels off into a single line at high
shear rates. One of the possible reasons is that the
fibroin macromolecule chains are intrinsically flexi-
ble [15]. Moreover, individual protein molecules ex-
ist as random coils in dilute solution and the concen-
tration is too low to make the molecules to entangle.
Therefore, the RSF/NMMO-H,0O solution with a con-
centration of 15 wt% is dilute and not very sensitive
to shear. Fig. 1 also reveals that zero-shear viscosity
1, increases apparently while RSF concentration be-
comes higher. In addition, shear thinning is observed
in other two cases. This is because that individual glob-
ular molecules are allowed to form entanglement with
the increase of RSF concentration. In other words,
when the RSF concentration exceeds a critical value,
protein molecular chains begin to be entangled with
each other. At low shear rates, the shear stress is not
high enough to completely destroy the entanglement
and the solution has a relatively constant viscosity due
to the constant entanglement density. This region is
known as the lower Newtonian region. At the higher
range of shear rates, however, the viscosity decreases
sharply because of the disentanglement of molecular
chains.

3.2. Influence of temperature

It is well known that temperature has an important ef-
fect on the rheological properties of polymer solutions.
Fig. 2 shows the flow curves of RSF/NMMO-H,O0 so-
lutions with different concentrations at different tem-
peratures. As illustrated in Fig. 2b and c the zero-shear
viscosity 71, and the apparent viscosity 1, decrease ob-
viously with increasing temperature. The onset point of
shear thinning shifts to higher shear rate as the temper-
ature increases. One possible explanation is that pro-
tein chain segments have enough space to move in the
case of high temperature. Thus, it becomes easy for the
protein chains to flow due to the weak van der Waals
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Figure 2 Flow curves of RSF/ NMMO-H,O solutions at different temperatures. The concentration of RSF is (a) 15 wt% (b) 20 wt% (c) 25 wt%.

forces among many chains. The temperature depen-
dence of zero-shear viscosity follows the Arrhenius
equation to a good approximation:

no = AeP/RT (2)
In this equation, A is a constant characteristic of the
polymer, E,, is the activation energy for the process, R
is the universal gas constant, and 7 is the temperature
in degrees Kelvin. Table I lists the values of energy of
activation E, for different RSF solutions, which were
calculated by equation 2. It can be seen that the energy
of activation £, increases with increasing concentration
of the RSF solution, which indicates that the viscosity
of the concentrated dope is more sensitive to variation
of temperature than those of dilute solutions.

3.3. Influence of RSF concentration

The concentration of polymer in the solution has im-
portant effects on choosing process conditions for
spinning and product properties as well as the tem-

TABLE I Energy of activation E, for different RSF solutions
RSF concentration (wt%) 15 20 25
E,(KJ/mol) 23.36 3091 45.97

perature. If the polymer concentration is too low, it is
impossible for fibre formation due to lack of chain en-
tanglements in solutions. If the polymer concentration
is too high, however, the solution is difficult to process
or need higher temperature to process, and it may be
led to a strong degradation. Therefore, the RSF content
in the spinning dope is an important factor in preparing
regenerated silk fibres.

As shown in Fig. 2, RSF concentration, on the other
hand, is also an important factor that can control the
rheological properties of the solutions. The zero-shear
viscosity can be obtained from the flow curves and are
listed in Table II. It can be seen that the zero-shear
viscosity 7, of the solution with 15 wt% is 3.135 Pas
when the temperature is set to 85°C, while that of the
solution with 25 wt% 1is increased to 211 Pas. As a
result, the dilute RSF solution with 15 wt% cannot be
used to spin fibres due to the very low viscosity. The
solutions with concentration of 20 wt% were investi-
gated to spin in the range of temperature from 70 to
90°C, whereas the solution with 25 wt% was tested in
the higher range of temperature i.e., 85 to 100°C, since
the solution with 25 wt% will be frozen below 85°C.
It can also be found from Fig. 2 that the viscosity is
stable in the range of low shear rates and it is wor-
thy to point out that the solution with 20 wt% at 70°C
and the solution with 25 wt% at 100°C have analogous
rheological behaviors, such as zero-shear viscosity and
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TABLE II Zero-shear viscosity of solutions with different concen-
trations
no/Pa-s

Temperature/°C 15 wt% 20 wt% 25 wt%

70 7.025 59.94 /

75 5.057 37.82 /

80 / 26.92 /

85 3.135 19.46 211.1

90 2.435 13.97 167.3

95 / / 108.9
100 / / 70.04

P
Dope tank
Take up

N
/

v
I J

/

Coagulation bath

Figure 3 Scheme of single filament spinning apparatus.

critical shear rate. That indicates the solution with
20 wt% can be spun at relatively low temperature and
the solution with 25 wt% has to be spun at relatively
high temperature. It is well known that processing tem-
perature higher than 110°C may partially lead to active
thermal degradation of NMMO in which the liberated
atomic oxygen may also lead to degradation of SF [16—
18]. It is concluded that the appropriate concentration
of RSF in NMMO-H,O for spinning ranges from 20 to
25 wt% and the processing temperature is from 85 to
100°C.

3.4. Regenerated silk fibre spun from
RSF/NMMO-H,0 solution

According to the rheological properties of RSF/
NMMO-H,O0 solution, the RSF solution with a con-
centration of 20 wt% was selected as spin dope and
a dry-wet spinning process was used to spin regener-
ated silk fibre. Fig. 3 shows scheme of single filament
spinning equipment to which the spinning solution was
transferred. After deaeration, compressed nitrogen gas
was applied to force the solution passing through a
0.3 mm diameter stainless steel spinneret into a bath
containing methanol at room temperature, whereby the
fibroin was precipitated in the form of continuous fil-
aments. The spinning temperature is 90°C and the air
gap length is around two centimeters. These filaments
were wound on a bobbin at 3.2 m/min and allowed to
stand in methanol overnight. Then, while still wet with
methanol, these filaments were drawn to 3.6 times be-
fore air drying. Mechanical testing of the dry samples
showed that it has a average tenacity of 3.07 cN/dtex,
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which is a little bit lower than the tenacity of the native
silk fibre (3.58 cN/dtex).

4. Conclusion

The rheological results showed that characteristic of the
RSF/NMMO-H,O0 solutions is shear-thinning, i.e., the
apparent viscosity decreases as the shear rate increases.
With increasing RSF concentration, the apparent vis-
cosity tends to increase and the non-Newtonian behav-
ior becomes obvious. The investigation on rheological
behaviors indicates that the appropriate concentration
of RSF in NMMO-H,0 for spinning is from 20 to
25 wt% and the processing temperature is from 85 to
100°C.

According to these investments, RSF/NMMO-H,0
solution with relatively high RSF concentration are vis-
cous and suitable for fibre spinning. The regenerated
silk fibre was prepared successfully and the tenacity
can reach to 3.07cN/dtex.
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