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ABSTRACT: Poly(L-lactide) (PLLA) nanofibers were prepared by melt extrusion of immiscible blends of PLLA/low density polyethylene

(LDPE) and subsequent removal of the LDPE matrix from the blend fibers. The effect of blends composition and draw ratio on the

phase structure of the blend fibers, crystallization, mechanical properties, and the diameter of the PLLA nanofibers was investigated.

It is found that the diameter of the PLLA phase gradually increases with the increase of PLLA content. With the variation of PLLA

content from 50 to 60 wt %, the average diameter of acquired PLLA nanofibers changes from 119 to 153 nm under the draw ratio of

1.5. When further increasing the content of PLLA to 65%, it is difficult to acquire PLLA nanofibers due to the poor dissolving prop-

erties between PLLA and LDPE components. Oriented PLLA nanofibers with the average diameter of 92 nm can be fabricated from

PLLA/LDPE (50/50, wt %) blends under the draw ratio of 2. The present results suggest that it is possible to acquire polymer nano-

fibers with high output using blend sea-island melt spinning. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41228.
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INTRODUCTION

Poly(L-lactide) (PLLA) is produced from renewable biomass

such as corn or biological waste materials. It is a biodegradable

and biocompatible polymer and exhibits reasonable mechanical

properties. The fibers made of PLLA have the advantages of

both natural and synthetic fibers, such as excellent permeability

and moisture absorption, comfortability, nontoxicity, biodegrad-

ability, and biocompatibility, etc., which can be widely used in

high-grade clothing fabrics, textile materials, and biomedical

fields.1 The size of the PLLA fibers plays an important role in

the properties of final materials. A smaller diameter leads to

larger surface area per unit mass and smaller pore size, which is

useful in filtration application and tissue engineering.2,3 For

example, if the diameter of PLLA fiber decreases from 22 lm to

880 nm, the pore diameter of nonwovens composed of nanofib-

ers would decrease from 66 lm to 8 lm.4 For this reason, prep-

aration and properties of PLLA nanofibers have attracted great

attention.

Electrospinning is the most popular method in preparation of

PLLA nanofibers, including solution and melt electrospin-

ning.3,5–7 Solution electrospinning can prepare polymer fibers

with diameters in the range from several micrometers down to

100 nm. But several major drawbacks are encountered in solu-

tion electronspining. The production efficiency is low and the

prepared nanofibers have low crystallinity and orientation.5,7,8

Melt electrospinning has higher fiber production rate, but it is

difficult to obtain PLLA nanofibers due to the high viscosity,

low electron conductivity, and die swelling of polymer melts.8

The minimum diameter of PLLA fibers produced by this

method could not be smaller than 800 nm.6 In addition,

researchers reported a method of producing PLLA nanofibers

by means of a carbon dioxide (CO2) laser supersonic drawing.

PLLA nanofibers with a diameter of 132 nm were obtained,

while the velocity of as-spun fibers is about 0.1 m/min and thus

the efficiency is low.

In recent years, the blend sea-island melt spinning also provide

a method to produce polymer nanofibers. The principle is to

choose two kinds of partially miscible or immiscible thermo-

plastic polymers, mixing and melt spinning by tradiational spin-

ning machine. By regulating the viscosity ratio of the blends,

the composition and spinning conditions, blend fibers with sea-

island structure can be fabricated. After dissolving and remov-

ing the sea phase of the blend fibers, the nanofibers are

obtained.9,10 By using this method, polypropylene (PP),11–14

poly(trimethylene terephthalate) (PTT)15,16 and poly(butylene

terephthalate) (PBT)17 nanofibers have already been obtained

successfully. For example, Li et al. reported the preparation of

PET, PTT, and PBT nanofibers from PET/cellulose acetate
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butyrate (CAB), PTT/CAB, PBT/CAB immiscible blends by in

situ microfibrillar formation during the melt extruding pro-

cess.18 The average diameters of the obtained PET, PTT, and

PBT nanofibers are nearly 200 nm by controlling the processing

conditions.18 Fallahi et al. obtained PP and PA6 nanofibers with

the diameter from 200 to 1000 nm by regulating the processing

conditions.13 These results suggest that the method of blend

sea-island melt spinning is suitable to produce polymer nano-

fibers. Moreover, the technology of melt-spinning is well-

developed and the equipment is relatively simple, therefore, the

method of the sea-island melting spinning is promising. How-

ever, preparation of PLLA nanofibers using this method has not

been reported yet.

As the precursor of the nanofibers, the island phase decides

directly the output of nanofibers. Previous studies provide some

information on the preparation of polymer nanofibers at low

island contents (<50%) via blend sea-island melt spinning.11–18

Because the sea phase would be removed by solvents, basically,

the higher the fraction of island phase, the higher the production

efficiency of nanofibers. Therefore, the purpose of this study is to

explore the morphology development of PLLA/low density poly-

ethylene (LDPE) immiscible blends with high fraction of island

phase during processing. PLLA nanofibers are prepared using this

method and the properties of nanofibers are inverstigated.

EXPERIMENTAL

Materials

Commercial grade PLLA (6202D) was purchased from Nature-

works and the melt flow index is 24.7 kg/10min (210�C/2.16 kg).

LDPE (1I50A) was supplied by China Petrochemical Corporation

and the melt flow index is 38.0 kg/10 min (190�C/2.16 kg).

Preparation

PLLA was dried at 70�C in a vacuum oven for more than 15 h.

The blending and spinning of PLLA and LDPE were carried out

by a one-step method. After mixing PLLA with LDPE in a solid

mixer, the mixture pellets were fed into a single-screw extruder

(diameter 5 30 mm, L/D 5 25) with a spinneret containing 24

orifices with 0.3 mm diameter. The five temperature zones of

the extruder was set at 130, 190, 200, 205, and 210�C at the

feed, metering, melt-blending, die and spinneret sections,

respectively. PLLA/LDPE as-spun fibers were collected at a take-

up speed of 400 m/min, and followed by one-step thermo-

drawing of 1.5–2 times elongation at 80�C and a subsequent

thermo-fixing process at 90�C (designated as “PLLA/LDPE

drawn fibers”). PLLA/LDPE samples without coiling were also

collected as the control samples, coded as “PLLA/LDPE blends”.

Measurement and Characterization

To clearly see the morphology, the blends were fractured in liq-

uid nitrogen and etched with methylene dichloride at 95�C for

1 min to remove the PLLA component. The resulting blend

fibers were immersed in xylene at 95�C for 60 min to remove

LDPE. The surfaces of the blends and fibers were observed

using a JSM-6700F JEOL scanning electron microscope (SEM).

All SEM specimens were coated with gold of �5-nm-thick to

avoid charging; thereby, improving image quality. One hundred

of fibers were counted in calculating the number average and

distribution of nanofiber diameters. Number average diameters

of nanofibers were calculated as follows.

DN 5

X
NiDiX

Ni

(1)

where DN is the number averaged diameter, Ni is the number of

nanofibrils with a diameter of Di.

WAXS profiles between 5˚ and 40˚ were collected using a

Rigaku D/MAX-RB X-ray diffractometer with CuKa radiation

(k 5 1.54 Å) at a generator voltage of 40 kV and a generator

current of 50 mA.

The thermal behavior of nanofibers was determined by DSC

(DSC6200, Seiko) using 6.00 mg samples at a heating rate of

10�C/min under nitrogen atmosphere. The crystallinity of PLLA

nanofibers is calculated by Xc 5 �H/�H0 3 100%, in which

�H (J/g) is PLLA melting enthalpy, �H0 is the melting

enthalpy corresponding to 100% crystalline PLLA of 93.6 J/g.19

The infrared (IR) spectra of PLLA/LDPE blend fibers were accu-

mulated using a Bruker EQUINOX 55 spectrometer with a reso-

lution of 4 cm21 and 32 scans. In order to characterize the

orientation of the fibers, the IR spectra with polarized radiation

parallel (Ak) and perpendicular (A?) to the fiber axis were meas-

ured. The dichroic ratio (D) was used to describe the orientation

of macromolecular chains of every component in blend fibers.

D5Ajj=A? (2)

The stretching properties of the fibers were measured on a tensile

testing machine (YG004N). The stretching speed is 40 mm/min.

RESULTS AND DISCUSSION

Fabrication of PLLA Nanofibers and Morphology

The formation of PLLA nanofibers via blend sea-island melt

spinning includes the processes of blending, extruding, spin-

ning, drawing, and dissolution. Morphology development in

different stages is shown in Figure 1. PLLA/LDPE blends were

collected without coiling; therefore, the diameter of the island

phases is large [Figure 1(a)]. When the fibers are collected at a

take-up speed of 400 m/min, as a result of the effect of take-up

stress and temperature, the island phases were deformed to

form microfibers from rod-like phases [Figure 1(b)]. Further

drawing the as-spun PLLA/LDPE fibers, the diameter of PLLA

islands decreases and PLLA nanofibers were obtained after

removing the LDPE matrix by xylene [Figure 1(c)]. According

to the SEM images of PLLA island phases in blend fibers, a

large number of PLLA filaments are evenly distributed in the

cross sections of PLLA/LDPE fibers, which favors the prepara-

tion of PLLA nanofibers with uniform size. In principle, the key

points for the method of blend sea-island melt spinning is to

precisely regulate the phase morphology between the matrix

and dispersed phases, and control the diameter of island micro-

fibers at nanoscale as well as maintain good stripping property.

Many factors influence the structure formation of PLLA/LDPE

blends including blend ratio, compatilizer, spinning condition,

etc. Herein, we explore the effect of blend ratio and draw ratio
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on the formation and properties of PLLA/LDPE blend fibers

and PLLA nanofibers.

Effect of Blend Ratio

Blend ratio plays a crucial role in controlling the microstructure

and phase size of polymer blends during blend sea-island melt

spinning.17,20 Figure 2 shows the SEM images of fracture surface

of PLLA/LDPE blends with different blend ratios after etching

PLLA. A typical sea-island two-phase structure is observed.

With the increase of PLLA fraction, the size of island phase

increases due to the collision of PLLA droplets, and the uni-

formity of diameter distribution of PLLA phase decreases. To

obtain quantitative information, the diameter distribution and

average domain sizes of PLLA phases were calculated by analyz-

ing SEM images with an image analysis software image-Pro

Plus, as shown in Figure 3. The cross-section of PLLA dispersed

domains is in the range of 1–3 lm. At the blend ratio of PLLA/

LDPE of 65/35, the size of PLLA phases is bigger than that in

other blends with lower PLLA content.

Figure 4 presents the SEM images of PLLA nanofibers after

removing LDPE matrix from the PLLA/LDPE drawn fibers. The

drawn fibers were obtained by stretching the as-spun fibers with

the draw ratio of 1.5. At the blend ratio of PLLA/LDPE 50/50,

55/45, and 60/40, PLLA nanofibers can be obtained after the

removal of the LDPE matrix. Adhesion of nanofibers becomes

obvious with the increase of PLLA content. When the content

of PLLA is 65 wt %, PLLA nanofibers cannot be fabricated due

to the fact that the LDPE matrix cannot be removed completely

under the wrapping of PLLA phases. Figure 5 shows the diame-

ter distribution and the average diameter of PLLA nanofibers

produced from PLLA/LDPE drawn fibers with the draw ratio of

1.5. With the increase of PLLA fraction from 50 to 60 wt %,

the average diameter of PLLA nanofibers increases from 119 to

153 nm. Furthermore, the diameter distributions of PLLA nano-

fibers became broader. The variation regulation of PLLA nano-

fibers is in consistence with that of PLLA island phases in

blends. This is mainly caused by the higher possibility of coales-

cence of PLLA with the increase of PLLA component.

The formation mechanism of dispersed phase during melt

blending of polymers has been studied extensively. For the same

polymer blends, there are two factors determining the sea-island

morphology of blends: the viscosity ratio p 5 gd/gm (gd, viscos-

ity of the dispersed phase; gm, viscosity of the matrix phase)

and blend composition.21–23 The component with high viscosity

Figure 1. SEM images of different surfaces in the formation process of PLLA nanofibers. (The blend ratio of PLLA/LDPE is 50/50, wt %. The take-up

speed is 400 m/min and the draw ratio is 2.) (a) PLLA/LDPE blends, (b) PLLA/LDPE as-spun fibers, (c) PLLA/LDPE drawn fibers.
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is prone to form the dispersed phase. If one wants to increase

the content of island phase, it is necessary to increase the vis-

cosity of island component or decrease the viscosity of the sea

component. Figure 6 shows the viscosity ratio of PLLA/LDPE at

different shear rates and processing temperatures. In the whole

range of explored experimental conditions, the viscosity ratio is

higher than 1, indicating that PLLA trends to form the island

phase. PLLA can still form the island phase in PLLA/LDPE

blends with 60 wt % PLLA, which is beneficial to improve the

output of nanofibers. On the other hand, the dispersed particle

size is proportional to p0.84 when p> 1 or p20.84 when p< 1.

Blends with a viscosity ratio close to unity would form the

smallest dispersed phase particles. For acquiring the island fibers

with smaller size, the viscosity ratio should be considered com-

bining the output and the size of island fibers. In our case,

PLLA fibers with the size of 119–153 nm were obtained at

appropriate processing conditions when the fraction of PLLA

components in blends was equal to or higher than 50 wt %.

Figure 3. Diameter distribution of PLLA phase in PLLA/LDPE blends. (a) 50/50, (b) 55/45, (c) 60/40, (d) 65/35.

Figure 2. SEM images of fracture surface of PLLA/LDPE blends after removing PLLA. (a) 50/50, (b) 55/45, (c) 60/40, (d) 65/35.
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Effect of Draw Ratio

The drawing favors the formation of microfibrils from the

deformation of the dispersed phases in an immiscible blends,

thus the draw ratio is also an important factor in controlling

the size of island fibers. Figure 7 shows the SEM images of

PLLA nanofibers obtained from PLLA/LDPE (50/50, wt %)

blend fibers with different draw ratios. With the increase of

draw ratio, PLLA diameter has an obvious decrease from 119 to

92 nm. Meanwhile, diameter distribution is narrower from 40–

300 nm to 40–280 nm (Figure 8). Higher draw ratio provides

higher drawing deformation to the polymer as-spun fibers,

which facilitates the decrease of size of island fibers, and simul-

taneously improve the orientation and crystallization of fibers.

Properties of PLLA Nanofibers

Many studies have shown that PLLA can crystallize in a-, b-,

and c- forms.24–27 Among these forms, a form is the most com-

mon and stable form, which can be often acquired by melting

or solution crystallization. Figure 9 shows the XRD profiles of

PLLA nanofibers. The diffraction peaks at 2h 5 16.7� and 18.9�

are assigned to the reflections from (200)/(110) and (203)

Figure 4. Morphology of PLLA nanofibers extracted from PLLA/LDPE drawn fibers (a) 50/50, (b) 55/45, (c) 60/40, (d) 65/35.

Figure 5. Average diameter and distribution of PLLA nanofibers. (a)50/50, (b) 55/45, (c) 60/40.

Figure 6. Viscosity ratio variation of PLLA/LDPE as a function of shear

rate at different temperatures.
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planes of a-form of PLLA, respectively. It can be seen that the

PLLA nanofibers obtained from PLLA/LDPE blend fibers with

different draw ratio form the stable a crystal form, which is in

favor of the stability of subsequent application. The crystallinity

calculated by DSC results shows the slight increase from 60% to

62% with the variation of draw ratio from 1.5 to 2.

The dichroic ratio of IR spectra provides an access to the degree

of orientation for the crystalline and the amorphous region.

Figure 10 shows the polarizing FTIR spectra of PLLA blend

fibers with different draw ratios. The band of 958 cm21, arising

from the coupling of CAC backbone stretching and the CH3

rocking mode, is assigned to the amorphous phase of PLLA.

The band at 1752 cm21, arising from the C@O stretching

modes, is assigned to the crystalline phase of PLLA.28,29 The cal-

culated dichroism ratio of 958 cm21 and 1752 cm21 are shown

in Table I. It can be seen that the degree of orientation of PLLA

Figure 7. SEM images of PLLA nanofibers obtained from PLLA/LDPE (50/50, wt %) blend fibers with different draw ratios (a) 1.5, (b) 2.0.

Figure 8. Diameter distribution of PLLA nanofibers obtained from PLLA/LDPE (50/50, wt %) blend fibers with different draw ratios (a) 1.5, (b) 2.0.

Figure 9. XRD curves of PLLA nanofibers obtained from PLLA/LDPE

(50/50, wt %) blend fibers with different draw ratios.

Figure 10. Polarizing FTIR spectra of PLLA/LDPE (50/50, wt %) blend

fibers with different draw ratios. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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nanofibers in blends increases with the increase of draw ratios.

The slight increase of crystallinity and orientation with the vari-

ation of draw ratio from 1.5 to 2 results in the slight improve-

ment of the mechanical properties, as show in Table II.

CONCLUSIONS

In the present work, PLLA nanofibers were prepared by blend

sea-island melt spinning method. The diameter of the PLLA

nanofibers can be controlled by adjusting the viscosity ratio and

processing conditions. With the variation of PLLA content from

50 to 60 wt % in the blends, the average diameter of acquired

PLLA nanofibers changes from 119 to 153 nm. Further increas-

ing the content of PLLA to 65%, it is difficult to fabricate PLLA

nanofibers due to the bad dissolving properties between PLLA

and LDPE components. The PLLA nanofibers crystallize into

the stable a-form with the crystallinity around 60%, indicating

that the nanofibers would have good shape stability during

application. As revealed by polarized IR, the polymer chains in

the nanofibers are highly oriented. These results demonstrated

that this method is promising both in nanofiber properties and

production output. It must be noted that the solvent and sea

phase can be totally recycled and reused, therefore environmen-

tal protection can be achieved.
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Table I. IR Dichroism Ratio of PLLA/LDPE (50/50, wt %) Blend Fibers

IR bands (cm21)

Draw ratio

1.5 2.0

1752 1.19 1.70

958 2.52 2.93

Table II. Mechanical Properties of PLLA/LDPE (50/50, wt %) Blend

Fibers

Draw
ratio

Diameter
(lm)

Tensile
strain (%)

Breaking
strength (MPa)

1.5 35.4 44.0 6 3 200 6 16

2.0 30.0 30.0 6 3 223 6 21
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