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Abstract: 

 Morphology transition from nanofiber to nanofibrous microsheaf to nanofibrous 

microsphere was reported for poly(L-lactic acid) (PLLA) induced by thermally 

induced phase separation of PLLA/dimethylformamide solution. It was found that 

nanofibrous microsphere, microsheaf, and nanofiber were produced from solutions 

with PLLA concentration of over 5 wt%, 3 wt%, and 1 wt%, respectively. With 

respect to the effect of quenching temperature, microsphere and microsheaf were 

formed at Tq of -10 oC and -20 ~ -50 oC, respectively. The mechanism of nucleation 

and crystal growth is responsible for the formation of various PLLA nano-/micro- 

structures. The foams composed of nanofiber, microsheaf, and microsphere were 

highly porous in three dimensions with porosity of over 90%. The nano-/micro- 

dual-scale structure on the foam surface and the trapped air in pores significantly 

improved the foams’ water contact angle to up to 134o, compared to 79o of 

solvent-cast PLLA monolithic film. Due to hydrophobicity, large pore volume and 

high capillary effect, oil absorption ratio of PLLA porous foams reached up to 1900%. 

Additionally, such foams absorbed oil in preference to water in an oil-water mixture. 

In combination with the biodegradable character, those PLLA foams are potential 

environmental benign oil absorbents and oil-water separation materials.  
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1. Introduction 

Thermally induced phase separation (TIPS) technique is highly efficient in 

fabrication of three-dimensional (3D) porous structures by a simple procedure, and is 

easy to control product morphology by adjusting various thermodynamic and kinetic 

parameters.1-3 In general, TIPS technique is based on thermodynamic demixing of a 

homogeneous polymer-solvent system into a polymer-rich phase and a polymer-lean 

phase by cooling the solution below a spinodal solubility curve.4, 5  

Ma et al. pioneered the fabrication of PLLA nanofibers through TIPS.6 They 

found that the PLLA concentration in tetrahydrofuran (THF) in a range of 1.0 ~ 7.5% 

(wt/v) had little effect on the morphology of PLLA nanofibers, except some 

differences in fiber length and pore structure in scaffolds. Yang et al. reported that 

porous nanofibrous scaffolds were formed from low concentration of PLLA/THF 

solution, whereas a scaffold similar to a piece of rigid sheet without any pores was 

obtained from a 9% (wt/v) solution.7 Solvents employed also affected the morphology 

of PLLA scaffolds. PLLA scaffolds with regular internal ladder-like, tubular, random 

and interconnected pore structures were produced when dioxane, benzene and mixed 

solvent (dioxane/water) were used.8 With respect to the effect of gelation temperature 

on morphology and structure of PLLA nanofibers, porous platelet-like and lacy 

structures were obtained at varied gelation temperature.9 Therefore, the solution 

properties and processing parameters play important roles in the morphology of 

scaffolds.  

Page 3 of 26 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



4 
 

Until now, THF with low boiling point (Tb = 65 oC) is commonly used to prepare 

PLLA nanofibers by the TIPS method, and randomly organized nanofibrous mats are 

usually obtained.10, 11 In this work, N,N-dimethylformamide (DMF) is used as a 

solvent for the first time, not only because it has a Tb of 152.8 oC and a freezing point 

of -61 oC, which facilitates the nucleation and crystal growth in the TIPS process, but 

also two novel and interesting nanostructures, i.e. nanofibrous microsheaf and 

microsphere, together with nanofibers are developed in the TIPS process.  

In the course of TIPS, PLLA/DMF solutions exhibit an upper critical solution 

temperature (UCST) behavior. Liquid-liquid phase separation and subsequent 

crystallization is easily achieved by quenching the solution to below its cloud point 

temperature (Tcp). And thus PLLA nanostructures including nanofiber, microsheaf and 

microsphere from PLLA/DMF solutions are fabricated. The effects of polymer 

concentration, quenching temperature (Tq) and time on the morphology and crystal 

structure are studied. Such particular foams composed of nanofiber, microsheaf and 

microsphere, are highly porous with large amount of capillaries. There are 

nano-/micro- dual-scale structures on the foam surface and abundant of trapped air in 

micropores. In view of such special structure and morphology characteristics, the 

hydrophobicity, oleophilicity, oil absorption and separation of the porous PLLA foams 

are investigated in detail. The results confirmed that they are promising eco-friendly 

oil-sorbents and oil-separation materials. 

 

2. Experimental section 
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2.1. Materials 

Poly (L-lactic acid) (PLLA, Mw=100,000) was purchased from Shenzhen Bright 

Co., China. DMF was bought from Sinopharm Chemical Reagent Co., Ltd. All 

reagents were analytical grade and used without further purification. Double-distilled 

deionized water was used. 

2.2. Fabrication of PLLA nanostructures by TIPS method 

In a typical procedure, 1.0 - 7.0% (weight percent unless specified) 

homogeneous PLLA/DMF solutions were prepared at 60 oC for 2 h. Then 8 mL of 

PLLA/DMF solution was quickly poured into a glass trough (diameter: 7.5 cm). It 

was immediately quenched at -10, -20, -30 and -50 oC for a certain time interval. In 

such a process, different gels were formed (Table 1). Then the gels were immersed 

into water for solvent exchange. Fresh water was changed three times a day for 2 days. 

After the gels were removed from water and put into a freezer at -20 oC for about 5 h, 

they were freeze-dried at -50 oC for 48 h. The final dried foams were stored in a 

desiccator prior to use. 

2.3. Characterization  

The single point viscosity of PLLA/DMF solutions was measured on a R/S Plus 

Rheometer (Brookfield) using a C75-1 cone/plate at 25 oC. A PLLA/DMF solution 

underwent phase separation when it was cooled down. The Tcp was determined by 

visual inspection of solution clarity upon cooling. Typically, PLLA/DMF solution was 

pre-heated to 10 oC above the expected Tcp to get a clear solution, which was then 

slowly cooled in steps of 1 oC, and maintained for 10 min at each temperature. The 
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Tcp was determined at which the clear solution became turbid. 

The surface morphology of PLLA foams was examined on a SEM (JSM-7500F, 

JEOL) with an accelerating voltage of 3 kV. Samples were platinum-coated before 

observation. The birefringence of PLLA microsheave and microsphere was observed 

on a polarized optical microscopy (POM, Leica DMLP). For POM experiment, a 

dispersion of microsheaf and microsphere in iso-propanol was dropped onto a glass 

slide and covered with a coverslip. X-ray powder diffraction (XRD) patterns were 

recorded on a X’pert MPD Pro diffractometer (Philips, Netherlands) with Cu Kα 

radiation source (λ = 1.542 Å) at a voltage of 40 kV and current of 30 mA. Samples 

were scanned from 2θ = 5 - 80° at a scanning rate of 8 o/min. The crystallite size was 

calculated according to Eq. (1): 

k
=

cos
hklD

λ

β θ  

where D is the average crystal diameter in Å, λ is the X-ray wavelength (λ = 1.542 

Å)，k is the shape factor (k = 0.89), θ is the Bragg angle in degree and β is the line 

broadening at the half height in radian. 

The specific surface area was characterized by a BET method using nitrogen 

adsorption–desorption isotherm analysis by Belsorp-Max (Japan). The water contact 

angle (WCA) was carried out by applying 2 µL of liquid droplet onto the PLLA foam 

surface under ambient laboratory conditions at ~23oC . 

The oil absorption capacity was measured by weight measurement. The weighed 

dry foams were immersed into oils (dodecanol, silicone oil, engine oil (5W-30), and 

paraffin oil) and were taken out after 5 min at ambient conditions. The oil on the foam 

（1） 
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surface was removed with filter papers, then the foam was weighed again. The oil 

absorption ratio was calculated according to Eq. (2): 

100%a d
abs

d

m m
R m

−
= ×               (2) 

where Rabs is the absorption ratio, ma and md are the mass of the PLLA foams after 

and before oil absorption, respectively. 

In oil-water separation by the PLLA microsphere foam, silicone oil was used as 

an example oil to investigate the separation of oil from water. The oil-water mixture 

volume was 100 mL with 1 mL of oil spreading on water surface. The oil layer was 

dyed with oil blue. 

 

3. Result and discussion 

3.1. Morphology of PLLA foams 

Tcp is the temperature at which an initially homogeneous solution separates into 

polymer-rich and polymer-lean phases upon thermal treatment. The solution becomes 

opaque due to refractive index difference of these two phases. From Fig. 1, the Tcp 

almost linearly increases with PLLA concentration. It is -1 and 11oC for PLLA 

solutions with concentration of 1 and 9%, respectively, suggesting that thermally 

induced liquid-liquid phase separation temperature of PLLA/DMF solutions increases 

with PLLA concentration. 
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Fig. 1. Relationship of Tcp and viscosity with concentration of PLLA/DMF solution. 

 

Upon quenching to below Tcp, PLLA/DMF solutions became transparent, 

translucent or opaque gels depending on Tq and PLLA concentration (Table 1). After 

solvent exchange and freeze-drying of the gels, PLLA foams with varied 

nanostructures were generated in quantitative yield (Table 1, Figs. 2 and 3).  

 

Table 1 Summarization of solution state after quenching and the component of PLLA 
foams  

Tq/
oC Solution 

conc./ wt% 
Solution state after 
quenching 

Component of PLLA foam 

-10 1 transparent gel nanofiber 
-10 3 translucent gel  nanofiber, microsheaf 
-10 7 opaque gel microsphere 

 
-10 5 transparent gel  microsphere 
-20 5 translucent gel microsheaf and microsphere 
-30 5 opaque gel microsheaf 
-50 5 opaque gel microsheaf 

 

3.1.1. Effect of solution concentration 
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Fig. 2 shows SEM images of PLLA nanostructures obtained from quenching 

solutions with various concentrations for different time at -10 oC. For 1% solution, at 

a short time of 10 min, nanofibers were generated and randomly packed into dense 

fibrous mats. Similar phenomenon was found with increasing quenching time up to 

120 min. The average fiber diameter was 110 - 180 nm, which did not increase with 

extension of quenching time. Similarly, a PLLA fibrous mat composed of disordered 

nanofibers was produced at 10 min for 3% solution. As quenching time increased to 

50 and 120 min, most nanofibers were apparently bundled together to form sheaf-like 

structure with obvious stem and branch (Fig. 2h), and the fiber size was 130 - 200 nm. 

In fact, a few small microsheaves were also observed for the samples of 1%-10, -50, 

-120 min (Fig. 2a-c) and 3%-10 min (Fig. 2e), as indicated by arrows. In these cases, 

the stem width of the microsheaf was ca. 0.55 - 0.88 µm, whereas it was increased to 

ca. 3.70 - 6.90 µm for the samples of 3%-50 and -120 min (Fig. 2f, g). The 

assembling of PLLA nanofibers altered from microsheaf to microsphere when the 

PLLA concentration increased from 3% to 5% and to 7%. These highly porous 

microspheres of ca. 29.00 - 74.10 µm in diameter were composed of fluffy nanofibers 

with diameter of ca. 150 nm. The porous nanofibrous microspheres formed from 5% 

solution were not completely isolated from each other, instead they were loosely 

bridged by a few nanofibers (indicated by arrows). With regard to the fiber length, it 

varied significantly with PLLA concentration. Fibers were continuous in the 

longitudinal direction for samples from 1% solution and 3%-10 min (Fig. 2a-e), 

whereas the microsheaves from 3%-50 and -120 min displayed apparent boundaries 
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(Fig. 2f, g), indicating their fiber length was limited, similar to the limited size of 

microspheres from 5% and 7%. The enlarged fine structures of the microsheaves and 

microspheres are shown in the last column (Fig. 2). Compared to the microspheres 

from 5% (Fig. 2l), the surface pore size of the microspheres from 7% was larger and 

more uniform (Fig. 2p). Therefore, the polymer concentration had significant effect 

on the growth and assembling of PLLA nanofibers. 

 

Fig. 2. SEM images of PLLA nanofibers, microsheaves and microspheres as functions 

of solution concentration and quenching time. Images in the column of 120 min were 

enlarged in the last column. Solutions were quenched and crystallized at -10 oC. 

 

As reported by Ma and other researchers, randomly organized PLLA nanofibers 

were often produced in the TIPS process of PLLA in THF.12 The mechanism for the 

formation of nanofibers was related to the liquid-liquid phase separation and 
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subsequent nucleation and crystallization growth in the polymer-rich phase.13 By 

atomic force microscopy, Du et al.14 observed that PLLA nanofibers grew radially 

from a nucleus, and a bunch of thin nanofibers further assembled into a big fiber with 

diameter up to 500 nm. However, PLLA microsheaf and microsphere consisted of 

nanofibers have not been reported yet before, though these morphologies should be 

expected if the nucleation and crystallization growth mechanism is able to be applied 

to the formation of PLLA nanofibers in the TIPS process, just like spherulite crystals 

are readily produced in the melting process of PLLA.15 In our study, long PLLA 

nanofibers were formed from 1% solution and 3%-10 min. Interestingly, large 

quantities of relatively free spherulites (microsheaf and microsphere) composed of 

nanofibers were generated from PLLA/DMF solutions with concentration more than 

3% (Fig. 2).  

The formation of PLLA nanostructures (nanofiber, microsheaf, and microsphere) 

should be related to the state of PLLA chains in solution. According to the 

concentration dependence of viscosity of linear polymers in good solvents, there 

exists four different concentration regimes including dilute, semidilute unentangled, 

semidilute entangled, and concentrated regimes.16 The entanglement concentration (Ce) 

is a boundary between semidilute unentangled and semidilute entangled regimes and 

defined as the point at which significant overlap of polymer chains topologically 

constrain chain motion, causing entanglement couplings.17 On basis of the viscosity ~ 

concentration relationship shown in Fig. 1, the Ce of PLLA/DMF solution is ca. 2.8%. 

To large extent, this Ce value was in agreement with the morphology transition as 
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shown in Fig. 2, i.e. the foams from 1% PLLA solution was almost composed of 

nanofibers in the quenching time range of 10-120 min, whereas the foams from 3% 

PLLA solution at quenching time 50 and 120 min were nearly consisted of 

nanofibrous microsheaf. PLLA chains are relatively free in a semidilute 1% solution. 

As solution concentration increases to 3%, chains get close and start to entangle. The 

chain entanglement becomes intense in concentrated solutions (≥5%) (Fig. 3). Upon 

quenching the 1% solution, chains gradually change their conformation to form 

crystalline seed nuclei, and growth facets locate at both ends of the nucleus, which 

guide the crystal growth in one dimension to form linear fibers (Fig. 3). In semidilute 

entangled 3% solution and at longer quenching time (≥50 min), on the two ends of the 

nucleus stem, nanofibers grow and split into microsheaves, but their growth ceases 

when they impinge on another sheaf (Fig. 3), same to the spherulite crystal growth in 

polymer melts,18, 19 or fiber network formation in molecular organogel.20 In 

concentrated 5 and 7% solutions, chains are intensively entangled and their mobility 

is constrained, nuclei are readily formed among the closely adjacent pre-ordered 

chains through orderly packing with the help of hydrophobic interaction. And then 

chains fold and grow on the crystal growth facets. Due to sufficient amount of PLLA 

chains around the growing crystals, the crystals grow into spherulites. Similar to the 

easy formation of spherulites in the crystallization of melt PLLA, high concentration 

of PLLA chains around the nucleus is a prerequisite for the production of 

microspheres in the quenched PLLA/DMF solutions (Fig. 2-5% and 7%). Generally 

the size of microspheres increases with quenching time. For example, in 5% solution, 
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it increases from ca. 33 to 53 and 67 µm as time extends from 10 to 50 and 120 min. 

Also it increases from ca. 44 to 72 µm with increasing time from 10 to 50 min in 7% 

solution (Fig. 2-5% and 7%). 

 

Fig. 3. A cartoon for the formation of nanofiber, microsheaf, and microsphere from 

PLLA/DMF solutions with varied concentrations by TIPS. Ce is ca. 2.8% for this 

solution. 

 

3.1.2. Effect of Tq 

The effect of Tq and quenching time on the morphology of PLLA nanostructures 

is shown in Fig. 4. At -10 oC, microspheres with lacy surface structure and average 

diameter of about 44.2 - 60.3 µm were generated in the time range of 10 - 90 min. At 

-20 oC, large amount of distinct nanofiber microsheaves were observed when 

quenched for 10 min, while extensively intertwisted nanofiber sheaves (Fig. 4h) were 

produced at 50 min, microspheres were formed at 90 min. When crystallized at lower 

temperatures of -30 and -50 oC, only nanofiber microsheaves were got. At 

corresponding time, the average size of microsheaves at -30 oC was generally bigger 
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than that at -50 oC. In order to reduce surface stress,21 long nanofiber microsheaves 

would tilt and distort, and even intertwine together (Fig. 4h, l, p).  

 

Fig. 4. SEM images of PLLA microspheres and microsheaves as functions of 

quenching time and temperature. Images in the 50 min column were enlarged in the 

last column. PLLA solution concentration was 5%. 

 

The SEM images further demonstrated that PLLA foams were composed of 

microspheres (Fig. 5a) and microsheaves (Fig. 5e) in the cross-sectional direction, 

proving that the physical structure was uniform from top to inside of the foams. The 

microsphere was nearly a perfect spherical shape (Fig. 5c), and it was consisted of 

nanofibers (Fig. 5d). Large amount of pores/capillaries were present among those 

nanofibers. 
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Fig. 5. Cross-sectional SEM images of PLLA foams composed of (a) microspheres 

(sample shown in Fig. 4b), and (e) microsheaves (sample shown in Fig. 4n).  

 

Fig. 6. Optical microscopy images of (A) microspheres (shown in Fig. 4b) and (C) 

microsheaves (shown in Fig. 4n), and (B, D) corresponding polarized microscopy. 

Scale bar is 50 µm, and applied to all images. 
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The POM images of PLLA microspheres and microsheaves displayed 

Maltase-cross pattern (Fig. 6B, D), which was a characteristic proof that these 

microstructures were spherulite crystals. Therefore, it is out of question that 

nucleation and crystal growth mechanism are involved in the formation of 

microspheres and microsheaves in the PLLA-rich phase upon TIPS. And thus the Tq 

would play a crucial role in controlling the morphology of PLLA nanostructures by 

affecting chain mobility, nucleation and growth kinetics in solutions. Specifically, the 

PLLA nanostructures in the TIPS process is related to quenching depth, which is 

defined as the temperature difference between Tcp and Tq, i.e. cpq TTT −=∆ . The Tcp 

of 5% PLLA/DMF solution is 4 oC (Fig. 1). When it is quenched to -10, -20, -30, and 

-50 oC, the quenching depth is 14, 24, 34 and 54 oC, respectively. Deeper quenching 

depth leads to stronger driving force for the formation of nucleus.22 However, the 

chain segment would be less mobile at lower temperatures. At -10 oC, the formation 

of PLLA nucleus is slow, and it has a relatively low PLLA nucleus density in the gel, 

but the freedom of chain segment movement and rotation is relatively high, so the 

crystals grow up into microspheres. At -20 ~ -50 oC, on one hand, the chain mobility 

is low; on the other hand, the nucleation rate is fast and nucleus density is high, 

resulting in fewer chains available to each nucleus. This leads to the formation of 

many nanofiber microsheaves instead of microspheres (as shown for samples at -20 

oC), and to the formation of smaller sheaves at -50 oC than at -30 oC at corresponding 

quenching time of 50 min and 90 min (Fig. 4). In the crystallization of molten PLLA, 
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it has been found that when crystallization is performed at high undercooling, the 

reduced molecular mobility enhances the nucleation rate as compared to the crystal 

growth rate, leading to the formation of a high number of smaller crystals.23 

 

3.2. XRD patterns of PLLA nanostructures 

Fig. 7 shows XRD patterns of the PLLA foams prepared from quenching at -10, 

-30 and -50 oC for 50 min. All samples displayed two diffraction peaks for (110)/(200) 

and (203) planes, which located at ca. 2θ = 16.4° and 18.8°. The crystalline structure 

was assigned to α’ phase PLLA.14 As shown in Table 2, the crystallite size slightly 

decreased from 12.5 to 11.9 nm with Tq reducing from -10 to -50 oC. These results 

suggested that PLLA in DMF solution formed α’-crystal at -10≤Tq≤-50 oC. According 

to Zhang et al.,24 the structural difference between α’-  and α-crystal was related to 

the chain conformation and packing mode, the α’-crystal possessed a relatively looser 

and disordered structure than α-crystal. It is also known that α’-form PLLA is less 

unstable, and can be transformed to α-form in some conditions. Pan et al.25 reported 

that α’-form PLLA was changed to α-form upon annealing at elevated temperatures. 

Similar phenomenon was also observed by Cocca et al.26 In our experiment, a typical 

sample (obtained from quenching 5% solution at -30 oC for 50 min) was annealed at 

115 oC for 5 h. Its XRD pattern presented two more diffraction peaks at 15.14o and 

26.05o for respective (010) and (206) crystal planes, which were characteristic peaks 

of α-form PLLA crystal. The peak intensity at 16.4° and 18.8° also increased 

significantly. The crystallite size increased greatly from 12.5 to 23.0 nm after 
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annealing.  

 

Fig. 7. XRD patterns of PLLA foams obtained from 5% PLLA/DMF solution 

quenched for 50 min at (a) -10 oC; (b) -30 oC; (c) -50 oC; (d) sample b was annealed at 

115 oC for 5 h. 

 

 

Table 2 XRD results of PLLA foams obtained from 5% PLLA/DMF solution 

quenched at different temperature for 50 min 

2θ at crystal plane/degree 
Entry Tq/

oC 
010 110/200 203 210 206 

crystallite size 

(nm) 

1 -10 - 16.54 18.98 - - 12.50 

2 -30 - 16.38 18.70 - - 12.50 

3 -50 - 16.43 18.81 - - 11.90  

4a -30 14.85 16.48 18.89 22.37 24.97 23.00 

aEntry 4 was obtained by annealing entry 2 at 115 oC for 5 h. 

 

3.3 Oil absorption and separation 

The contact angle of a material is highly dependent on its surface topography. A 

surface with nano-/micro- dual-scale morphologies and entrapped air would give it 

high hydrophobicity.27, 28 Superhydrophobic porous materials have been extensively 
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studied for application in the field of oil absorption and separation.29, 30 Due to the 

nano-/micro- morphologically rough surfaces of the PLLA foams composed of 

nanofiber, nanofibrous microsheaf and nanofibrous microsphere, the WCA was 

significantly raised to 105.4±1.1o, 118.5±0.8o, and 134.2±1.4o for the nanofiber, 

microsheaf and microsphere foams, respectively (Fig. 8), as compared to 79.5±0.3o 

for the solvent-cast monolithic PLLA film (Fig. 8a). Therefore, the hydrophobicity of 

these special PLLA foams was improved greatly; Additionally, the hydrophobicity 

increased with the surface roughness as displayed in the SEM images of nanofiber 

foam (Fig. 2b), microsheaf foam (Fig. 4n) and microsphere foam (Fig. 4b). In a 

typical example, silicone oil was absorbed by the microsphere foam in ca. 3 seconds 

(Fig. 8d), displaying apparent contact angle of 0o. Quick oil absorption was also 

observed on nanofiber and microsheaf foams. This observation suggests that these 

foams are highly oleophilic materials.  

 

Fig. 8. A water droplet on (a) solvent-cast PLLA film (WCA=79.5±0.3o), (b) PLLA 

nanofiber foam (WCA=105.4±1.1o), (c) PLLA microsheaf foam (WCA=118.5±

0.8o), (d) PLLA microsphere foam (WCA=134.2±1.4o). (e) Evolution of a silicone 

oil droplet on a PLLA microsphere foam. The microsheaf foam and microsphere 

foams are samples shown in Fig. 4n and 4b, respectively. 
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Table 3 WCA, porosity and density of some typical samples 

Sample  Source Density 
(g/cm-3) 

BET 
surface 
area(m2/g) 

WCA (o) Porosity (%) 

Solvent-cast 
film 

-- 1.31 0.63 79.5±0.3 Not measured 

Nanofiber 
foam 

Fig. 2b 0.115 13.8 105.4±1.1 89.3 

Microsheaf 
foam  

Fig. 4n 0.083 14.2 118.5±0.8 93.4 

Microsphere 
foam  

Fig. 4b 0.072 16.1 134.2±1.4 94.6 

 

Some important physical properties of the PLLA foams are listed in Table 3. The 

density of PLLA nanofiber, microsheaf and microsphere foams is 0.072-0.115 g/cm3, 

which is just 5.5-8.8% of that of the solvent-cast PLLA film. The BET surface area 

of the foams is 20-25 times larger than that of the film, and increases in an order of 

nanofiber foam < microsheaf foam < microsphere foam. The nanofibers packed 

together more closely than microsheaves and microspheres (Fig. 2b, 4b, 4n), leading 

to a higher density but smaller porosity. Because of high hydrophobicity and 

oleophilicity and large porosity, the PLLA foams display high oil absorption 

efficiency. Among the three foams, the nanofiber foam shows the least oil absorption 

ratio, which is ca. 800-1200%, while the microsphere foam has the highest oil 

absorption ratio, i.e. 1500-1900%. This value is about 20 times larger than the 

counterpart PLLA film (Fig. 9). Judging from the density of the oils ( it is 0.862, 

0.963, 0.877, and 0.835 g/cm-3 of engine oil, silicone oil, paraffin oil and dodecanol 

oil, respectively), it is thought that the porosity difference among the foams is 

accountable for the oil absorption variation since the absorption mechanism is 
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merely a physical storage of oil in the foam pores. The oil absorption capacity highly 

depends on the pore structure of oil sorbents. In our previous work, we found that 

electrospun PLLA nanofibrous mats (with meso-/micro- pores on and within fibers) 

could absorb 90 g/g pump oil.31 Ding et al. reported that the electrospun polystyrene 

fibrous mats (with large amount of pores in the internal fiber) absorbed ca. 80 g/g 

motor oil.32 Though the oil absorption capacity of the PLLA foams from TIPS was 

less than that of the electrospun PLLA nanofibrous mat, the former with absorbed oil 

kept their shape well, while the latter tended to disintegrate to some extent. The good 

shape maintainability helps easily recycle when needed. 

 

Fig. 9. Oil absorption ratio of PLLA film, nanofiber foam (sample of Fig. 2b), 

microsphere foam (sample of Fig. 4b), and microsheaf foam (sample of Fig. 4n). 

 

The hydrophobicity in combination with oleophilicity make the PLLA foam not 

only a good oil absorbent, but an efficient oil-water separation material. In a typical 

example, when a dried PLLA microsphere foam (thickness: 2.3 mm) was brought into 
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contact with an oil layer drifting on water (Fig. 10 a), the foam quickly (within 2-3 

seconds) absorbed the blue oil layer while repelling water. The oil absorbed 

microsphere foam was easily recovered since it still drifted on water (Fig. 10b). Clear 

water was left behind after the foam was taken out (Fig. 10c). No size and shape 

change was observed for the oil absorbed foam, suggesting that oil was physically 

held in foam’s pores and capillaries. The other two PLLA foams also showed 

efficiently preferred oil absorption over water, making the PLLA foams promising 

candidates for oil-water separation. They may be applied to clean up oil contaminated 

water. Compared to the well-studied oil sorbents like electrospun polystyrene fibers,32, 

33 carbon nanofibers,34 and commercialized polypropylene non-woven mat, the 

readily biodegradability of PLLA makes PLLA foams environmental benign 

oil-sorbent and oil-water separation materials. 

 

Fig. 10 Separation of silicone oil layer spreading on water surface by the PLLA 

microsphere foam. The oil layer was doped with oil blue. (a) before, (b) during, and (c) 

after oil/water separation. 
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4. Conclusion 

 PLLA foams composed of nanofiber, nanofibrous microsheaf and microsphere 

were prepared from its DMF solutions by the TIPS method. Such nano-/micro- 

structures were functions of solution concentration, quenching temperature, and 

quenching time. When PLLA/DMF solutions were quenched at -10 oC for 10 - 120 

min, continuous nanofibers were formed from the 1% PLLA/DMF solution; 

microsheaves were the main morphology from 3% solution; and microspheres were 

generated from 5 - 7% solutions. Low quenching temperature at -10 oC for 5% 

PLLA/DMF solution led to the formation of microspheres, whereas lower quenching 

temperature at -20 ~ -50 oC gave microsheaves. The formation of varied PLLA 

nanostructures was induced by the liquid-liquid phase separation but controlled by the 

nucleation and crystal growth mechanism. PLLA microsheaf and microsphere showed 

characteristic Maltase-cross pattern, proving that they belonged to spherulite crystals. 

Loosely chain packing and less ordered α’-form PLLA was formed in these 

nanostructures. The rough surface with nano-/micro- dual-scale topography and 

trapped air in micropores greatly improved the PLLA foams’ water contact angle to 

105 - 134o, making them highly hydrophobic. In combination with oleophilicity and 

large porosity, the PLLA foams could absorb oil of as much as 19 times more than its 

dry weight; additionally, they were capable of efficiently and quickly separate oil 

from water in an oil-water mixture. The PLLA foams prepared in this study are 

promising environmentally friendly oil absorbents and oil/water separation materials. 
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