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ABSTRACT: The effects of 60 organic solvent on poly(lactic acid) (PLA) were systematically investigated using the Hansen solubility

parameter (HSP). The hydrogen bonding solubility parameter accurately reflects the solubility of PLA films using HSP but it depends

on hydrogen bonding, as well as dispersion and polar parameters. The PLA films immersed in organic solvent became cloudy and

showed no changes in chemical structure. However, solvent-induced crystallization of the PLA films was observed. Crystalline struc-

tures do not dependent on the organic solvent but on the degree of swelling. The organic solvent-induced crystallization formed a

crystallized mixture of a- and b-forms. The density of the crystalline PLA films was lower than that of amorphous PLA films. VC 2012
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INTRODUCTION

Poly(lactic acid) (PLA) is an environmentally friendly, biodegrad-

able polymer substance with a low melting point and good

moldability.1,2 PLA is used as a material in packages, automo-

biles, and electronics. For such applications, polymer materials

are exposed to organic solvents during use. The effects of organic

solvents on PLA have important properties; however, few reports

exist on these effects. Methanol- and ethanol-induced PLA crys-

tallization was reported in our previous study.3 In another study,

benzene, toluene, and xylene induced the crystallization of PLA

films and the sorption properties of ethyl lactate and aromatic

hydrocarbon solvents were reported.4–6 However, these reports

only focused on a single group of solvents. Systematic investiga-

tions on other groups of solvents have not been conducted.

The effects of 60 liquid organic solvents on PLA are systematically

investigated using the Hansen solubility parameter (HSP). The HSP

is one of the digitizing methods for analyzing the interaction

between polymer materials and organic solvents. In HSP analysis,

all solvents have three parameters: energy from dispersion bonds

between molecules (dd), dipolar intermolecular force between mole-

cules (dp), and the hydrogen bonds between molecules (dh). All sol-

vents were characterized by a point in a three-dimensional structure

at which dd, dp, and dh are plotted on three mutually perpendicular

axes. Generally, if the HSP values of the various organic solvents

are near that of the given polymer, the solvent is considered com-

patible with the polymer material. On the basis of the HSP, the

effects of organic solvents on the physical and chemical properties

of PLA film such as the degree of swelling, film density, crystallin-

ity, and crystal structure are systematically investigated.

EXPERIMENTAL

Preparation of Films

The PLA films used in this study were the same samples employed

in our previous study.3,7 The PLA polymer used in this study had

a 4032D film (NatureWorks LLC, Minnetonka, MN). The L : D

isomer ratio ranged from 96.0 : 4.0 to 96.8 : 3.2. The PLA films

were prepared by casting 2 wt % dichloromethane solution onto a

flat-bottomed glass Petri dish in a glass bell-type vessel and by dry-

ing under atmospheric pressure at room temperature. Each solvent

was allowed to evaporate for 48 h. The dried PLA films were then

thermally treated under a vacuum for 48 h at 70�C to eliminate

the residual solvent and to obtain amorphous PLA films. After-

wards, the thermally treated PLA films were cooled at room tem-

perature under atmospheric pressure. Proton nuclear magnetic res-

onance (1H-NMR; JNM-ECA500, JEOL, Tokyo, Japan) analysis

confirmed the removal of the residual solvent. The thickness of

the films used in this study varied from 35 to 45 lm. The uncer-

tainty for the thickness of each film was 61 lm.

Solubility Tests

Solubility tests were performed for 24 h at 35 6 1�C. The or-

ganic solvents used in this study and their HSPs are summar-

ized in Tables I–III. Unless otherwise stated, the solvents were

procured from Junsei Chemical, Tokyo, Japan. The following are

the substances used in this study.

VC 2012 Wiley Periodicals, Inc.
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Organic acids: formic acid and acetic acid.

Alcohols: methanol, ethanol, 1-propanol, 2-propanol, 1-butanol,

3-methyl-1-butanol, cyclohexanol, benzyl alcohol, and m-cresol.

Amines: pyridine, aniline, and N-methylpyrrolidone.

Acid anhydride: acetic anhydride.

Aromatic hydrocarbons: benzene, toluene, o-xylene, m-xylene,

p-xylene, and ethylbenzene.

Esters: methyl acetate, ethyl formate, c-butyrolactone (Wako

Pure Chemical Industries, Ltd., Tokyo, Japan), ethylacetate,

methylmethacrylate, propylene-1,2-carbonate, n-butyl acetate,

ethyl lactate, diethyl phthalate, and di-n-butyl phthalate.

Table II. Hansen Solubility Parameter of Various Organic Solvents

Group Solvent Solvent type dd dp dh dt Resulta

Aromatic hydrocarbon Benzene Non polar 18.4 0 2 18.6 *

Toluene Non polar 18 1.4 2 18.2 ~

o-xylene Non polar 18.0 1.4 2.9 18.3 �
m-xylene Non polar 17.8 0.8 2.7 18.0 �
p-xylene Non polar 17.8 0.0 2.7 18.0 �
Ethylbenzene Non polar 17.8 0.6 1.4 17.8 �

Ester Methyl acetate Polar aprotic 15.5 7.2 7.6 18.8 ~

Ethyl formate Polar aprotic 15.5 8.4 8.4 19.6 ~

c-butyrolactone Polar aprotic 19.0 16.6 7.4 26.2 *

Ethylacetate Polar aprotic 15.8 5.3 7.2 18.2 *

Methylmethacrylate Polar aprotic 16.07 4.63 8.13 18.60 ~

propylene-1,2-carbonate Polar aprotic 20.1 18 4.1 27.2 *

n-butyl acetate Polar aprotic 15.8 3.7 6.3 17.4 �
Ethyl lactate Polar aprotic 16 7.6 12.5 21.7 �
Diethyl phthalate Polar aprotic 17.6 9.6 4.5 20.5 ~

di-n-butyl phthalate Polar aprotic 17.8 8.6 4.1 20.3 �
Ether Tetrahydrofuran Polar aprotic 16.8 5.7 8 19.4 *

1,3-dioxolane Polar aprotic 17.26 8.14 9.29 21.22 *

1,4-dioxane Polar aprotic 19 1.8 7.4 20.5 *

Isopropyl ether Non polar 13.75 2.84 4.61 14.78 �
a*, Soluble; ~, Strongly swollen; �, Insoluble(obtained membrane).

Table I. Hansen Solubility Parameter of Various Organic Solvents

Group Solvent Solvent type dd dp dh dt Resulta

Acid Formic acid Polar protic 14.3 11.9 16.6 25 ~

Acetic acid Polar protic 14.5 8 13.5 21.3 ~

Alcohol Methanol Polar protic 15.1 12.3 22.3 29.7 �
Ethanol Polar protic 15.8 8.8 19.4 26.6 �
1-propanol Polar protic 16 6.8 17.4 24.6 �
2-propanol Polar protic 15.8 6.1 16.4 23.5 �
1-butanol Polar protic 16 5.7 15.8 23.1 �
3-methyl-1-butanol Polar protic 15.33 4.59 13.55 20.97 �
Cyclohexanol Polar protic 17.4 4.1 13.5 22.5 �
Benzyl alcohol Polar protic 18.4 6.3 13.7 23.7 ~

m-cresol Polar protic 18 5.1 12.9 22.7 *

Amine Pyridine Polar aprotic 19 8.8 5.9 21.7 *

Aniline Polar protic 19.4 5.1 10.2 22.5 ~

N-methylpyrrolidone Polar aprotic 18 12.3 7.2 22.9 *

Anhydride Acetic anhydride Polar aprotic 18.4 16.4 10.2 26.6 ~

a*, Soluble; ~, Strongly swollen; �, Insoluble (obtained membrane).
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Ethers: tetrahydrofuran, 1,3-dioxolane, 1,4-dioxane, and isopro-

pyl ether.

Organic chloride: acetyl chloride

Chlorinated solvents: dichloromethane, chloroform, and

o-dichlorobenzene (Kanto Chemical, Tokyo, Japan).

Ketones: acetone (Wako Pure Chemical Industries, Tokyo, Japan),

2-butanone (Wako Pure Chemical Industries, Tokyo, Japan),

cyclohexanone, methyl isobutyl ketone, and acetophenone.

Nitrogen-containing: nitrobenzene, acetonitrile, formamide,

dimethylformamide, and dimethylacetamide.

Organic phosphates: trimethyl phosphate and triethyl

phosphate.

Paraffinic hydrocarbons: hexane (Wako Pure Chemical Indus-

tries, Tokyo, Japan), heptane, octane (Wako Pure Chemical

Industries, Tokyo, Japan), and 2,2,4-trimethyloctane.

Polyhydric alcohols: ethylene glycol and glycerol.

Organic sulfoxide: dimethyl sulfoxide.

Measurement of Degree of Swelling

Organic solvent degree of swelling was calculated using the fol-

lowing equation:

Swellingðwt %Þ ¼ WS �WD

WD

� 100 (1)

where WS (g) and WD (g) are the weight of the organic solvent-

swollen and the completely dry films, respectively. The organic

solvent-swollen film was blotted to remove the excess solvents.

WS measurement was repeated until a constant weight was

obtained.

Characterization Analysis

The chemical, thermal, and physical properties of the films that

are insoluble in some organic solvents were measured. All charac-

terization data were determined in the film state with at least three

samples to confirm the reproducibility of the experimental results.

After immersing the films in the solvents, the PLA films were

dried under a vacuum for 48 h at 70�C. 1H-NMR analysis con-

firmed the chemical structure and removal of the residual solvent.

Film density was determined by floating the film samples in a

density gradient column maintained at 23 6 1�C, except below

1 g/cm3. The density below 1 g/cm3 was determined from the

film weight and volume at 23 6 1�C.

Orthoscopic observation was conducted using an Olympus BX-

51 polarization microscope (POM; Olympus, Tokyo, Japan)

Table III. Hansen Solubility Parameter of Various Organic Solvents

Group Solvent Solvent type dd dp dh dt Resulta

Organic chloride Acetyl chloride Polar aprotic 15.80 10.60 3.90 19.40 ~

Chlorinated solvent Dichloromethane Polar aprotic 18 12.3 7.2 22.9 *

Chloroform Polar aprotic 17.8 3.1 5.7 19 *

o-dichlorobenzene Polar aprotic 19.2 6.3 3.3 20.5 ~

Ketone Acetone Polar aprotic 15.5 10.4 7 20.1 *

2-butanone Polar aprotic 16 9 5.1 19 ~

Cyclohexanone Polar aprotic 17.8 6.3 5.1 19.6 ~

Methyl isobutyl ketone Polar aprotic 15.3 6.1 4.1 17 �
Acetophenone Polar aprotic 19.6 8.6 3.7 21.7 ~

Nitrogen-containing Nitrobenzene Polar aprotic 20.1 8.6 4.1 22.1 *

Acetonitrile Polar aprotic 15.3 18 6.1 24.6 *

Formamide Polar protic 17.2 26.2 19 36.6 �
Dimethylformamide Polar aprotic 17.4 13.7 11.3 24.8 ~

Dimethylacetamide Polar aprotic 16.8 11.5 10.2 22.7 *

Organophosphate Trimethyl phosphate Polar aprotic 17.09 16.15 10.54 25.77 ~

Triethyl phosphate Polar aprotic 16.54 11.12 8.75 21.76 ~

Paraffinic hydrocarbon Hexane Non polar 14.9 0 0 14.9 �
Heptane Non polar 15.3 0 0 15.3 �
Octane Non polar 15.6 0 0 15.6 �
2,2,4-trimethylpentane Non polar 14.3 0 0 14.3 �

Polyhydric alcohol Ethylene glycol Polar protic 17 11 26 32.9 �
Glycerol Polar protic 17.4 12.1 29.3 36.2 �

Sulfur-containing Dimethyl sulfoxide Polar aprotic 18.2 6.3 6.1 20.3 ~

Water Water Polar protic 15.5 16 42.4 47.9 �
a*, Soluble; ~, Strongly swollen; �, Insoluble (obtained membrane).
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Figure 1. Solubility region of PLA (n) in various organic solvents in the

Hansen space. Solvent type: polar aprotic (*), polar protic, and non po-

lar (�). [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Figure 2. Relationship between swelling and total Hansen solubility pa-

rameter dt. Organic solvent: alcohol (l), paraffin (n), aromatic hydrocar-

bon (~), ester (^), ether (!), chloride (*), ketone (h), amine (~),

and others (^). [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Table IV. Density and Degree of Swelling of PLA Films Immersed in Various Organic Solvents

Group Solvents Swelling (wt %) Density (g/cm3)

Nona – 1.257 6 0.001

Water Water 0.7 6 0.1 1.256 6 0.002

Alcohol Methanolb 14.0 6 1.4 1.241 6 0.002

Ethanolb) 8.7 6 0.5 1.252 6 0.001

1-propanol 7.5 6 0.1 1.252 6 0.001

2-propanol 8.3 6 0.3 1.254 6 0.002

1-butanol 20.4 6 0.1 1.255 6 0.003

3-methyl-1-butanol 7.0 6 1.8 1.250 6 0.001

Cycrohexanol 8.4 6 0.8 1.251 6 0.001

Nitrogen-containing Formamide 2.5 6 0.1 1.251 6 0.001

Aromatic hydrocarbon o-xylene 274.0 6 37.3 0.488 6 0.050

m-xylene 159.3 6 5.8 0.851 6 0.025

p-xylene 147.4 6 2.2 0.833 6 0.014

Ethylbenzene 204.3 6 35.2 0.532 6 0.044

Ester n-butyl acetate 161.9 6 1.9 0.835 6 0.033

Ethyl lactate 192.4 6 25.2 0.801 6 0.010

di-n-butyl phthalate 47.4 6 2.8 1.251 6 0.002

Ether Isopropyl ether 7.5 6 1.1 1.250 6 0.001

Ketone Methyl isobutyl ketone 149.1 6 33.4 0.708 6 0.009

Polyhydric alcohol Glycerol 4.2 6 2.2 1.250 6 0.002

Ethylene glycol 2.1 6 0.6 1.256 6 0.003

Paraffin Hexane 0.39 6 0.31 1.257 6 0.001

Heptane 0.27 6 0.11 1.261 6 0.001

Octane 0.29 6 0.21 1.260 6 0.002

2,2,4-trimethylpentane 0.23 6 0.11 1.256 6 0.002

aData from Ref. 7, bData from Ref. 3.
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under cross Nicol condition. Polarization images were observed

under a colored additive at 530 nm using a sensitive color plate.

Scanning electron microscope (SEM) was performed using a

high-resolution field scanning emission electron microscopy

(S5200, JEOL, Tokyo, Japan).

The thermal analysis data were measured with a Diamond dif-

ferential scanning calorimeter (DSC; Perkin-Elmer, Shelton,

CT). The sample pan-kit alum (Perkin-Elmer, Shelton, CT) was

aluminum. Considering the data were used to determine crys-

talline structure and crystallinity, the first heat scan data (i.e.,

before annealing) represent the optimum condition relative to

the second heating scan data. The heat scans were performed

from 20 to 200�C at a heating rate of 10�C/min under nitrogen

atmosphere. The glass transition temperature (Tg) was deter-

mined as the midpoint of endothermic transition. The crystalli-

zation temperature (Tc) and melting temperature (Tm) were

determined as the maximum of each peak. Crystallinity (XC-

DSC) was estimated using the following:

Xc�DSC ¼ DHm þ DHc

DH0
m

� 100 (2)

where DHm and DHc are the melting and crystallization enthal-

pies of a polymer (J/g), respectively, and DH0
m is the enthalpy

of the PLA (L-donor 100%) crystal, which has an infinite crystal

thickness and a value of 93 J/g8.

Wide-angle X-ray diffraction (WAXD) measurements were per-

formed using a Rint 1200 X-ray diffractometer (Rigaku, Tokyo,

Japan) with a Cu-Ka radiation source. The wavelength was 1.54

Å. Crystallinity (XC-WAXD) was determined based on the per-

centage of the crystalline area in the maximum intensity peak.

Figure 3. Relationship between swelling and (a) dd, (b) dp, and (c) dh. Organic solvent: alcohol (l), paraffin (n), aromatic hydrocarbon (~), ester

(^), ether (!),chloride (*), ketone (h), amine (D), and others (^). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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RESULTS AND DISCUSSION

Solubility Parameters from Solubility Tests

The solubility test results are listed in Tables I–III. These results

are classified into three types: soluble (*), strongly swollen (D),

and insoluble (�). The PLA films were insoluble in 11 of 16

polar solvents (protic acids and alcohols) and 9 of 11 nonpolar

solvents (aromatic hydrocarbons and paraffins), but were solu-

ble in 28 of 32 aprotic solvents (amines and esters). Therefore,

aprotic polar solvents are suitable solvents for PLA films.

Generally, polymer solubility can be estimated using the solubil-

ity parameters calculated via the group contribution method.

However, solubility parameters do not accurately reflect poly-

mer solubility. The solubility of PLA films was analyzed using

HSP. The solubility of PLA in 60 organic solvents using dd, dp,
and dh is shown in Figure 1. The soluble solvent area ranged

from 17.0 to 20.0 MPa1/2 in dd, 7.0–11.0 MPa1/2 in dp, and 5.0–

9.0 MPa1/2 in dh. On the basis of these results, R could be deter-

mined using the following equation:

R ¼ ð4ðddS � ddPÞ2 þ ðdpS � dpPÞ2 þ ðdhS � dhPÞ2Þ1=2
(3)

where ddS, dpS, and dhS represent the solubility parameter of the

solvent, and ddP, dpP, and dhP represent the solubility parameter

Figure 4. 1H-NMR spectra of PLA films immersed in various organic sol-

vents at 35�C for 24 h. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 5. FTIR spectra of PLA films immersed in various organic sol-

vents. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Figure 6. Photograph, POM, and SEM images of PLA films immersed in organic solvents. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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of the polymer. Equation (3) calculates the distance between

solvent and polymer. When the total R of these solvents was

minimal, the solubility parameters of PLA were determined as

follows: dd ¼ 17.5 MPa1/2, dp ¼ 9.5 MPa1/2, and dh ¼ 7.3

MPa1/2. The total HSP (dtP) was 21.2 MPa1/2, which was

obtained using the following equation:

d2
tP ¼ d2

dP þ d2
pP þ d2

hP (4)

The interaction between the solvents and PLA films was sys-

tematically investigated using the HSP of PLA film immersed

in insoluble solvents.

Degree of Swelling

The results of the swelling test are listed in Table IV. The relation-

ship between swelling and dtP is shown in Figure 2. The solvents

that dissolved and strongly swelled PLA in the solubility tests are

plotted above 300 wt %. As shown in Figure 2, the solvents that

have solubility parameters near 21.2 exhibited greater swelling.

The relationship between swelling and the three HSP parameters

are shown in Figure 3. The solvents with dd less than 16 MPa1/2

and dp less than 9 MPa1/2 exhibited less swelling (Figure 3(a,b),

whereas the solvents with dh near for 7.3 MPa1/2 exhibited more

swelling (in Figure 3c). As shown in Figures 2 and 3, the hydro-

gen bonding solubility parameter more effectively reflects the sol-

ubility of PLA based on the three cohesive parameters; however,

hydrogen bonding solubility parameter depends on hydrogen

bonding as well as on dispersion and polar parameters. These

results are in consistent with the solubility tests.

Film Characterization

The 1H-NMR and Fourier transform infrared (FTIR) spectra

of the PLA films immersed in the solvents show the insolubil-

ity of the films at 35�C for 24 h and drying at 70�C for 48 h

(Figures 4 and 5, respectively). PLA: 1H-NMR; (500 MHz,

CDCl3-d, d): 1.57–1.59 (3H, H1), 5.10–5.19 (H, H2). IR; 2960

and 2870 cm–1 (CAH stretching), 1750 cm–1 (C¼¼O

Figure 7. DSC curves of PLA films immersed in various organic sol-

vents. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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stretching), 1470 cm–1 (CAH stretching and CAH bending),

1180 and 1080 cm–1 (CAOAC bending). A difference in peak

position was not observed between the immersed PLA films and

the nonimmersed PLA films. This result indicates that no

changes in chemical structure occurred under solvent

immersion.

The photographs of the PLA films in this study are shown in

Figure 6. The PLA films immersed in 24 solvents were prepared

(i.e., insoluble) for solubility testing. Four degrees of cloudiness:

clear transparency films (Type I), slightly cloudy films (Type II),

cloudy films (Type III), and creamy white films (Type IV). Type

I films are clear, similar to nonimmersed films and swell by less

than 2 wt %. Type II films are slightly cloudy and swell by 2–5

wt %. Type III films are cloudier than Type II and they swelling

by 7–20 wt %. Finally, Type IV films are creamy white films

that swelling by more than 140 wt %. These cloudy films

depend on crystallization for light diffusion, which was reported

in our previous study.7

The film density of these PLA films is summarized in Table IV.

The sample preparation conditions of the PLA products signifi-

cantly influenced their film densities. The literature data for

PLA films have a wide range of density values from 1.248 to

Table VI. Thermal Properties of PLA Films Immersed in Various Organic Solvents

Group Organic solvent Tg (�C) Tc (�C) Tm (�C) DHc (J/g) DHm (J/g) XC–DSC (%)

Nona 60.3 6 2.1 – – – – 0.0

Ester n-butyl acetate 59.4 6 0.2 110.3 6 0.8 147.8 6 0.4 �0.4 6 0.1 39.2 6 3.5 41.7 6 3.7

Ethyl lactate 60.6 6 2.1 109.8 6 0.5 148.3 6 0.7 �0.4 6 0.1 40.1 6 2.7 42.6 6 2.9

di-n-butyl phthalate 45.1 6 0.3 110.2 6 0.4 146.3 6 0.4 �0.3 6 0.2 25.8 6 2.2 27.4 6 2.2

Ether Isopropyl ether 56.1 6 0.3 109.4 6 0.1 141.3 6 0.2,
149.8 6 0.2

�0.5 6 0.0 23.9 6 2.0 25.1 6 2.1

Ketone Methyl isobutyl
ketone

62.1 6 1.0 110.0 6 0.5 148.9 6 0.3 �0.5 6 0.1 38.0 6 3.0 40.4 6 3.2

Poly
hydricalcohol

Glycerol 61.5 6 0.1 111.1 6 0.1 148.3 6 0.1 �0.3 6 0.1 2.6 6 0.1 2.5 6 0.1

Ethylene glycol 62.5 6 1.0 115.7 6 0.8 148.8 6 0.5 �0.1 6 0.0 5.5 6 0.1 5.8 6 0.1

Paraffin Hexane 62.3 6 0.0 110.2 6 0.3 148.2 6 0.1 �0.2 6 0.0 5.8 6 0.1 6.0 6 0.0

Heptane 62.6 6 0.4 111.0 6 0.4 148.4 6 0.1 –0.3 6 0.1 6.6 6 0.8 6.8 6 0.9

Octane 63.1 6 0.1 111.8 6 4.8 148.6 6 0.4 �0.1 6 0.0 2.9 6 0.5 3.0 6 0.5

i-octane 62.8 6 0.1 113.0 6 3.5 148.3 6 0.1 �0.1 6 0.0 3.6 6 0.5 3.8 6 0.5

Water Water 61.6 6 0.1 120.8 6 0.1 149,1 6 0,1 �0.1 6 0.1 1.4 6 0.1 1.4 6 0.1

aData from Ref. 7.

Figure 8. Film density as a function of crystallinity under DSC. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 9. WAXD patterns of PLA films immersed in various organic sol-

vents. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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1.27 g/cm.3,9–12 The density of nonimmersed amorphous PLA

film in this study was 1.257 g/cm3. The data obtained from this

study are within the range reported in the literature. All Types I

and II films had densities of �1.257 g/cm3. However, the den-

sities of the Type III films decreased to 1.241�1.252 g/cm3. The

films that swelled more had lower densities. The densities of the

Type IV films greatly decreased to 0.488�0.851 g/cm3. The

physical structures, including the crystalline structure, of the

four types of PLA films were systematically investigated.

Microscope Analysis

The POM and SEM images of these four PLA film types are

shown in Figure 6. The Type I films have an amorphous struc-

ture and no crystalline domains were observed. By contrast, the

Type II and Type III films have dispersed blue color variation

domains. The maximum size of one unit of the color variation

domains of Type II and III films is �1–5 lm. The Type IV films

have unobservable crystal morphologies because light does not

pass through the film.

Smooth surfaces were observed in the Type I films, whereas

changes in surface structure were observed in the Types II–IV

films immersed into organic solvents. Microasperities were

observed in the Type II films. As crystallinity increased, crystal

growth gradually branched out in a radial fashion in Type III

films. In Type IV films, numerous microscale pores were

found. High-swelling PLA films have porous structure. These

results indicate that the reduction in film density depends on

organic solvent permeation through the PLA films because of

high solubility.

Table VII. X-Ray Analysis of PLA Films Immersed in Organic Solvents

Group Organic solvent XC–WAXD (%) XCa–WAXD (%) XCb–WAXD (%)
XCa–WAXD/XCa–WAXD þ
XCb–WAXD (%)

Alcohol Nona 0 0 0 0

Methanolb 35.5 6 3.5 35.5 6 3.5 0 100

Ethanolb 37.1 6 3.1 19.3 6 18.5 17.8 6 17.8 51.0 6 49.0

1-propanol 32.5 6 6.5 19.7 6 7.8 12.8 6 7.7 61.0 6 23.0

2-propanol 35.8 6 2.4 23.9 6 5.8 11.9 6 7.4 67.0 6 19.0

1-butanol 32.8 6 5.8 23.5 6 10.3 9.3 6 4.5 70.0 6 21.0

3-methyl-1-butanol 6.5 6 3.5 1.3 6 2.2 5.3 6 3.6 21.0 6 29.0

Cyclohexanol 0 0 0 0

Nitrogen-containing Formamide 0 0 0 0

Aromatic hydrocarbon o-xylene 55.3 6 3.6 52.9 6 2.5 2.4 6 4.8 96.0 6 8.0

m-xylene 47.2 6 6.4 38.4 6 6.9 6.9 6 8.7 82.0 6 18.0

p-xylene 47.5 6 2.2 45.6 6 2.3 2.0 6 3.9 96.0 6 8.0

Ethylbenzene 49.1 6 1.3 44.4 6 8.3 4.7 6 9.5 91.0 6 19.0
aData from Ref. 7; bData from Ref. 3.

Table VIII. X-Ray Analysis of PLA Films Immersed in Organic Solvents

Group Organic solvent XC–WAXD (%) XCa–WAXD (%) XCb–WAXD (%)
XCa–WAXD/XCa–WAXDþ
XCb–WAXD (%)

Nona 0 0 0 0

Ester n-butyl acetate 48.1 6 1.5 48.1 6 1.5 0 100

Ethyl lactate 46.2 6 1.6 34.1 6 9.2 12.1 6 10.4 74.0 6 22.0

di-n-butyl phthalate 42.2 6 4.5 24.8 6 12.2 17.3 6 7.7 58.0 6 22.0

Ether Isopropyl ether 32.4 6 2.8 20.9 6 3.7 11.5 6 4.8 65.0 6 14.0

Ketone Methyl isobutyl ketone 52.0 6 5.4 50.7 6 6.8 1.4 6 2.7 97.0 6 05.0

Polyhydric hydrocarbon Glycerol 0 0 0 0

Ethylene glycol 2.4 6 0.2 0.2 6 0.4 2.2 6 0.4 8.0 6 16.0

Paraffin Hexane 4.0 6 0.9 4.0 6 0.9 0 100

Heptane 6.9 6 2.0 2.7 6 0.2 4.2 6 2.2 44.0 6 16.0

Octane 0 0 0 0

i-octane 0 0 0 0

Water Water 0 0 0 0
aData from Ref. 7.



Thermal Analysis

DSC thermograms of the PLA films immersed into four types

of solvents at 35�C for 24 h are shown in Figure 7. The Tg, Tc,

Tm, DHc, and DHm values determined using the DSC thermo-

grams of the PLA films are summarized in Tables V and VI. Tc

and Tm peaks were not observed in the Type I films. The sample

preparation conditions of the PLA products significantly influ-

enced their thermal properties.13

The literature data for PLA films show a wide range of Tg values

from 55 to 69�C.11,13–19 The Tg values of the Types II–IV PLA

films were 56.1 to 63.1�C. The data obtained in this study are

within the range of the literature values. The Tc values for PLA

in the literature vary from 79 to 118�C.11,13–19 The Tc values of

the Types II–IV PLA films were 107.9 to 115.7�C. The data

obtained in this study are within the range of the literature val-

ues. The Tm values for PLA in the literature vary from 149 to

192�C.11,13–19 The Tm values for the Types II–IV PLA films

ranged from 146.3 to 150.3�C. The data in this study are lower

than the range of the literature values. The Tm values of Types

II–IV PLA films peaked at �150�C, whereas those of Type III

PLA films peaked at �144 and 150�C. Generally, double melting

endothermic peaks indicate recrystalization behavior or differen-

ces in crystalline structure, depending on melting behavior.

Crystallinity as a function of density is shown in Figure 8. The

density of the Types I and II films was 1.257 g/cm3. This value

is the same for the nonimmersed amorphous PLA films. Crys-

tallinity does not depend on film density at low ranges crystal-

linity (0–5%). On the other hand, the crystallinity of the Type

III PLA films was �25% at film densities ranging from 1.242 to

1.257 g/cm3. Density slightly decreased with increasing crystal-

linity. At film densities ranging from 0.5 to 0.8 g/cm3, the crys-

tallinity of the PLA films was �40%. This significant density

reduction is caused by the porous structures observed in the

Type IV PLA films. Generally, crystalline polymer films are

denser than amorphous film. However, PLA films crystallized

using organic solvents are sparser than amorphous film. No

liner relationship was observed between crystallinity and film

density based on Figure 8. An inflection point was observed at

the Type III area. The crystalline structure depends on the rela-

tionship between crystallinity and film density. Consequently,

crystalline structures were investigated using X-ray analysis.

X-Ray Analysis

The WAXD patterns of the four types PLA films are shown in

Figure 9. The WAXD patterns of the Type I films show only

broad peaks. By contrast, some sharp peaks near the diffraction

angles 16� and 19� were observed in the Types II to IV films.

This result indicates that the nonimmersed PLA films are amor-

phous, whereas the solvent-immersed PLA films have crystalline

structure. By contrast, the Type I PLA films showed broad peaks.

Even through crystalline domains were observed, small crystalline

peaks might be masked inside broad amorphous peaks.

The conditions for the sample preparation of the PLA products

significantly influenced their crystalline structure (a-, b-, and c-

form).20 The Miller index of the a-form crystal diffraction peaks

were observed at 16.7� and 19.2�, which is consistent with

(200), (110), and with (100), (203), respectively.21–23 The unit

cell of the a-crystal structure has a space group of P212121 and

the following dimensions: a ¼ 10.68 Å, b ¼ 6.17 Å, c ¼ 28.86

Å, and a ¼ b ¼ c ¼ 90�.24 Moreover, the peaks of the b-crystal

structure were observed at 16.5�, 18.8�, and 28.8�. The b-crystal

structure is a trigonal unit cell with a space group of P32 and

the following dimensions: a ¼ b ¼ 10.52 Å, c ¼ 8.80 Å, and a
¼ b ¼ 90�, c ¼ 120�.25,26 The b-crystal structure is less stable

than the a-crystal structure. In addition, the b-crystal structure

is also considered to have lower cohesiveness. The Type IV films

formed a-crystal structures because their WAXD patterns clearly

Figure 10. Waveform separation of Gaussian functions using WAXD pat-

terns. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Figure 11. a-Crystal ratio as a function of crystallinity based on WAXD

patterns. The dashed lined represent the similarities between XCa-WAXD

and XC-WAXD. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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show some sharp peaks at 16.7� and 19.1�. This result indicates

that Types II and III PLA films formed b-crystal structures

because the observed peak at �16.7� shifted to 16.5�. However,

the crystalline structure of Type IV is almost a-form structure

because the observed peak did not shift.

The XC-WAXD values determined using the WAXD patterns of

the PLA films are summarized in Tables VII and VIII. The

crystallinity of the Type I films could not be determined,

whereas that of the Type II films was �7%. The crystallinity of

the Type III films significantly increased to 32–37%. Then, the

crystallinity gradually increased above 200 wt % swelling.

Finally, the crystallinity stabilized at 42–55%. The XC�DSC

value is different from the XC�WAXD value. The XC-WAXD value

was calculated via the peak fitting method, whereas the XC-DSC

value was directly determined through enthalpy change. How-

ever, the tendency was similar. Crystallinity increased as the

film density decreased.

The solvent-induced crystallization of the PLA film in this study

formed a mixture of a- and b-crystal. The diffraction angles

16.5� and 16.7� are considered the maximum peak and per-

formed waveform separation, respectively (Figure 10). The XCa-

WAXD, XCb-WAXD, and XC-WAXD values evaluated using the

WAXD patterns are summarized in Tables VII and VIII. Addi-

tionally, XCa-WAXD as a function of XC-WAXD is shown in Figure

11. The Type I films show only broad peaks, whereas XC-WAXD

cannot determined. The Type II films were mostly b-form struc-

tures, but the data has a large margin of error. The Type III

films formed a crystallized mixture of a- and b-forms in each

half ration. The plots of the Type IV films were plotted as a

dotted line. These results indicate that the PLA films almost

formed a-form crystalline structures. Films with higher crystal-

linity mainly have a-form crystals.

CONCLUSIONS

The solubility, swelling, and solid properties of PLA films

immersed into 60 organic solvents at 35�C for 24 h were inves-

tigated systematically using HSP. The PLA films are soluble in

polar aprotic solvents but insoluble in polar protic and nonpo-

lar solvents. The hydrogen bonding parameter is most effective

in the solubility of PLA films. The PLA films immersed in

some organic solvents became cloudy and no changes in

chemical structure were observed; however, solvent-induced

crystallization was observed. The densities of the solvent-

induced crystalline films were lower than those of the amor-

phous films. The structure of the organic solvent-induced crys-

tals was a mixture of a- and b-form crystals. The films with

crystallinity ranging from 0 to 5% mainly had b-form crystals.

On the other hand, the films with crystallinity of �25%

formed a crystallized mixture of a- and b-forms in each half

ratio. Finally, the films with 40% crystallinity almost formed

a-form crystal structures. Thus, the PLA films immersed in or-

ganic solvents have different crystalline structures. Crystalline

structure and crystallinity are not dependent on the organic

solvent but on the degree of swelling.
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