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Shuichi Sato, Takayuki Wada, Ryohei Ido, Yoshiyuki Murakoshi, Shinji Kanehashi, Kazukiyo Nagai
Department of Applied Chemistry, Meiji University, Tama-ku, Kawasaki 214-8571, Japan
Correspondence to: K. Nagai (E-mail: nagai@meiji.ac.jp)

ABSTRACT: The effects of methanol and ethanol vapor-induced crystallization on vapor and gas permeabilities and on the structure of
poly(lactic acid) (PLA) films were systematically investigated. At high temperature conditions, the vapor permeability of PLA films
decreased with increasing exposure time. The PLA films that were exposed to alcohol vapor became slightly cloudy, and no changes
in chemical structure were observed. Alcohol vapor-induced crystallization formed o-crystal structure. The vapor permeability
decreased with increasing crystallinity. However, nitrogen permeability slightly increased after vapor-induced crystallization. The
dependence of crystallinity on vapor and gas permeabilities was different from each penetrant. Total crystalline structures, including
continuous crystal structures, remaining amorphous regions, and their interface depend on vapor and gas permeabilities. © 2013 Wiley
Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40140.
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INTRODUCTION

Poly(lactic acid) (PLA) is an environmentally friendly, biode-
gradable polymer with a low melting point and high moldability.
PLA is used as a material in packaging, automobiles, and elec-
tronics. In these applications, polymer materials are exposed to
organic vapors, including alcohol vapor, during use. The permea-
tion property of organic vapors is a very important factor in
designing these materials. However, few reports are available on
the transport properties of organic vapor. The sorption proper-
ties of ethyl lactate and aromatic hydrocarbon solvents were
already reported, but the systematic investigation on the permea-
tion property of alcohol vapors has not been conducted."”

Methanol- and ethanol-induced PLA crystallization has been
reported in our previous study.” PLA is an interesting polymer
whose gas permeability is not significantly affected by its isomer
ratio and crystallinity.*> In the L:D-donor ratio range of
98.7:1.3 to 50:50 and in the crystallinity range of 0% to 25%,
the oxygen permeability coefficients of the PLA sample were
between 1.7 to 3.4 X 10~ " em’(STP)cm/(cm” s cmHg) at 30
to 35°C. In general, gas permeability decreases with increasing
polymer crystallinity. This phenomenon is attributed to the
inability of gas molecules to diffuse and dissolve in the crystal-
line domain.® However, in our recent report, we found that gas
transport properties are independent of PLA crystallinity.>” The
relationship between gas permeability and crystallinity was dis-
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cussed and only the gas- (i.e., nitrogen, oxygen, and carbon
dioxide) and thermally-induced crystallized PLA film was
focused. Although vapor permeability shows a different behav-
ior, no direct evidence on the relationship between alcohol
vapor permeability and alcohol-induced crystallized PLA struc-
ture is currently available. This study systematically investigates
the effects of alcohol-induced crystallization on the alcohol
vapor permeability of PLA film and their structures.

EXPERIMENTAL

Film Preparation

We used the same PLA films as in our previous study.””® The
PLA polymer used in this study had a 4032D film (Nature-
Works LLC, Minnetonka, MN), and the L:D isomer ratio
ranged from 96.0:4.0 to 96.8:3.2. The weight average molecular
weight, M,,, the number average molecular weight, M,, and the
molecular weight distribution ratio, M,/M,, of the polymer
were determined using a gel permeation chromatograph (HLC-
8220, Tosoh Co., Tokyo, Japan) with TSK-gel columns (Super
AWM-H) and detector (RI-8220). The range of M,, M,, and
M, /M, were from 67,200 to 81,100 g/mol, from 124,400 to
167,400 g/mol, and from 1.838 to 2.007, respectively.

The PLA films were prepared by casting 2 wt % dichlorome-
thane solution onto a flat-bottomed glass Petri dish in a glass
bell-type vessel and dried in atmospheric pressure at room

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40140


http://www.materialsviews.com/

ARTICLE

WILEYONLINELIBRARY.COM/APP

Applied Polymer

CIENCE

Table I. Time Dependence on Methanol and Ethanol Vapors on Permeability Through the PLA Film

10 [em3(STP)cm
Puethanot X210 [m]

PEthano/Xj-Olo {cma(sﬂ}

cm?.s.cmHg

Time (min) 25°C 35°C 45°C 25°C 35°C 45°C

0-180 85.6 = 3.56 342 + 37.2 969 + 10.8 <1 15514 86.0 £ 7.6
300 761 x14.4 183 + 33.1 304 = 34.8 <1 164 =24 469 + 4.7
1000 939 =40 119 = 20.5 173 = 14.0 <1 149 + 2.0 26.3 = 3.6
1440 87.4 228 109 + 18.6 180 + 158 <1 143 =17 26.0 = 11.5

temperature. Each solvent was allowed to evaporate for 48 h.
The dried PLA films were thermally treated in a vacuum for 48 h at
70°C to eliminate the residual solvent and to obtain amorphous
PLA films. The thermally treated PLA films were then cooled at
room temperature in atmospheric pressure. Proton nuclear mag-
netic resonance ('H-NMR; NM-ECA500, JEOL Ltd., Tokyo, Japan)
analysis results confirmed the removal of the residual solvent. The
thickness of the films used in this study varied from 35 pm to 45
um. The uncertainty for the thickness of each film was * 1 um.

Measurement of Permeation Properties of Pure Alcohol
Vapor and Nitrogen

The permeation properties of pure single component (i.e.,
methanol, ethanol, and nitrogen) in PLA films were determined
via the constant volume-variable pressure method at 25 * 1°C,
35 = 1°C, and 45 *= 1°C. The saturated vapor pressure (psac)
values of methanol were 12.6, 20.9, and 33.3 cmHg for 25, 35,
and 45°C, respectively, whereas the p,,, values of ethanol were
5.9, 10.3, and 17.3 cmHg for 25, 35, and 45°C, respectively.’
The experiments were performed at relative feed pressure (p/
Psar) from 0.9 to 1.0 for 0 min to 1440 min. Nitrogen permea-
tion was obtained at 76 = 1 cmHg. The downstream pressure
was maintained in a vacuum during the experiments. All per-
meation data were determined for at least three film samples to
confirm the reproducibility of the experimental results. These
samples were changed at each permeation time.

The permeability coefficient (P (cm®(STP)cm/(cm? s cmHg)))
was determined from eq. (1) according to literature.®'°

P:@ 273V 11 , (1)

where dp/dt is the pressure increase in time (f) at steady state,
V (cm?) is the downstream volume, T (°C) is the temperature,
A (cm?) is the film area, Ap (cmHg) is the upstream pressure,
and /(cm) is the thickness of the film.

All characterization data were determined after alcohol vapor
permeation in the range of 0 min to 1440 min. Moreover, the
nitrogen permeation property was also determined after alcohol
vapor permeation at each condition.

Film Characterization

All the characterization steps were performed using at least
three samples of each film state after alcohol vapor exposure
(permeation) to confirm the reproducibility of the experimental
results. Fourier transform-infrared spectrometry (FI-IR) was
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carried out using the KBr method with FT/IR-4100 (JASCO
Co., Tokyo, Japan) at 23 = 1°C.

The film density (p) was determined using a density gradient
column of aqueous calcium nitrate tetrahydrate (Junsei Chemi-
cal Co., Tokyo, Japan) solution with a density hydrometer at 23
* 1°C.

Wide-angle X-ray diffraction (WAXD) measurements were per-
formed using a Rint 1200 X-ray diffractometer (Rigaku Co.
Ltd., Tokyo, Japan) with a Cu-Ko radiation source. The wave-
length was 1.54 A. Crystallinity (Xc—waxp) was determined
based on the percentage of the crystalline area in the maximum
intensity peak.

The thermal analysis data were measured using a diamond dif-
ferential scanning calorimeter (DSC; Perkin-Elmer Inc., Shel-
ton). The sample pan-kit alum (Perkin-Elmer Inc., Shelton) was
aluminum. Given that these data were used to discuss the gas
transport properties, the first heating scan data (i.e., before
annealing) represented 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 in nitrogen atmos-
phere. The glass transition temperature (7,) was determined as
the midpoint of the endothermic transition. The crystallization
temperature (7T, and the melting temperature (7,,) were deter-
mined as the maxima of each peak. Crystallinity (Xc psc) was
estimated as follows:

AH,,+AH,

AL X100 (2)

Xc-psc=
where AH,, and AH, are the melting and crystallization enthal-
pies of a polymer (J/g), respectively, and AH?, is the enthalpy of
the PLA (L-donor 100%) crystal, which has an infinite crystal
thickness and a value of 93 J/g.""

Orthoscopic observation was conducted using an Olympus BX-51
polarization microscope (POM; Olympus Co., Tokyo, Japan) in a
cross Nicol condition. Polarization images were observed under a
colored additive at 530 nm by using a sensitive color plate.

Scanning electron microscopy (SEM) was performed using a
high-resolution field scanning emission microscope (55200,
JEOL Ltd., Tokyo, Japan).

RESULTS AND DISCUSSION

Alcohol Vapor Permeability

Table I shows the methanol and ethanol vapor permeability
coefficients of PLA films exposed to alcohol vapor at 25, 35,
and 45°C. All PLA films used in this study were glassy at the
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Figure 1. Time dependence of methanol and ethanol vapors on permeabil-
ity through the PLA films. Temperature: 25°C (@), 35°C (M), and 45°C
(#) for methanol and 25°C (O), 35°C ([1), and 45°C (<) for ethanol.

experimental conditions. The lag time to reach the steady state
was different from each condition in cohesive alcohol vapor.
Therefore, the alcohol vapor permeability coefficient was
assumed to be determined at the time where the steady state
was reached (0-180 min). Figure 1 presents the alcohol vapor
permeability coefficients of the PLA film at each temperature as
functions of exposure (permeation) time.

The methanol vapor permeability clearly decreased in the expo-
sure time range of 0 min to 300 min with increasing exposure
time and gradually decreased to 1.80 X 10~® cm*(STP)cm/(cm?
s cmHg) when the exposure time was increased from 300 min
to 1440 min at 45°C. At 35°C, the permeability also clearly
decreased in the exposure time range of 0 to 300 min and grad-
ually decreased to 1.09 X 10~ % ecm?(STP)cm/(cm? s cmHg).
This result is similar at 45°C. However, the permeability coeffi-
cients became constant in 7.61 to 9.39 X 10~ ° cm’(STP)cm/
(cm?* s cmHg) within the given time range at 25°C. The reduc-
tion in the methanol vapor permeability at a high temperature
was more remarkable than at a low temperature.

On the other hand, the ethanol vapor permeability coefficient
clearly decreased in the exposure time range of 0 to 300 min
and gradually decreased to 2.60 X 10~ c¢cm’(STP)cm/(cm® s
cmHg) when the exposure time was increased from 300 to 1440
min at 45°C. In contrast to methanol vapor, the vapor perme-
ability coefficient became constant within the range of 1.43 to
1.64 X 10~° ¢cm’(STP)cm/(cm? s cmHg) at 35°C. The ethanol
vapor permeability coefficient at 25°C could not be monitored
for 1440 min. The ethanol vapor permeability coefficient was
estimated to be below the order of 107! ¢cm?®(STP)cm/(cm? s
cmHg). The reduction in the ethanol and methanol vapor per-
meabilities at a high temperature was also more remarkable
than that at a low temperature.

In general, a high-pressure cohesive penetrant, such as organic
vapor, was shown to plasticize glassy polymer films. The plasti-
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Figure 2. '"H-NMR spectra of the PLA films exposed to methanol and
ethanol vapors for 1440 min at 25, 35, and 45°C.

cization phenomena involve several aspects in increasing the
permeability coefficient, such as the time, pressure, and temper-
ature dependence.'” Over the last decade, the carbon dioxide
permeability coefficient of 4,4-(hexafluoroisopropylidene) diph-
thalic anhydride 2,3,5,6-tetramethyl-1,4-phenylene diamine was
reported to increase from 1.0 X 1077 to 2.0 X 1077
cm’(STP)em/(cm? s cmHg) at 3040 cmHg and 35°C for 12 h.
However, these results indicate that the tendency showed the
opposite behavior. Therefore, the structure of the PLA films
after methanol and ethanol vapor permeation was systematically
investigated to analyze the mechanism of decreasing vapor
permeability.

Film Characterization

The density of PLA films before alcohol vapor permeation was
1.257 g/cm’, and the Ty value was 60.3°C. T, and T, peaks
were not observed in the DSC thermograms. X values deter-
mined from DSC and WAXD were 0 %; thus, amorphous PLA
films were used in this study.

Figures 2 and 3 show the "H-NMR and FT-IR spectra of the
PLA films, respectively, exposed to alcohol vapor. PLA: 'H-
NMR; (500 MHz, CDCls-d, 6): 1.57-1.59 (3H, H'), 5.10-5.19
(H, H%); IR: 2960 and 2870 cm™ (C—H stretching), 1750 cm™
(C=0 stretching), 1470 cm™' (C—H stretching and C—H bend-

ing), 1180 and 1080 cm™ (C-O-C). A difference in peak
Ethanol 4.5°C
1440 min ""\f\d\_i_ _,__,,/_LJ'UU TN A A
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Figure 3. FT-IR spectra of the PLA films exposed to methanol and etha-
nol vapors for 1440 min at 25, 35, and 45°C.
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Table II. Density of the PLA Films Exposed to Methanol and Ethanol
Vapors

Temperature
Solvent (°C) Time (min)  p (g/em®)
Unexposed® - 0 1.257 = 0.001
Methanol vapor 25 0-180 1.245 = 0.001
300 1.250 = 0.001
1000 1.259 + 0.001
1440 1.259 + 0.001
35 0-180 1.252 + 0.001
300 1.251 + 0.001
1000 1.252 = 0.001
1440 1.249 + 0.002
45 0-180 1.249 + 0.001
300 1.256 = 0.001
1000 1.257 = 0.001
1440 1.257 = 0.001
Ethanol vapor 25 0-180 1.261 = 0.001
300 1.255 + 0.002
1000 1.259 + 0.001
1440 1.259 + 0.001
35 0-180 1.262 = 0.001
300 1.257 = 0.001
1000 1.256 + 0.001
1440 1.256 = 0.002
45 0-180 1.254 = 0.008
300 1.254 = 0.001
1000 1.255 + 0.001
1440 1.256 = 0.001

@Data from Ref. 7.

position was not observed between the exposed and unexposed
PLA films to alcohol vapor. This result indicates that no
changes in chemical structure occurred during alcohol vapor
exposure.

Table II lists the densities of the PLA films exposed to alcohol
vapor. The densities of the PLA films exposed to methanol [Fig-
ure 4(a)] and ethanol [Figure 4(b)] as functions of exposure
time are shown in Figure 4. The film density became constant
within the given time. However, the densities of the PLA films
exposed to methanol vapor at 35°C became slightly lower than
those of the unexposed PLA film.

Figure 5 shows the photographs of the PLA films in this study.
The transparent PLA films whose permeability was not changed
were prepared by methanol vapor exposure at 25°C and ethanol
vapor at 25 and 35°C, whereas the PLA films exposed to metha-
nol vapor at 35 and 45°C and ethanol vapor at 45°C were
slightly cloudy. These cloudy films are caused by crystallization
for light diffusion, which was reported in our study.” The physi-
cal structures, including the crystalline structure, of the alcohol
vapor-induced crystallized PLA films were systematically
investigated.
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Crystal Structure Analysis

X-ray Analysis. Figure 6 shows the WAXD patterns of the PLA
films exposed to alcohol vapor. The vapor permeability coeffi-
cients of the PLA were unchanged, such as the PLA films
exposed to methanol vapor at 25°C and ethanol vapor at 25
and 35°C, and only a broad peak was observed. By contrast,
several sharp peaks near diffraction angles of 16.7° and 19.2°
were observed in the PLA films, where the vapor permeability
coefficients decreased, such as the PLA films exposed to metha-
nol vapor at 35°C and 45°C and ethanol vapor at 45°C. The
conditions for sample preparation of the PLA products signifi-
cantly influenced their crystalline structures (o-, -, and y-
form)."> The Miller index of the a-form crystal diffraction peaks
was observed at 16.7° and 19.2°, which is consistent with (200),

d 1.30 . T . T
1.28- .
0
—~ 126 G
5 I %:! f f 25°C |
K=
U 124t " 35°C
1.22- =
(a) Methanol
1.20 : . L
0 500 1000 1500
Exposure time (min)
b 130 ; . ; . :
1.28 .
25°C
o~ 1261 o -
E [T =
) I \ 45°C |
U 124 -
35°C
1.22 e
(b) Ethanol
1 _20 i n 1 L
0 500 1000 1500

Exposure time (min)

Figure 4. Film density as a function of exposure time in PLA the films
exposed to (a) methanol and (b) ethanol vapors. Temperature: 25°C (@),
35°C (M), and 45°C (®) for methanol and 25°C (O), 35°C (), and
45°C (<) for ethanol.
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Figure 5. Photographs, POM, and SEM images of the PLA films exposed to methanol and ethanol vapors for 1440 min at 25, 35, and 45°C. [Color fig-
ure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

(110) and (100), (203), respec‘[ively.lzl_16 The unit cell of the -
crystal structure has a space group of P2,2,2, and the following
dimensions: a = 10.68 A, b = 6.17 A, ¢ = 28.86 A, and « = f
= 9 = 90°.'7 The PLA films formed an a-crystal structure
because their WAXD patterns clearly showed several sharp peaks
at 16.7° and 19.2°.

Table III summarizes the Xc waxp values determined using the
WAXD patterns of the PLA films. The alcohol vapor-induced
crystallized PLA film formed an o-crystal structure. In the PLA
films whose vapor permeability coefficients decreased, such as
the PLA films exposed to methanol vapor at 35 and 45°C and
ethanol vapor at 45°C, the crystallinity significantly increased in
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Figure 6. Wide-angle X-ray diffraction patterns of the PLA films exposed
to methanol and ethanol vapors for 1440 min at 25, 35, and 45°C.
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Table III. X-Ray Properties of the PLA Films Exposed to Methanol and
Ethanol Vapors

Temperature Time
Solvent Q) (min) Xc-waxo (%)
Unexposed?® = 0 0
Methanol vapor 25 0-180 0
300 0
1000 0
1440 0
35 0-180 0
300 28 +0.7
1000 104 1.7
1440 89+11
45 0-180 0
300 99 +0.8
1000 142+14
1440 179+ 1.7
Methanol solvent® 35 1440 35.5 +3.5
Ethanol vapor 25 0-180 0
300 0
1000 0
1440 0
35 0-180 0
300 0
1000 0
1440 0
45 0-180 0
300 3.7+20
1000 124 +19
1440 159+ 14
Ethanol solvent® 35 1440 371 #31

@Data from Ref. 7.
®Data from Ref. 3 at solvent.
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Figure 7. DSC thermograms of the first heating scan of the PLA films
exposed to methanol and ethanol vapors for 1440 min at 25, 35, and 45°C.

the time range of 0 to 300 min and gradually increased in the
time range of 300 to 1440 min. However, the crystallinity of the
PLA films whose vapor permeability coefficients were
unchanged could not be determined.

Thermal Analysis. Figure 7 shows the DSC thermograms of the
PLA films exposed to alcohol vapor. The T, T, T,, AH, and
AH,, values determined using the DSC thermograms of the
PLA films are summarized in Tables IV and V. Endothermic
peaks were observed near 61.2 to 63.1°C in all PLA films used

Table IV. Thermal Properties of the PLA Films Exposed to Methanol Vapor
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in this study. These peaks corresponded to T,. The sample prep-
aration conditions of the PLA products significantly influenced
their thermal properties.'"® The literature data for PLA films
showed a wide range of T, values from 55 to 69°C.>"%2* The
data obtained in this study were within the range of the litera-
ture values.

In the PLA films exposed to alcohol vapor, the peaks for crystal-
lization and melting temperatures were observed. The literature
value of T, for PLA varied from 79 to 118°C.>'2* Exothermic
peaks were slightly observed near 107 to 117.9°C. The data
of the alcohol vapor-exposed PLA film were within the range of
the literature values. On the other hand, the literature values of
T,, for PLA varied from 149 to 192°C.>'*?* The values of the
alcohol vapor-exposed PLA film were 147.6 to 151.2°C. The
data of the alcohol vapor-exposed PLA film were slightly lower
than the literature values. The peaks for crystallization and
melting temperatures were observed in the PLA films whose
vapor permeability coefficients were unchanged, such as the
PLA films exposed to methanol vapor at 25°C and ethanol
vapor at 25 and 35°C. Alcohol vapor-induced crystallization
was observed in all these PLA films.

Alcohol vapor-induced crystallization occurred in the PLA film
through vapor permeation. Tables IV and V summarizes the
Xc—psc values of the methanol (Table IV) and ethanol (Table
V) vapor-exposed PLA films, which were evaluated by eq. (2).
The Xc—_psc values increased with increasing exposure time and
temperature. Moreover, the increases in Xc_pgsc of the PLA
films whose vapor permeability coefficients were unchanged
were more remarkable than those of the PLA films whose vapor
permeability coefficients were changed. The Xc_psc value of the
methanol vapor-exposed PLA films was higher than that of the
ethanol vapor-exposed PLA films. Moreover, as shown in Tables
IV and V, the Xc_psc values of the alcohol vapor-induced

Temperature (°C)  Time (min) Tq Q) T, (°C) T (°C) AH. (J/g) AH (J/g) Xc-psc (%)

Unexposed® 0 603 +21 - - - - 0.0

25 0-180 626 0.2 1179 + 0.1 1485+ 0.1 -01=+01 1.7+01 18+0.1
300 622 +0.2 1179 = 0.1 148.0 = 0.5 -01=+01 20+03 21 +03
1000 628 0.1 1179 + 0.1 1485+ 0.2 -01=+01 29+04 3.0+04
1440 63.2 +0.3 1190+ 1.5 1489 = 0.5 -01=+01 26 +0.1 27 +01

35 0-180 625+ 0.7 116.0+ 2.7 1486 = 0.1 -02=+01 27 +0.7 28+ 0.8
300 63.1+0.2 116.0 + 0.4 1488 = 0.1 -09+01 93=+0.2 90+01
1000 62.1 +0.6 1100 +x1.2 1491 = 0.4 -1.5+0.6 155+18 151 13
1440 62.7 = 0.4 107.0 = 3.1 1490 = 0.1 -15+01 13.7 =+ 0.1 131 +0.2

45 0-180 61514 1175+ 0.1 1481 = 0.3 -04+01 42 +04 41 +0.5
300 61.3+20 112.7 =+ 0.5 151.2 = 3.6 -12=+01 152 0.1 15.0 =0.1
1000 61.2 0.6 113.0 + 0.6 1490+ 0.1 -09=+02 17.7 = 0.3 18001
1440 624 0.1 1125 + 4.0 1491 =01 -19=+02 16.4 = 3.2 156 = 3.3

35 (solvent)® 1000 53.0=+01 106.5 = 0.3 1446 = 0.8, -01=+01 231 +0.2 247 0.1

149.3 = 0.2.

@Data from Ref. 7.

®Data from Ref. 3 at solvent.
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Temperature (°C)  Time (min) T, (°C) T. (°C) Tm (°C) AH. J/g) AHp, (J9) Xe-psc (%)

Unexposed?® 0 60321 - - - - 0.0

25 0-180 657 +03 117.8 = 0.3 148.5 = 0.5 -01+01 1.9=+03 2.0=0.3
300 624 = 4.4 115924 1476 = 0.3 -06 0.3 41 =17 37=x15
1000 634 +0.2 1179 =01 149.0 0.2 -02+01 3302 3401
1440 63.7 + 0.3 1181 = 0.4 146.9 = 0.6 -02 0.2 1.3x01 12=+02

35 0-180 639 +14 1179 =01 1485+ 0.1 -0.1+01 3102 32=*x02
300 63.2 + 0.8 1176 = 0.3 148.3 = 0.7 -01+01 2.0+ 0.5 21 =04
1000 628 + 0.1 1171 =04 1478 0.1 -04 =01 43 =11 41 =13
1440 63.8 + 0.3 1174 =01 148.4 = 0.6 -03+01 3402 3.4 =03

45 0-180 63.0+0.3 1173+ 0.6 148.4 = 0.4 -01=01 3104 3204
300 62.4 + 0.4 113.6= 0.8 148.4 = 0.1 -13+0.6 115+ 43 109 + 4.0
1000 63.2 +0.3 109.3 =09 1492 = 0.5 -16+01 172 +0.1 168 + 0.1
1440 62.8 + 0.3 108.4 = 0.4 149.0 = 0.1 -15+02 152 0.3 148 + 0.1

35 (solvent)® 1000 543 +1.0 101911 144.0 = 0.6, -04 +x0.2 252 0.9 26.7 + 0.7

149.6 = 0.5.

@Data from Ref. 7.
®Data from Ref. 3 at solvent.

crystallization was lower than that of alcohol solvent-induced

crystallization, as shown in our previous study similar to the
3

Xc-waxp-

Tables III to V clearly show that the X waxp value was different
from the Xc_psc value. The X waxp value was calculated using
the peak fitting method, whereas the Xc_psc value was directly
determined through the enthalpy change. Therefore, the Xc_psc
value had a higher accuracy compared with the Xc waxp value.

Microscope Analysis. Figure 5 presents the POM images of the
alcohol vapor-exposed PLA films. POM images are the standard of
dispersion of crystal domains. The PLA films exposed to methanol
vapor at 25°C and ethanol vapor at 25 and 35°C showed an amor-
phous structure similar to the unexposed PLA film. However, the
PLA films whose vapor permeability coefficients decreased, such as
the PLA films exposed to methanol vapor at 35 and 45°C and etha-
nol vapor at 45°C, had dispersed blue color variation domains.
The maximum size of one unit of color variation domains was 2
to 4 um. Based on our previous study, the alcohol vapor-induced
crystallization was similar to alcohol solvent-induced crystalliza-
tion because of these configurations, including size and shape.

Figure 5 presents the SEM images of these alcohol vapor-
exposed PLA films. The unexposed PLA films exhibited a
smooth surface, whereas the PLA films exposed to alcohol
vapors showed changes in surface structure. Crystal growth
gradually branched out in a radial fashion in the alcohol vapor-
exposed PLA films with increasing crystallinity. This invisible
crystal morphologies depend on the cloudy films because light
does not pass through the film.

Effects of Alcohol-Induced Crystallization on Vapor and
Nitrogen Permeability

Alcohol vapor-induced crystallization behavior via the interac-
tion with alcohol molecule through their vapor permeation was

Mnh\"‘lfi‘.'} WWW.MATERIALSVIEWS.COM
1

40140 (7 of 9)

observed in the PLA film used in this study. Figure 1 shows
that the reduction in the vapor permeability coefficients
depends on crystallization because vapor molecules cannot dif-
fuse and dissolve in the crystalline domain similar to other crys-
talline polymer films.

Figure 8 presents the alcohol vapor permeability coefficients of
the PLA films as a function of crystallinity (Xc_psc). A linear
relationship between vapor permeability coefficients and Xc_psc
was observed. The vapor permeability decreased with increasing
crystallinity. For PLA films, alcohol vapor is assumed to be

10—

Meth.’inol 45°C
N\

-8 |
107 Methanol 35°C

Lol

Methanol 25°C

R

- Ethanol 35°C

Vapor permeability
(cm*(STP)em/(cm? s cmHg))

Ethanol 45°C

Lol

Ethanol 25°C
A

10" Lowon—o
0 5 10 15
X, psc (%)

C-DSC

]
o

Figure 8. Effects of crystallinity on alcohol vapor permeability in the PLA
films. Temperature: 25°C (@), 35°C (H), 45°C (®) for methanol and
25°C (O), 35°C (1), and 45°C (<) for ethanol.
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Table VI. Time Dependence of PLA Film on Nitrogen Permeability After Methanol and Ethanol Vapor Permeation

12 [em3(STP)cm
Px10 [cmz-scmHg}

px1012 {cm%sw)cm}

cm2.s-cmHg

After methanol permeation

After ethanol permeation

Time (min) 25°C 35°C 45°C 25°C 35°C 45°C

Unexposed 3.65 = 0.54 5.04 = 0.22° 7.51 = 0.33 3.65 = 0.54 5.04 = 0.22° 7.51 £ 0.33
0-180 584 £ 0.23 6.63 = 0.01 6.46 = 0.03 3.98 = 0.13 7.77 £ 0.14 6.98 + 0.13
300 6.61 = 0.04 824 021 7.36 = 0.33 6.55 + 0.11 6.98 = 0.27 6.96 + 0.05
1000 567 = 0.05 6.75 + 0.39 8.09 + 0.17 7.56 = 0.02 6.37 £ 0.20 8.15 + 0.26
1440 7.09 £ 0.37 6.57 £ 0.83 8.48 = 0.02 7.93 £ 0.03 6.68 = 0.33 6.34 £ 0.10

2Data from Ref. 7.

unable to permeate in the crystalline domain because alcohol
vapor permeability depends on crystallinity.

On the other hand, the nitrogen permeability coefficients of the
PLA films after alcohol vapor permeation at each temperature
and time are shown in Table VI. The nitrogen permeability
coefficients before and after methanol and ethanol vapor perme-
ation at 45°C became constant from 6.46 X 10~ '* to 8.48 X
1072 cm®(STP)cm/(cm? s cmHg). At 35°C, the nitrogen per-

meability coefficients before methanol and ethanol vapor per-
meation were 5.04 X 102 c¢m’(STP)em/(cm® s cmHg),
whereas the permeability coefficients after permeation slightly
increased from 6.37 X 107 to 8.24 X 10~ !? cm’(STP)cm/
(cm? s cmHg). At 25°C, the nitrogen permeability coefficients
before methanol and ethanol vapor permeation were 3.65 X
1072 em’®(STP)em/(cm?® s cmHg), whereas the permeability
coefficients after permeation increased from 3.98 X 107 to

107

10™"°

10"

Nitrogen permeability
(cm*(STP)cm/(cm? s cmHg))

10™
Ethanol 25°C

Methanol 35°C
Methanol 25°C

Ethanol 35°C

Methanol 45°C

Ethanol 45°C

| 1 | 1

10 ! |
0 5

10 15
X (%)

C-DSC

20

Figure 9. Effects of crystallinity on nitrogen permeability in the PLA films. Temperature: 25°C (@), 35°C ((H), 45°C ((#) for methanol and 25°C (O),

35°C (1), and 45°C (<) for ethanol.
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7.93 X 10”2 em®(STP)cm/(cm? s cmHg). Figure 9 presents the
nitrogen permeability coefficients of the PLA films after vapor
permeation at each condition as functions of crystallinity
(Xc-psc). Interestingly, no linear relationship was observed
between nitrogen permeability and crystallinity as opposed to
alcohol vapor permeability. The nitrogen permeability tendency
of the alcohol vapor-induced crystallized PLA films was the
same as that of thermally induced crystallized PLA films in our
previous study.” The decrease in permeability with increasing
crystallinity was observed in alcohol vapor only.

As a result of DSC analysis, all PLA films exposed to alcohol
vapor has crystalline structure. However, the permeability of
PLA films was changed after contact with methanol vapor only
at 35°C and 45°C and with ethanol vapor only at 45°C. The
crystallinity of these PLA films was more than 9%. The alcohol
vapor permeability of the PLA films whose crystallinity was less
than 9% became constant. In this crystallinity range, the PLA
films had a microphase separated structure between amorphous
and crystalline regions based on POM and SEM analyses. The
small space around the interface between crystalline and amor-
phous regions depended on the permeability, because those film
densities were approximately constant in all experimental condi-
tions, despite the changes of the PLA structure. The small con-
tinuous space around the interface enables gas to diffuse. The
non-cohesive nitrogen permeability of the PLA films with large
crystalline domain was higher than prior to crystallization
because nitrogen molecules diffused in the bypass interface. On
the other hand, in the case of cohesive alcohol vapors, the vapor
permeability of the PLA films decreased in the high temperature
condition. This is because the alcohol vapor was strongly intro-
duced to the PLA film for vapor-induced crystallization in the
high temperature. However, the nitrogen and alcohol vapor per-
meability of PLA films, whose crystalline domain was too small
to analyze by microscopes, were not changed. The dependence
of crystallinity on permeability was different from each pene-
trant. Moreover, total crystalline structures, including continu-
ous crystal structures, remaining amorphous regions, and their
interface also depend on vapor and gas permeabilities.

CONCLUSIONS

The effects of alcohol-induced crystallization on alcohol vapor
permeability and their structures of PLA films were systemati-
cally investigated. The vapor permeability of the PLA films
exposed to methanol vapor at 25°C and ethanol vapor at 25
and 35°C became constant with increasing exposure time. How-
ever, the PLA films exposed to methanol vapor at 35 and 45°C
and ethanol vapor at 45°C decreased with increasing exposure
time. The PLA films exposed to alcohol vapor became slightly
cloudy, and no changes in chemical structure were observed.
Alcohol vapor-induced crystallization was observed. The den-
sities of the vapor-induced crystalline films were approximately
similar to those of the amorphous film. The PLA films of the
vapor-induced crystallization formed an o-crystal structure. The
vapor permeability decreased with increasing crystallinity. How-
ever, the nitrogen permeability after vapor-induced crystalliza-
tion was slightly higher than prior to crystallization. Total
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crystalline structures, including continuous crystal structures,
remaining amorphous regions, and their interface also depend
on vapor and gas permeabilities.
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