Applied Polymer

SCIENCE

Reversible selectivity of water/organic solvent mixtures in poly(lactic
acid) film

Ryo lida, Tomoki Yonezu, Yasuaki Shinkawa, Kazukiyo Nagai
Department of Applied Chemistry, Meiji University, 1-1-1 Higashi-Mita, Tama-Ku, Kawasaki, 214-8571, Japan
Correspondence to: K. Nagai (E - mail: nagai@meiji.ac.jp or nagai@shikon.meiji.ac.jp)

ABSTRACT: The separation properties of water/organic solvent mixtures in poly(lactic acid) (PLA) films were investigated. The organic sol-
vent flux increased linearly as the feed concentration increased, whereas the water flux was almost constant up to a feed concentration of 30
wt %. Interestingly, the permselectivity of PLA films was reversed from organic solvent selectivity to high water selectivity depending on the
type of organic solvent. The permselectivity was strongly correlated with the solution concentration at which the solvent-induced crystalliza-
tion of the PLA films occurred. The selectivity of permeation, solution, and diffusion in water/organic solvent mixtures was determined by
the expanded free volume of the PLA films as a result of the interaction between PLA and the water/organic solvent mixture. The permeabil-
ity behavior of water/organic solvent mixtures in PLA films was very complex. However, it was found that this behavior could be predicted

through immersion tests. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43822.
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INTRODUCTION

Poly(lactic acid) (PLA) is an environmentally friendly plastic
made from plants, such as corn and sugar cane. PLA is compet-
itively priced in plant-based plastics markets. This plastic is
mainly used as a packaging material because of its high trans-
parency and good moldability associated with a low melting
point." We focused on the application of PLA to beverage plas-
tic bottles. Beverages contain various flavor components, such
as ester, carboxylic acid and alcohol, and the permeability
behavior of these components is an important property in the
material design of PLA to prevent flavor change. As flavor com-
ponents, organic solvents are normally present in water; there-
fore, water/organic solvent binary systems should be treated to
clarify their permeability behaivior. The permeability of water/
ethanol mixtures in PLA films was described in our previous
study.” The permeability of other water/organic solvent mixtures
possibly differs from that of water/ethanol mixtures. In this
study, three typical organic solvents, namely, n-butyl acetate,
ethyl acetate, and acetic acid, were selected as flavor components
in beverages. We have used a pervaporation (PV) method to
measure the solution permeability. The PV method can be per-
formed under a condition similar to that of plastic bottle appli-
cation, that is, sample films are in contact with a given feed
solution at room temperature and pressure.’

The concentration of flavor compounds in beverages is generally
very low.*> However, in this study, the PV measurements were

© 2016 Wiley Periodicals, Inc.
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conducted in a larger range of feed concentrations to reveal the
permeability behavior of water/organic solvent mixtures. The
solvent-induced crystallization of amorphous PLA was described
in our previous study.® This phenomenon causes the material
deterioration, such as cloudiness and low density. These proper-
ties are fatal features of packaging materials. Therefore, we iden-
tified the crystallization through
immersion tests, and the PV measurements were performed in
a range of feed concentrations at which PLA films maintain an
amorphous state.

concentration of PLA

This study investigated the separation properties of water/
organic solvent mixtures in PLA films and the effect of the type
of organic solvent on the permeability behaviors of water/
organic solvent mixtures. This study provides the reference for
the material design of PLA.

EXPERIMENTAL

Film Preparation

The PLA films were the same samples employed in our previous
study.” The PLA polymer used in this study was a 4032D product
(NatureWorks LLC, Minnetonka). The isomer ratio (L:D) ranged
from 96.0:4.0 to 96.8:3.2. To prepare the PLA films, 2 wt %
dichloromethane solution was casted onto a flat-bottomed Petri
dish in a glass bell-type vessel and then dried it at room tempera-
ture and atmospheric pressure. The solvent was allowed to evap-
orate for 48 h. The dried PLA films were then thermally treated
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Figure 1. Photographs and POM images of PLA films after immersion tests. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

in vacuum for 48 h at 70 °C to completely eliminate the residual
solvent and to obtain amorphous PLA films. The thermally
treated PLA films were then cooled at room temperature and
atmospheric pressure. Proton nuclear magnetic resonance ('H-
NMR; JNM-ECA500, JEOL Ltd., Tokyo, Japan) analysis con-
firmed that the residual solvent was removed. The thickness of
the films used in this study varied from 35 to 45 um, and the
uncertainty of the thickness of each film was £1 pm.

Immersion Tests

The immersion tests were performed for 48 h at 25+ 1°C. The
concentration of the water/organic solvent mixtures was
changed stepwise. The organic solvents used in the tests were
dichloromethane, 1,4-dioxane, ethyl acetate, methyl acetate, n-
butyl acetate, ethyl formate, acetonitrile, N,N-dimethylforma-
mide, acetic acid, ethanol, and methanol.

PV Measurement

The PV measurements were conducted in accordance with the
method expounded in the literature.” The water/organic solvent
mixtures were prepared as the feed solution at a specified con-
centration. The feed stream was continuously flowed over the
film surface at a constant temperature of 25* 1°C. The feed
solution was stirred at 200 rpm to reduce the concentration
polarization layer. The effective area of the round film was
18.1 cm?® After steady state conditions were achieved, the per-
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meated vapor was collected using liquid nitrogen at 5 mmHg
for 4 h. The composition of the feed solution and the perme-
ated mixture was determined using a gas chromatograph (GC-
18A, Shimadzu Co., Kyoto, Japan). TC-1701 (GL Sciences Inc.,
Tokyo, Japan) was used as a column, and a hydrogen flame ion-
ization detector was used as a detector. The flux (kg/m’/h) and
water/organic solvent permselectivity (ap) were calculated using
egs. (1) and (2):

. Q
Flux—A. ; (1)
P/ Porg
ap=——2 2
P Fy ) Forg (2)

where Q is the weight of the permeate (kg), A is the film area
(m?), and t is the operating time (h). P,, and P, are the weight
fractions of water and organic solvent in the permeate, respec-
tively, and F,, and F,,, are the weight fractions of water and
organic solvent in the feed, respectively.

Swelling and Sorption Measurement

The degree of swelling by the water/organic solvent mixture was
measured at 25+ 1 °C. The films were soaked in each solution
until sorption equilibrium was achieved. The surfaces of the
films were wiped off, and their weight was immediately meas-
ured. The films were then dried through evaporation until the
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Table I. Crystallization Concentration of PLA Films with Water/Organic
Solvent Mixtures at 25 °C

Crystallization

18k, pLA= concentration
Organic solvent 3h,orgl (wt %)
Dichloromethane 0.1 0.5
1,4-dioxane 0.1 26
Ethyl acetate 0.1 2.4
Methyl acetate 0.3 54
n-butyl acetate 1.0 0.3
Ethyl formate 1.1 3.0
Acetonitrile 1.2 8.2
N,N-dimethylformamide 4.0 68
Acetic acid 6.2 46
Ethanol 12.1 80
Methanol 15 76

sorbate was eliminated completely, and the weight of the dry films
was measured. The degree of swelling was calculated using eq. (3):

Ws—W,
g="s
Wi

2’100 (3)
D

where S is the degree of swelling (wt %), Wy is the weight of
the swollen film (g), and Wy, is the weight of the dry film (g).
The measurement of Wy was repeated until a constant weight
was obtained. The composition of water/organic solvent mix-
tures sorbed in the film at equilibrium was analyzed. The sur-
face of the equilibrated film was wiped off, and the sorbate was
evaporated by heating at 100 °C in vacuum for more than 2 h.
The sorbed mixtures were collected using liquid nitrogen, and
their composition was determined using the gas chromato-

WILEYONLINELIBRARY.COM/APP

Applied Polymer
100 . . . , .
g Ethanol
E sof ~
c p
G J
'aE L]
t 60 |-
Q
Q
3
Q
c 40 \ -
8 Acetic acid
©
N
™
9 20 -
oy
S Ethyl acetate
. . n-butyll acetate
0 5 10 15
[ Jh,.nm'csh,nrgl

Figure 2. Relationship between crystallization concentration and 10y, ps—
Op,orgl-[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]

graph.® The water/organic solvent solubility selectivity (as) was
calculated using eq. (4):

_ M,/ Moy
Fo/Forg

where M,, and M,,, are the weight fractions of water and
organic solvent sorbed in the film, respectively.

(4)

Qg

The average diffusion coefficient (D) was calculated in accord-

ance with Aptel’s research.’ The flux (J) was defined as in eq. (5):
DC, DkS

=T 6

where C; is the feed concentration, [ is the film thickness. k was
obtained using eq. (6):

Table II. Permeation Data of Water/Organic Solvent Mixtures in PLA Films at 25 °C

Feed concentration Total flux Water flux Organic solvent ap (water/
(wt %) (kg/m?@/h) (kg/m?/h) flux (kg/m?3/h) organic solvent)
Water® 487+012 x 103 487+012 x 1073 N/A N/A

n-butyl acetate 0.01 wt %
n-butyl acetate 0.1 wt %
n-butyl acetate 0.2 wt %
Ethyl acetate 0.1 wt %
Ethyl acetate 0.5 wt %
Ethyl acetate 1.0 wt %
Ethyl acetate 1.5 wt %
Acetic acid 1 wt %
Acetic acid 10 wt %
Acetic acid 20 wt %
Acetic acid 30 wt %
Ethanol 10 wt %°
Ethanol 30 wt %°?
Ethanol 50 wt %°

5.53+0.37 x 1073
5.97+0.39 x 103
6.03+0.81 x 1072
521+0.61 x 103
494+0.75x 108
565+0.48 x 103
5.53+1.07 x 1073
5.58+0.40 x 103
543+0.61 x 1073
5.57+0.45 x 103
565+0.31 x 1073
5.50+0.34 x 103
5.68+0.23 x 1073
3.64+0.40 x 1073

5.53+0.37 x 1073
591+0.42 x 103
591+0.79 x 1072
519+0.62 x 103
489+0.74 x 10783
5.53+0.45 x 1073
534+1.02 x 1073
5.58+0.40 x 103
542+0.61 x 1073
5.55+0.45 x 103
5.61+0.31 x 1073
5.50+0.34 x 1073
5.68+0.23 x 1073
3.64+0.40 x 1073

5.85+0.36 x 107°
5.55+2.94 x 107°
1.13+0.64 x 1074
1.87+0.33 x10°°
555+1.24 x 107°
125+0.24 x 107*
1.51+0.40 x 1074
1.08+0.60 x 10°°
6.79+1.94 x 10°°
1.93+0.34 x 107°
3.91+0.59 x 107°
0.15+0.02 x 1077
0.61+0.06 x 1077
2.42+028 x 107/

0.97+0.34 x 1071
115+0.43 x 101t
1.05+0.30 x 10°*
2.98+094 x 101
415+0.79 x 1071
420+0.56 x 1071
518+1.38 x 101t
5.69+2.15 x 10
9.01+3.43 x 10
7.39+0.98 x 10
6.31+0.99 x 10
4.47+0.90 x 10%
3.91+0.55 x 10*
2.14+0.74 x 10*

@Data from Ref. 2.
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+— (6)

where d; and d,, are the densities of the sorbed liquid and the
film, respectively. In a water/organic solvent binary mixture, the
flux of water and organic solvent are expressed as in egs. (7)
and (8):

D,C, D,kS,
= = 7
J ;i ;i (7)
DorgCorg DorgkSor.
Jorg= Ogl >E = ogl . (8)

The water/organic solvent diffusivity selectivity (ap) was calcu-
lated using eq. (9):

ap= )

Characterization Analysis

The characterization data were determined in the film state for
at least three samples to confirm the reproducibility of the
experimental results.

Orthoscope observation was performed using an Olympus BX-
51 polarization microscope (POM; Olympus Inc., Tokyo Japan)
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Figure 3. Flux of (a) water and (b) organic solvent in PLA films at 25°C
as a function of feed concentration. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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under cross Nicol condition. Polarization images were observed
under a colored additive at 530 nm using a sensitive color plate.

The thermal analysis data were obtained using a Diamond dif-
ferential scanning calorimeter (DSC; Perkin-Elmer, Inc.,
Shelton). The sample pan-kit alum (Perkin-Elmer, Inc., Shelton)
was made of aluminum. These data are used to discuss crystal-
line structures and crystallinity. The first heating scan data, that
is, before annealing, represent the optimum condition relative
to the second heating scan data. Heat scan was performed from
20 to 200°C at a heating rate of 10°C/min under nitrogen
atmosphere. The glass transition temperature (7T,) was deter-
mined as the middle point of endothermic transition. The crys-
tallization temperature (T,) and melting temperature (T,,) were

10° T T T T T T T T3

10° Ethanol 3

=10* L y

c 3

- ]

ze'F

DY 3
@

3 é 10° ¢ 3

E 5 Acetic acid ]

o= 10 3

ol E

@ ]

L [ TN S 3

10" Ethyl acetate ?

n-butyl acetate

102 L1 R R R (A R

0 20 40 60 80 100
Crystallization concentration (wt%)
Figure 5. Relationship between permselectivity and crystallization
concentration.
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Figure 6. Degree of swelling by (a) water and (b) organic solvent in PLA
films at 25°C as a function of feed concentration. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

determined as the maximum values of each peak. The crystallin-
ity (X..psc) was estimated using eq. (10):
AH,,+AH,

X100
AH?,

Xe-jpsc= (10)
where AH,, and AH, are the enthalpies (J/g) of the melting and
crystallization of a polymer, respectively, and AH? is the
enthalpy (93 J/g) of the PLA (L-donor 100%) crystal with an

infinite crystal thickness.'®

RESULTS AND DISCUSSION

Immersion Tests

The crystallization concentration was determined as the feed
concentration at which spherocrystals were clearly observed in
the POM images. Figure 1 shows the photographs and POM
images of the PLA films at the feed concentrations before and
after crystallization occurred. The PLA films were crystallized at
0.3 wt % n-butyl acetate, 2.4 wt % ethyl acetate, and 46 wt %
acetic acid. Therefore, the PV measurements were performed in
the range of the feed concentration of 0.01-0.2 wt % n-butyl
acetate, 0.1-1.5 wt % ethyl acetate, and 1-30 wt % acetic acid.
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Solvent-induced crystallization occurs via the following mecha-
nism. The diffusion of a solvent in a polymer enhances the mobility
of polymer chains through the interaction between the polymer
and the solvent. As a result, the polymer forms a crystal structure
which is a thermodynamically stable arrangement. Thus, the sol-
vent that strongly interacts with the polymer induces polymer crys-
tallization. In our pervious study, the solubility and solvent-
induced crystallization of PLA was reported using the Hansen solu-
bility parameter (HSP).® HSP is expressed as eq. (11):

&:%+%+ﬁ (11)

where 8, is the total HSP, 8, is the dispersion component, 3, is
the polar component, and 3§, is the hydrogen bonding
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Figure 8. Solubility selectivity of PLA films as a function of feed concen-
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tration. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43822


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

105 orE o Err orEEr

T
[T,

Ethanol

—n
o
]

—_
o

Ll

—
o
B

Acetic acid

itavuiul

x

—
o
w

FEmRTTmi

Ethyl acetate

Diffusivity selectivity
(water/organic solvent)
—_
[=]

Ll

n-butyl acetate

1 Loaa el oa sl Lo

1 11l 1
0.01 0.1 1 10 100
Concentration in feed (wt%)

Figure 9. Diffusivity selectivity of PLA films as a function of feed concen-

IR

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

at wileyonlinelibrary.com.]

component. The previous study also revealed that the strength
of the interaction between PLA and organic solvent increases as
the difference between 8, of PLA (8,,pr4) and 3, of the organic
solvent (8y,,,,) decreases. Table I shows 18, pa—8y,0rgl and the
crystallization concentration of the PLA films. Figure 2 shows
the relationship between the crystallization concentration and
187, pLa—On,0rgl. The crystallization concentration decreased as
187, pLa—On,0rgl decreased. However, this relationship remarkably
varied, possibly because 18}, pa—dy,0rgl is an approximate mea-
sure of the affinity between PLA and organic solvent. This
parameter also does not involve the effect of the interaction
between water and organic solvent on the crystallization of
PLA. In the case of the hydrophobic polymer such as PLA, the
crystallization concentration was considered an accurate mea-
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Figure 10. Relationship between contribution rate of diffusivity selectivity
and crystallization concentration.
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sure of the affinity between the polymer and the water/organic
solvent mixture.

PV

Table II summarizes the results of the PV measurements. Figure
3 shows the flux of water [Figure 3(a)] and organic solvent
[Figure 3(b)]. As the feed concentration increased, the water
flux was almost constant up to 30 wt % regardless of the type
of organic solvent. By contrast, the water flux in water/ethanol
decreased at 50 wt %. This decrease was caused by the hydra-
tion between water and ethanol molecules, as demonstrated in
our previous study.” The organic solvent flux increased linearly
as the feed concentration [Figure 3(b)]. The
relationship between ap and the feed concentration is shown in

increased

Figure 4. ap in water/n-butyl acetate and water/ethyl acetate was
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Figure 12. Relationship between diffusion coefficient of organic solvent
and molecular diameter. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

less than 1 in all the feed concentrations; this finding indicated
organic solvent permselectivity. By contrast, ap in water/acetic
acid and water/ethanol was greater than 1 in all the feed con-
centrations; this finding indicated water permselectivity. Poly-
mer films generally exhibit either water permselectivity or
organic solvent permselectivity regardless of the type of organic
solvent. By contrast, in Figure 4, the permselectivity of the PLA
films significantly changed from organic solvent selectivity to
high water selectivity depending on the type of organic solvent.
Therefore, this permselectivity reversal is a characteristic prop-
erty of PLA film. The relationship between ap and the crystalli-
zation concentration is shown in Figure 5. The logarithm of ap
was proportional to the crystallization concentration. Therefore,
it was found that ap of PLA film can be predicted by applying
a simple method, namely, the immersion test. The permeability
was investigated in detail on the basis of the solution-diffusion
model.

Sorption and Diffusion

The degree of swelling and the results of the sorption measure-
ments are summarized in Table III. Figure 6 shows the degree
of swelling by water [Figure 6(a)] and organic solvent [Figure
6(b)]. As the feed concentration increased, the degree of swel-
ling by water and organic solvent increased regardless of the
type of organic solvent. The §; of PLA, n-butyl acetate, ethyl
acetate, acetic acid, ethanol, and water are 7.3, 6.3, 7.2, 13.5,
19.4, and 42.4 MPa'’?, respectively.® The difference between the
8, of PLA and that of organic solvent is smaller than that
between PLA and water. In other words, PLA exhibits a stronger
interaction with organic solvent than with water. Therefore, the
sorption amount of organic solvent increased because of the
strong interaction between PLA and the organic solvent. By
contrast, the sorption amount of water also increased as the
proportion of water in the feed solution decreased regardless of
the hydrophobicity of PLA. To clarify the factor, we calculated
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the average change rate of the degree of swelling. The relation-
ship between the average change rate of degree of swelling and
the crystallization concentration is shown in Figure 7. The aver-
age change rate of degree of swelling by water and organic sol-
vent increased markedly as the crystallization concentration
decreased. Furthermore, the average change rate of degree of
swelling by water exhibited a higher degree of increase than that
of organic solvent. Indeed, the sorption amount of water
increased as the feed concentration increased. The factor is con-
sidered as follows: first, the sorption amount of organic solvent
in the PLA films increased as the strength of the interaction
between PLA and organic solvent increased. The organic solvent
then expanded the free volume of the PLA films; as a result,
water molecules were preferentially sorbed in the PLA films.

Table III and Figures 8 and 9 show ags and ap, respectively. In
Figure 8, ag in water/n-butyl acetate, water/ethyl acetate, and
water/acetic acid was less than 1 in all the feed concentrations;
this finding indicated organic solvent selectivity. By contrast, og
in water/ethanol was less than 1 at 10 wt % but was greater
than 1 at 30-50 wt %. This finding indicated the change from
water selectivity to organic solvent selectivity. ag in all the mix-
tures increased as the feed concentration increased. The strength
of the interaction between PLA and the water/organic solvent
mixture exhibited the following pattern: n-butyl acetate > ethyl
acetate > acetic acid > ethanol. ag had been predicted to exhibit
the same pattern. However, o in water/ethyl acetate and water/
acetic acid was on the same approximate straight line. ag in
water/n-butyl acetate was higher than the extrapolated approxi-
mate straight line in water/ethyl acetate. This trend can be
explained as follows: water was preferentially sorbed in the PLA
films as the strength of the interaction between PLA and the
water/organic solvent mixture increased. In Figure 9, ap was
greater than 1 in all the feed concentrations regardless of the

AcOBu
= 107 AcOEt AcOH EtOH
» S
g E
< s 0.1wt% feed
R ;
% 1 wt% feed
0 9
g 10 3
s :
g!1 010 30 wt% feed d
k] 3 ]
£ F 10 wit% feed
@ -11
'k
b
Q
310" L E
c Ee 3
o £
[ [ 2 :
E 10-13 I i Loy | i 1 i
o 0 20 40 60 80 100

Crystallization concentration (wt%)

Figure 13. Relationship between diffusion coefficient of organic solvent
and crystallization concentration. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Table IV. Thermal Properties of PLA Films before and after PV Measurements

WILEYONLINELIBRARY.COM/APP

CIENC

Feed concentration

(wt %) Tq (°C) Tc (°C) T (°C) AH. (J/g) AHm (Jl9) Xe-psc (%)
Non? 60.3+2.1 N/A N/A N/A N/A 0.0

Water® 60.3+0.5 115.7+0.3 148.9+x0.3 -7.7+04 85x0.2 0.9=x0.2
n-butyl acetate 0.01 wt % 59.6+3.0 122.7x1.9 149.5+£0.6 -74+11 80=x11 0.6x01
n-butyl acetate 0.1 wt % 58.6+2.7 1212+x12 148.7+0.5 -11.2+31 12.3+2.6 1.2+x06
n-butyl acetate 0.2 wt % 591+11 1199+x42 1478+x1.4 -109+3.4 11.7+3.9 0.9+0.6
Ethyl acetate 0.1 wt % 591+15 120.5x0.5 148.7+x1.9 -11.1+3.7 124+3.9 1.4+0.5
Ethyl acetate 0.5 wt % 58.7+0.7 120.0x1.6 147.5x1.0 -6.6+0.4 7.9+0.3 1502
Ethyl acetate 1.0 wt % 58.0+1.3 121.1+x0.6 148.7+2.6 -83+04 91+05 09x04
Ethyl acetate 1.5 wt % 57911 1198=x1.4 147.5x0.4 =7.5x21 9.04+3.1 1.7x11
Acetic acid 1 wt % 62.0+0.3 121.6x0.6 147.5x0.7 -6.0x2.1 6.8x15 0.9+0.7
Acetic acid 10 wt % 61.3+1.0 121.8x1.9 1471 x0.4 =5.7=0.6 6.7+0.9 1.1+0.7
Acetic acid 20 wt % 61.8+1.0 120.5x0.5 1472+x01 -6.3+1.5 7.5x0.9 1.2x06
Acetic acid 30 wt % 58.9+0.9 120.9x0.5 148.5+0.3 -8.0+0.3 9.5+£0.8 1.7x0.5
Ethanol 10 wt %P 60424 116.2x0.5 1492x01 -59+0.6 75x0.5 1.7x01
Ethanol 30 wt %° 58.6+1.4 1158=x0.5 148.3+x0.4 -6.0+x0.4 7.7+x0.2 1.8+x01
Ethanol 50 wt %P 60.2+0.4 1155x0.4 147.8x01 -3.3+04 47+01 1.5+01

@Data from Ref. 7.
®Data from Ref. 2.

type of organic solvent; this finding indicated water selectivity.
ap decreased as the feed concentration increased. ap exhibited
the following pattern: ethanol > acetic acid > ethyl acetate > n-
butyl acetate. In the film separation based on the solution-
diffusion model, the permeability is expressed as the product of
solubility and diffusivity. To clarify whether the permeability of
water/organic solvent mixtures was strongly dependent on either
the solubility or the diffusivity, we calculated the contribution
rate of ap to ag X op using eq. (12):

(logap)’
\/(log (15)2 + \/(log aD)z

The relationship between the contribution rate of ap and the
crystallization concentration is shown in Figure 10. The contri-
bution rate of ap decreased as the crystallization concentration
decreased. The contribution rate of ap in water/n-butyl acetate
and water/ethyl acetate was less than 50%; this finding indicated
the large contribution of the solubility. By contrast, the contri-
bution rate of ap in water/acetic acid and water/ethanol was
greater than 50%; this finding indicated the large contribution
of the diffusivity. Therefore, the large change in the contribu-
tion of the solubility and the diffusivity, which was dependent
on the type of organic solvent, resulted in the permselectivity
reversal of the PLA films. The high water permselectivity in
water/acetic acid and water/ethanol was caused by the high dif-
fusivity selectivity. Accordingly, the diffusivity of water and
organic solvent was investigated.

Contribution rate of ap= X100

(12)

D,, and Dorg are summarized in Table III. Figure 11 shows D,,
[Figure 11(a)] and Dorg [Figure 11(b)]. D,, was higher than Dorg
regardless of the type of organic solvent. In Figure 11(b), Doy was
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almost constant without depending on the feed concentration
except at 0.2 wt % n-butyl acetate. By contrast, Doy in water/n-
butyl acetate was almost constant up to 0.1 wt % but decreased at
0.2 wt %. Doy, exhibited the following pattern except at 0.2 wt %
n-butyl acetate: n-butyl acetate >ethyl acetate > acetic acid-
> ethanol. The diffusivity of a penetrant in a polymer film gener-
ally increases as the penetrant size increases. The molecular
diameter of the penetrant can be calculated from its density and
molecular weight in the liquid state.'’ The molecular diameter of
water, acetic acid, ethanol, ethyl acetate, and n-butyl acetate are
0.311, 0.457, 0.460, 0.546, and 0.603 nm, respectively. Figure 12
shows that Do, was not correlated with molecular diameter. Figure
13 shows that Dorg increased linearly as the crystallization concen-
tration decreased. Therefore, the diffusivity of organic solvents
depended not on their molecular size but on their affinity with
PLA because the organic solvents, which strongly interact with
PLA, expanded the free volume in the PLA films. By contrast, D,,
decreased as the feed concentration increased regardless of the type
of organic solvent [Figure 11(a)], and Dorg of n-butyl acetate
decreased at 0.2 wt % [Figure 11(b)]. These decreases could be
attributed to the interaction between water and organic solvent
molecules or the solvent-induced crystallization of the PLA films.
In our previous study, we concluded that, in water/ethanol mix-
tures, the interaction between water and ethanol molecules inter-
rupts the diffusion of water molecules in the PLA films.> The effect
of water/organic solvent mixtures on the crystal structure of the
PLA films was also investigated in this study.

Film Characterization

Ty T, T,y AH, and AH,, were determined using the DSC thermo-
grams of the PLA films. Table IV shows the thermal properties of
the PLA films before and after the PV measurements. T, of the
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PLA films before and after the PV measurements was 57.9-62.0 °C,
which are within the range of the values reported in the literature:
55-69 °C.""*7'7 X_ ¢ before the PV measurements was 0.0%, and
X, psc after the PV measurements was 0.6-1.8%. The PLA films
were slightly crystallized by the permeation of water/organic sol-
vent mixtures, but the crystallinity was independent of the type of
organic solvent and the feed concentration. This result suggested
that the interaction between PLA and the water/organic solvent
mixture hardly affected the permeability behavior. Therefore, the
decrease in the diffusivity of water and n-butyl acetate was caused
by the diffusion of water and organic solvent molecules disturbed
by their interaction. The decrease of Dy, in water/n-butyl acetate
is considered to be caused by the significant increase of sorption
amount at 0.2 wt %.

CONCLUSIONS

The separation properties of water/organic solvent mixtures in
PLA films and the effect of the type of organic solvent on the
permeability behavior of water/organic solvent mixtures were
investigated. The water flux was almost constant up to 30 wt %
regardless of the type of organic solvent. By contrast, the
organic solvent flux increased linearly as the feed concentration
increased. Interestingly, the permselectivity of the PLA films was
reversed from organic solvent selectivity to high water selectivity
depending on the type of organic solvent. As the strength of the
interaction between PLA and the water/organic solvent mixture
increased, the solubility selectivity initially decreased and then
increased; and the diffusivity selectivity ~monotonically
decreased. The permeability, solubility, and diffusivity of water/
organic solvent mixtures in PLA films were determined by the
change in the free volume of the films. The change in their free
volume was caused by the interaction between PLA and the
water/organic solvent mixture. The diffusion coefficients of
water and n-butyl acetate decreased as the feed concentration
increased. Based on the result of DSC measurements, these
decreases were attributed to the interaction between water and
organic solvent molecules in the PLA films. Thus, the perme-
ability behavior of water/organic solvent mixtures in PLA films
was complex. However, we found that the permeability behavior
can be predicted through immersion tests. This study will con-
tribute to the material design of PLA to obtain the flavor barrier
properties required for applications in beverage plastic bottles.
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