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ABSTRACT

In this study, the sorption amount of alcohols (ethanol, 1-propanol, and 2-propanol) vapors on
poly(lactic acid) (PLA) membrane was measured resulting in high increase in sorption.
Sorption amount increases as the molecular volume of vapor decreases in the low-pressure
region. The sorption amount of branched 2-propanol is lower than that of linear 1-propanol. In
the high-pressure region, the PLA film tends to swell or plasticize as the cluster size increases,
thereby increasing sorption. In addition, the alcohol vapor sorbed in the PLA film causes vapor-
induced crystallization, which is in contrast to solvent- and thermally-induced crystallization,

and forms an unknown crystal structure.
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1.0 INTRODUCTION

Although various plastic products
enrich our lives, they adversely affect
the environment. One of the most
severe environmental issues is marine
pollution, which is due to increased
marine waste flowing into the ocean
and the coast. Light materials such as
plastic products, mostly beverage
bottles and microplastics derived from
plastic decomposition, account for 30%
(i.e., 4.8-12.7 million tons) of wastes
flowing into the sea [1, 2]. The
accumulation of these wastes leads to
entanglement of marine organisms in a
drifting plastic product, their tearing,
and death as well as collapse of the
ecosystem balance [3-5]. Given their
light weight, microplastics can easily
drift off the ocean and may be
inadvertently swallowed by marine
organisms [4]. Hence, plastic wastes
drifting in the ocean must be reduced.
Under such situation, biodegradable
plastics have received attention as a
substitute to conventional plastics.

Biodegradable can be decomposed into
carbon dioxide and water by
microorganisms in the ground or sea [6,
7]. Thus, the use of biodegradable
plastics can reduce the amount of
marine wastes and suppress their
adverse effects on the ecosystem.

Poly(lactic acid) (PLA) 1s a
biodegradable plastic recently
considered  as substitute  for
conventional plastic in the production
of beverage bottles. PLA 1is derived
from plants, such as corn, and has
attracted attention as an environment-
friendly material because of its carbon-
neutral nature [6-8]. In addition, PLA
exhibits excellent molding
processability because of its high
transparency and low glass transition
temperature (7,) of 60 °C. Thus, it can
be a potential material for beverage
bottles [9-11].

Many beverages contain highly
polar perfume ingredients, such as
alcohols and esters. Dissolution of
these ingredients and their subsequent
interaction with PLA cause swelling
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and plasticization, leading to the
degradation of the bottle material [8,
12]. Furthermore, PLA crystallization
occurs due to  solvent-induced
crystallization caused by the dissolution
of an organic solvent with high polarity
in the polymer chain interstitial spaces
of PLA [13, 14]. This process causes
cloudiness for PLA, which complicates
confirmation of the content in bottle
containers, where high transparency is
important [13, 14].

To  elucidate  the  material
degradation mechanism of perfume
ingredients, scholars must investigate
the solubility of the ingredients on PLA.
In general, the dissolution of gas and
vapor molecules with respect to
macromolecules is explained by the
physical phenomenon sorption, which
summarizes adsorption onto the
membrane surface and absorption
inside the membrane [15]. Sorption
amount indicates the amount of gaseous
molecules dissolved in the polymer.
Therefore, understanding the sorption
property of perfume ingredients on the
PLA membrane is important in the
application of PLA to bottle containers
in the future.

PLA has five types of crystal
structures: a, B, v, o', and a" [16-26].
Figure 1 shows the four kinds of crystal
structures [27]. a- and B-type crystal
structures are formed by solvent-
induced crystallization with alcohol or
ester [13, 14]. To date changes in the
crystal structure have not been reported
in crystallization induced by organic
vapor [13, 14].

Considering that alcohol is one of
the perfume ingredients in beverage,
alcohol vapor with ethyl, propyl and
isopropyl groups as substituents were
used in this study. Alcohol vapor
sorption measurement on the
amorphous PLA membrane was then
conducted. = The  physicochemical
properties of PLA membranes after
vapor sorption were characterized using

proton nuclear magnetic resonance ('H-
NMR) spectroscopy, attenuated total
reflectance (ATR) Fourier transform
infrared (FTIR) spectroscopy, polarized
optical microscopy (POM), contact
angle, differential scanning calorimeter
(DSC), ultraviolet-visible (UV-vis)
spectroscopy, and wide-angle X-ray
diffraction (WAXD). Basing form
measurement results, the influence of
the different structures of the alkyl
group of alcohol vapor on higher order
structures of PLA membrane was
compared with those of water vapor.
Experimental results of water vapor
were obtained from previous reports
[12]. DSC and UV-vis measurement
data were derived through experiment
and supplemented with data [12].

2.0 METHODS/THEORY
2.1 Preparation of Membranes

In this study, PLA membranes were
prepared as previously described [28].
The PLA polymer had a 4032D product
(NatureWorks LLC, Minnetonka,
USA). Lactic acid exists as two isomers,
(L- and D- lactic acid), and the isomer
ratio (L:D) of the PLA used in this study
ranged from 96.0:4.0 to 96.8:3.2 [28].
PLA membranes were prepared by
casting 2 wt% dichloromethane
solution of each solvent onto a flat-
bottomed Petri dish in a glass bell-type
vessel, which was dried under
atmospheric  pressure at  room
temperature. Each solvent was allowed
to evaporate for 48 hours. The dried
PLA membranes were thermally treated
under vacuum for 48 hours at 70 °C to
completely eliminate the residual
solvent and obtain amorphous PLA
membranes. The thermally-treated PLA
membranes were cooled at room
temperature under atmospheric
pressure. 'H-NMR (JNM-ECAS500,
JEOL Ltd., Tokyo, Japan) analysis was
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PLA structures

used to confirm the removal of the
residual solvent. Membrane thickness
varied from 35 pm to 45 pum, and the
uncertainty of each  membrane
thickness was = 1 pum.

2.2 Measurement of Alcohol and
Water Vapor Sorption

Sorption data were determined during
the membrane state for at least three
samples to confirm the reproducibility
of the experimental results. Alcohol
vapor sorption in PLA membranes was
determined gravimetrically as a
function of pressure at 35 °C £ 1 °C by
using a calibrated helical quartz spring
sorption system. The sorption system
was evacuated for 12 hours similar to
the measurement temperature after the
sample was introduced into the
chamber to degas the PLA membrane
[29]. Ethanol (Junsei Chemical, Tokyo,
Japan), 1-propanol (Junsei Chemical,

Tokyo, Japan), and 2-propanol (Junsei
Chemical, Tokyo, Japan) from which
dissolved gas was removed by freeze-
drying were used as each vapor.
Alcohol vapor was introduced into the
chamber at a fixed pressure. The
resulting change in spring extension
was monitored with differential
transformer transducers and recorded
up to 9.0 cmHg in ethanol, 3.6 cmHg in
I-propanol, and 7.2 cmHg in 2-
propanol as a function of time. The
saturated vapor pressure (p/psat) values
were 10.32 cmHg in ethanol, 3.91
cmHg in 1-propanol, and 8.10 cmHg in
2-propanol [30]. Experiments were
performed in the order of increasing
relative pressure (p/psa) with a specific
interval. p/psa was provided stepwise
into the chamber from 0 to 0.9. The
equilibrium concentration of each vapor
sorption was calculated as follows:
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mp,

C=22414x—>"_ 1)
m, MW,

where C is the concentration of each

vapor sorption

[cm3(STP)/cm?(polymer)], m, is the
polymer mass (g), ms is the penetrant
mass in the polymer (g), p, is the
polymer density (g/cm?), MW, is the
penetrant molecular weight (g/mol),
and 22414 is a conversion factor
(cm?*(STP)/mol). The solubility
coefficient of each vapor in the polymer
membrane is expressed by Equation (2),
as follows:

s-< )
p
where S is the solubility coefficient
[cm?(STP)/(cm*(polymer)cmHg)], C is
the concentration of each vapor
sorption [cm*(STP)/cm?(polymer)], and
P is the equilibrium pressure (cmHg).
Clusters of each vapor molecules are
formed by self-hydrogen bonds
between carbonyl or hydroxyl groups.
We investigated the clustering of each
vapor molecule. Clustering in polymer
membranes is expressed using the
Zimm and Lundberg formula [31, 32]:

Cy__,|0@lg)| _
T IR

where Gi1  represents the cluster
integral; V1 is the partial molar volume
of the penetrant molecule; ¢ and ¢ are
the volume fractions of the penetrant
molecule and the polymer, respectively;
and a; is the activity of alcohol and
water molecules. At a given activity, ai
is determined from the equilibrium
sorption isotherm using the following
equation:
‘/RW

¢l 1+ 1R'W (4)
where v is the ratio of polymer density
and alcohol and water molecule, and R
(g/g[polymer]) is the equilibrium
sorption regain. Clustering functions
have values of —1 for pure, condensed
systems. In a pure system, a molecule

excludes another molecule from its own
molecular volume but has no other
effect on the system.

2.3 Characterization

For the PLA membrane used for
physical property measurement after
alcohol vapor sorption, samples were
produced using the same equipment as
the sorption amount measurement.
Vapor was introduced for up to the
maximum pressure at 35 °C and held
for more than 1 hour in a state where the
sorption  amount  reached  the
equilibrium. Then vapor was vacuum
dried for 12 hours or more for the
experiment. The PLA membrane after
water vapor sorption was subjected to
DSC  measurement and UV-vis
spectroscopy in the same manner as the
other samples.

'H-NMR spectra were obtained
with a JNM-ECAS500 (LEOL Ltd.,
Tokyo, Japan) at 25 °C. The solvent
used was deuterated chloroform
(CDClI3). ATR-FTIR spectra were
obtained with ATR-PRO450-S
(JASCO Co., Tokyo, Japan) using the
HATR ZnSe 45° flat plate (PIKE
Technologies, Watertown, USA). The
incidence angle was set at 45°, the
resolution was 2 cm™!, the cumulated
number was 32 times, the measurement
temperature was 23 °C £ 1 °C, and the
relative humidity was 50% =+ 5%RH.

Orthoscope  observation  was
performed using an Olympus BX-51
Polarization =~ microscope (POM)
(Olympus Inc., Tokyo Japan) under
cross Nicol condition. Polarization
images were observed under an additive
color at 530 nm with a sensitive color
plate.

Membrane density was measured
by flotation method at 23 °C + 1 °C. The
membrane was added with a calcium
nitrate tetrahydrate (Junsei Chemical,
Tokyo, Japan) when it sunk in the
solution and pure water added when it
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floated in the solution. This operation
was continued until the membrane did
not float and sink in the solution.

Contact angle was measured by
contact angle meter IMC-159D (Imoto
Machinery Co., Ltd., Kyoto, Japan).
Ultrapure water droplets were dropped
on the membranes using a microsyringe
and fixed on the apparatus at 23 °C +
1 °C. Images were captured within 5
seconds after dropping the water
droplet, and the contact angle was
calculated from the three-point
measurement.

Thermal analysis data were
obtained using a diamond differential
scanning calorimeter (Perkin-Elmer,
Inc., Shelton, USA). The sample-pan-
kit alum (Perkin-Elmer, Inc., Shelton,
USA) was aluminium. Given that these
data are used to discuss crystalline
structure and crystallinity (Xc-psc), the
first heating scan data (i.e., before
annealing) represent the optimum
condition relative to the second heating
scan data. Heat scan was performed
from 20 °C to 200 °C at a heating rate
of 10 °C /min in nitrogen atmosphere.
T, was determined as the middle point
of endothermic  transition.  The
crystallization temperature (7.) and
melting  temperature (7))  were
determined as the maximum value of
each peak. Xc-psc was estimated using
Equation (5) [33, 34]:

AH, +4H,
Xeopsc = - 40

A m

where 4H, and A4H. are melting and
crystallization enthalpies of a polymer
(J/g), respectively; and AH’, is the
enthalpy of the PLA (L-donor 100 %)
crystal with infinite crystal thickness
and has a value of 93 J/g [35].

UV-vis spectra were obtained on a
UV-3100 spectrophotometer
(Shimadzu Co., Kyoto, Japan) at 23 °C
+ 1 °C within the wavelength range of
200—800 nm.

x 100 (5)

WAXD measurement was performed
using a RINT 2200 Ultima-III X-Ray
diffractometer (Rigaku, Corp., Tokyo,
Japan) with a Cu-Ka radiation source at
40 kV and 20 mA in a dispersion angle
ranging from 5.00° to 30.00° and a
scanning speed of 2°/min at 23 °C =+
1 °C. d-spacing was calculated
according to Bragg’s conditions (6) and
represents the mean distance between
polymer chains:

A=2dsing (6)
where 4 is the X-ray wavelength (1.54
A), and d is the distance of lattice
spacing (A). Moreover, the value of 6
was obtained from the diffraction angle
at peak maximum intensity determined
from the Gauss function.

All characterization data were
determined in at least three membrane
samples to confirm the reproducibility
of the experimental results.

3.0 RESULTS AND DISCUSSIONS

3.1 Alcohol and Water Vapor
Sorption

Figure 2 shows all relative pressure
values determined. The sorption
amount immediately increased after
introducing vapor with time and
gradually reached the equilibrium. In
general, when organic vapor is sorbed
in a glassy polymer, Fickian diffusion
and structural relaxation of the polymer
chain simultaneously occur [36]. Given
that Fickian diffusion occurs within a
short time and structural relaxation of
the polymer chain occurs over a long
period of time, the sorption amount
increases, then decreases and finally
reaches the equilibrium in some cases
[36]. In the present study, the sorption
amount did not increase before it
reached the equilibrium because of the
fast structural relaxation speed of the
polymer chain generated from alcohol
vapor-induced PLA  crystallization.
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Figure 2 Ethanol sorption kinetics in the
PLA membrane at 35 °C. The vapor
pressure ranged from 60 mmHg to 70
mmHg

Moreover, the time taken for relaxation
of the polymer chain was assumed to be
shorter than the time taken for the
sorption amount to reach the
equilibrium.

Figure 3(a) shows the sorption
isotherms for ethanol, 1-propanol, and
2-propanol vapor on PLA membranes
at 35 °C. For comparison, the water
vapor data previously obtained are also
plotted [12]. The wvertical axis
represents the vapor sorption amount C,
and the horizontal axis represents the
introduction  pressure.  Until the
pressure of 2.0 cmHg, the sorption
amounts for all vapors were almost the
same. However, after approximately
5.0 cmHg in ethanol, 2.0 cmHg in 1-
propanol, and 4.0 cmHg in 2-propanol,
the sorption amount of each vapor
substantially increased, which resulted
in swelling and plasticization.
Meanwhile, for water vapor, no rapid
increase in the sorption amount of
alcohol was observed. These results
indicate that alcohol shows stronger
interaction with PLA compared with
water.

Figure 3(b) shows the sorption
isotherms for ethanol, 1-propanol, and
2-propanol vapors on the PLA

membranes at 35 °C. For comparison,
the water vapor data previously
obtained are also plotted [12]. The
vertical axis represents the vapor
sorption amount C, and the horizontal
axis represents the relative introduction
pressure when the saturated vapor
pressure of each vapor is p/psat = 1.0.
The sorption amount was in the order of
ethanol > 1-propanol > 2-propanol >
water vapor until p/psa = 0.6. The
sorption amount of 1-propanol and 2-
propanol  sharply  increased at
approximately 0.6 relative pressure, and
the sorption amount at the relative
pressure of 0.9 was high in the order of
1-propanol > 2-propanol > ethanol >
water vapor. In previous studies, the
sorption amount (swelling rate) when
impregnated in liquid alcohol was in the
order of 2-propanol > I-propanol >
ethanol [13]. This trend was consistent
with the magnitude of the rate of
increase in sorption amount after the
relative pressure of 0.6. Meanwhile, the
sorption amount of water vapor at a
relative pressure of 0.9 was lower than
the sorption amount when impregnated
in a liquid state. The increased rate of
the sorption amount after a relative
pressure of 0.6 depended on the
molecular volume of each molecule.
The larger the molecular volume is, the
more easily the swelling and
plasticization of the PLA membrane is
likely to occur, and the larger the
sorption amount is.

Figure 4 shows the solubility curves
of ethanol, 1-propanol, and 2-propanol
vapors for the PLA membrane
calculated from Equation (2) on the
basis of Figure 3 (b). For comparison,
the water vapor data previously
obtained are also plotted [12]. The
vertical axis represents solubility
coefficient, S calculated from the
sorption amount, and the horizontal axis
represents the relative introduction
pressure with the saturated vapor
pressure of each vapor set to p/psat = 1.0.
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For ethanol and 1-propanol, the
solubility coefficient increased at the
relative pressure of approximately 0.3.
Water vapor increased the solubility
coefficient at the relative pressure of
approximately 0.6. The solubility
coefficient in the low-pressure region
was in the order of 2-propanol < ethanol
= l-propanol < water. The solubility
coefficient at a relative pressure of 0.9
increased in the order of water < ethanol
= 2-propanol < 1-propanol. Regarding
the adsorption of vapor on the
membrane surface and dissolution in
the unrelaxed volume in the low-
pressure region, steric hindrance due to
the presence or absence of the side
chain considerably influences the
solubility coefficient without
depending on the length of the main
chain of the alkyl group. Here, the
solubility parameters of PLA, ethanol,
1-propanol, 2-propanol, and water are
21.2,29.7,24.5,23.5, and 47.9 MPa'?,
respectively [13, 37]. In general, the
solubility dissolves as the solubility
parameter of a polymer approaches the
value of a solvent. The solubility
parameter value of 2-propanol vapor
was the closet to that of PLA, followed
by 1-propanol, ethanol and water, but
the final solubility coefficient values
showed a different order from this one.
Hansen’s solubility parameter is
determined by three factors, such as
dispersive power, dipole force, and
hydrogen bonding force. Among these
three factors, the parameters of the
dispersion powers of PLA, ethanol, 1-
propanol, 2-propanol, and water were
17.5,15.8,16.0, 15.8, and 15.5 MPa'?,
respectively [13, 37]. The solubility in
PLA was suggested to be largely
influenced by the dispersive power,
because the difference in the dispersion
power parameter with PLA increased in
the order of 1-propanol < 2-propanol =
ethanol < water. Dispersive force,
which is the intermolecular force due to
dipole  occurring  instantaneously,
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worked larger than two parameters as
the distance became shorter. Dispersive
power had a huge influence because the
distance between PLA and each vapor
was becoming close when the vapor
dissolute was present in the membrane.

Figure 5 shows the relationship
between ¢ G11/V1 and relative pressure
calculated from the sorption isotherms
of ethanol, 1-propanol, and 2-propanol
of the PLA membrane. For comparison,
the water vapor data previously
obtained are also plotted [12]. The
vertical axis shows the cluster function,
¢1G11/V1 calculated from the sorption
isotherm, and the horizontal axis shows
the relative introduction pressure with
the saturated vapor pressure of each
vapor being p/psa = 1.0. In all
experimental  conditions,  #1G11/V1
showed a negative value in the low-
pressure region, but increased with
increasing relative pressure and showed
a positive value in the high-pressure
region. For the three alcohol types, the
waveform showed that the value of the
cluster function reached the steady as
the relative pressure reached 0.9. In
addition, the size of the final cluster
increased in the order of water < ethanol
< I-propanol < 2-propanol vapor. Here,
the critical volumes of water, ethanol,
1-propanol, and 2-propanol, which are
indicators of vapor cohesiveness, are 55,
116, 219, and 222 cm’/mol,
respectively [30]. These results indicate
that the cluster size depends on the
cohesive force.

Table 1 shows the cluster initiation
relative pressure of ethanol, 1-propanol,
and 2-propanol in the PLA membrane
and the number of molecules at the
maximum cluster formation. For
comparison, the water vapor data
previously obtained are also plotted
[12]. Three alcohols formed clusters at
arelative pressure of approximately 0.3,
but water vapor showed that clusters
formed at a relative pressure of
approximately 0.5. The number of
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Figure 5 Cluster formation of ethanol (e),
1-propanol (m), 2-propanol ( A ), and water
(V) [12] vapors in PLA membranes

molecules at the time of maximum
cluster formation increased in the order
of water < ethanol < I-propanol < 2-
propanol. The hydrogen-bonding force
working in cluster formation between
alcohol and water, more clusters formed
as the difference in hydrogen-bonding
strength of the solubility parameter with
PLA decreased in the low relative
pressure. These findings suggest that
the sorption amount in the high-
pressure region increases with the
number of molecules at the time of
maximum cluster formation.

3.2 Characterization

Figure 6 shows the 'TH-NMR spectra of
the PLA membrane before and after
sorption amounts for ethanol, 1-
propanol, and 2-propanol vapors. The
vertical axis shows the spectral
intensity, and the horizontal axis shows
chemical shift. The analysis results are
as follows: PLA: "TH-NMR (500 MHz,
CDClI3 0); 5.15-5.17 (H, H1), 1.56-1.57
ppm (3H, H»). No clear change in the
"H-NMR spectrum was observed before
and after sorption amount measurement.
The results showed that the sorption of
alcohol did not affect the chemical
structure.
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Table 1 Parameters of clustering ethanol, 1-propanol, 2-propanol and water vapor in PLA

membranes

Vapor sorption

Clustering point

Mean cluster size

components (p/psat > 0.6)
Ethanol 0.31+0.05 2.39+0.22
1-Propanol 0.34£0.02 3.71+0.21
2-Propanol 0.32+£0.02 4.68 £0.34
Water® 0.54 +0.08 2.03+0.28

(a) Data from Reference [12]
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Figure 6 'H-NMR spectra of PLA
membranes before [28] and after
sorption measurements in ethanol, 1-
propanol, and 2-propanol vapors.

Figure 7 (a) shows the ATR-FTIR
spectra of the PLA membrane before
and after the measurement of ethanol,
I-propanol, and 2-propanol vapor
sorption amount [28]. The vertical axis
shows the spectral intensity, and the
horizontal axis shows the wave number
(cm™). The analysis results are as
follows: PLA: FT-IR (ATR); 2995-—
2998, 2945-2948 (C-H stretching),
1754-1761 (C=0O stretching), 1453—
1457 (C-H stretching, C—H bending),
1179-1188, 1092-1097 cm™! (C-O-C
bending). No clear change in ATR-
FTIR spectrum was observed before
and after sorption amount measurement.
Alcohol vapor sorption did not affect
the chemical structure. The 'H-NMR
and ATR-FTIR spectra showed that no
chemical reaction clearly occurred
between alcohol and PLA; thus, only its

physical change can be discussed at this
point.

Figure 7 (b) shows the ATR-FTIR
spectra at 980-880 cm ! before and after
the sorption of ethanol, 1-propanol, and
2-propanol vapors [28]. Figure 7 (c)
shows the PLA membrane ATR-FTIR
difference spectra after the sorption of
ethanol, I-propanol, and 2-propanol
vapors on the basis of the PLA
membrane before sorption. The a-, B-,
and o'-type crystal structures of PLA
showed peaks at 921, 912, and 924 cm™
!, respectively [16-26]. As shown in
Figure 7 (b) and Figure 7 (c), the PLA
membranes after the sorption of ethanol
and 1-propanol vapors had a- and (-
type crystal structures, respectively,
whereas the PLA membrane after the
sorption of 2-propanol vapor had a-type
crystal structure.

Figure 8 shows the appearance
photographs and POM images of the
PLA film before and after the sorption
of ethanol, 1-propanol, 2-propanol, and
water vapors and the thermally-induced
and solvent-induced crystallized PLA
film. Data after water vapor sorption
and thermally- and solvent-induced
crystallization were cited from previous
studies [12, 13, 28]. On the other hand,
both non-treated PLA film and the PLA
film after measuring the water vapor
sorption were colorless and transparent,
and no spherulites were observed from
the POM image. On the other hand,
appearance photographs after
measuring alcohol vapor sorption
opaque. In addition, small spherulites
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Figure 7 ATR-FTIR spectra of PLA
membranes before [28] and after sorption
measurements in ethanol, 1-propanol, and
2-propanol vapors (a) from 3600 cm™ to
800 cm ! and (b) from 980 cm™! to 880 cm™
' and (c) difference spectra of PLA
membranes before and after sorption
measurement used in ethanol, 1-propanol
and 2-propanol vapor from 980 cm™ to
880 cm™!

were dispersed in POM images. The
assumption was that crystallization
occurred due to alcohol vapor sorption.
In a past study, ethanol vapor
permeation measurement was
performed at 35 °C, and POM image of
the PLA film after ethanol vapor
permeation measurement was the
almost same as that after ethanol vapor
sorption in this study [38]. Therefore,
the POM image of the PLA film after
sorption was consistent. Meanwhile, the
thermally- and solvent-induced
crystallized PLA films became cloudy.
As shown in the POM images, the
domain of color change was uniformly
dispersed. On the basis of the results
mentioned above, the mechanisms
underlying vapor-, thermally-, and
solvent-induced crystallization were
different.

Table 2 shows the film density and
the contact angle of the membrane
before and after the measurement of
alcohol vapor and water vapor sorption,
and after impregnation in alcohol and
water in liquid state. The film densities
after the sorption of alcohol vapor
decreased and the contact angle
increased compared with before
sorption. These results may be due to
the change in crystal structure on the
film surface due to alcohol wvapor
sorption. In addition, the film densities
after vapor sorption were lower than
those after impregnation. These results
can be attributed to the different
crystallization and contraction
processes of the membrane and to the
swelling of the membrane due to the
dissolution of alcohol and water in
vapor and liquid states in the membrane.
In addition, the cohesiveness of
molecules during dissolution in liquid
and vapor states were different, and the
vapor state formed clusters with many
molecules.

Figure 9 (a) shows the DSC curves
of the PLA membrane before and after
the measurement of ethanol, 1-propanol,
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Figure 8 Photographs and POM images of PLA membranes before [28] and after sorption
measurement in ethanol, 1-propanol, 2-propanol, and water [12] vapors, as well as thermally-[28] and
solvent-[13] induced crystalline
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Table 2 Physical properties of PLA membranes before and after sorption measurement used
in ethanol, 1-propanol, 2-propanol and water vapour

Vapor sorption

Membrane density Membrane density

Contact angle

3
components (g/ecm’) (gﬁ/lilennZ) (degree)
Non-treated PLA 1.257 +0.001® 1.257 +0.001® 69.5+1.2®
Ethanol 1.251 £ 0.004 1.252 +0.001© 72.7+0.8
1-Propanol 1.248 + 0.004 1.252 +0.002© 79.2+0.5
2-Propanol 1.244 £ 0.003 1.254 + 0.002© 82.0+£0.9
Water - 1.256 + 0.002© -

(a) Data from Reference [28]
(b) Data from Reference [38]
(c) Data from Reference [13]

2-propanol and water vapor sorption.
The vertical axis indicates heat quantity,
and the horizontal axis indicates
temperature. An endothermic peak
showing a glass transition at
approximately 60 °C and an
endothermic peak showing melting at
approximately 150 °C were observed.
The peak showing the glass transition of
the PLA film before and after the
sorption of water vapor appeared
largely, whereas after alcohol sorption
and peak appearance in the PLA film
melting was observed. Thus, the crystal
structure formed after vapor sorption.

Figure 9 (b) shows the DSC curve
after ethanol, I1-propanol, and 2-
propanol vapor sorption at 110-170 °C
near the melting peak. The peaks started
to rise at approximately 120 °C for all
three types. Two of the peaks were
included in one peak. Hence, all PLA
membranes after alcohol vapor sorption
were assumed to have two or more
different crystal structures.

Table 3 shows the thermal
properties and degree of crystallization
before and after measurement of
alcohol and water vapor sorption and
after impregnation into alcohol and
water. Table 3 shows that the sorption
of alcohol and water vapors increased
Xc-psc of the membrane. In addition, no
significant difference was observed in
Xc-psc after impregnation and sorption.
Meanwhile, ethanol showed lower T,

value than 1-propanol and 2-propanol,
and ethanol showed higher 7. value
than 1-propanol and 2-propanol.
Crystallization was assumed to have
occurred due to sorption and dissolution
of alcohol, thereby forming crystals. In
addition, given that the final Xc-psc in
liquid and vapor states showed the same
value, the ratio of the crystal structure
was assumed to be the same.
Meanwhile, few spherulites were
observed in the POM images of the
PLA film after alcohol vapor sorption
as shown in Figure 8. This result was
assumed to be due to a large number of
small spherulites, rather than some
large spherulites, as the vapor was
dispersed into crystalline nucleus. In
addition, ethanol exhibited higher 7.
and lower 7, than I-propanol and 2-
propanol, indicating that crystal
structure of the PLA membrane after
ethanol vapor sorption was more
thermally stable compared with those
after 1-propanol and 2-propanol vapor
sorption.

Figure 10 shows the mechanisms of
solvent- and vapor-induced
crystallization. In  solvent-induced
crystallization, the proportion of the
crystalline region increased with a
growth in the amount of crystal nuclei.
Meanwhile, in vapor-induced
crystallization, the size of the crystal
nucleus did not change, but the amount
of crystal nuclei increased because
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Figure 9 DSC thermograms of the first heating scan of PLA membranes (a) before [28] and after
sorption measurement in ethanol, 1-propanol, 2-propanol and water vapor between 30 °C and
180 °C, (b) after sorption measurement used in ethanol, 1-propanol, and 2-propanol between

110 °C and 170 °C

Table 3 Thermal properties of PLA membranes before and after sorption measurement
used in ethanol, 1-propanol, 2-propanol and water vapor

Xc®
(%)
szlr;pt‘i’(fn T, T. T, AH.  AH,  Xc  (Induced
(o] (o] (o] [1)
components O €O €O Gl Wl (%) -
crystalliz
ation)
Non-treated 58.1 +
L A® ol NJA  NA NA NA 0.0 _
5524 1124+ 1502+ 34+ 221+ 201+
Ethanol 0.1 9.4 0.0 0.1 0.1 01 21*lS
658+ 978+ 1504+ 3.0+ 280+ 270+
I-Propanol ' , 55 0.3 1.6 3.6 21 26020
621+ 976+ 1507+ 19+ 240+ 279+
2-Propanol ) 5 0.6 0.5 0.8 1.6 26 2TELS
508+ 1258+ 1493+ 30+ 35+ 0.63+
L 0.2 0.4 03 0.8 0.9 03 1401

(a) Data from Reference [28].
(b) Data from Reference [13].

vapor was dispersed entire film.
Therefore, the proportion of crystal
region increased.

Figure 11 shows the UV-vis
measurement results of the PLA film
before and after the sorption of alcohol
and water vapors. The vertical axis
indicates transmittance, and the
horizontal axis indicates wavelength.
The final permeability of the PLA

membrane after sorption of alcohol and
water vapors decreased as compared
with that before this process. Alcohol
vapor also decreased in permeability
compared with water vapor. This result
may be due to the influence of
permeability because the crystal
structure was formed by sorption of
water and alcohol vapors and the PLA
films turned cloudy. Given that water
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Figure 10 The image of difference in
solvent- and vapor-induced crystallization

vapor is hardly crystallized, the
permeability did not decrease much.
Figure 12 shows  WAXD
measurement results of the PLA
membrane before and after alcohol
vapor sorption. For comparison, water
vapor and solvent impregnated data
previously obtained are also plotted [12,
13]. The wvertical axis represents
intensity and the horizontal axis
represents diffraction angle 26. The
peak of the crystal region was
calculated by performing waveform
separation by Gaussian function. Hellos
were observed in the WAXD pattern
before sorption and after water vapor
sorption, whereas sharp peaks were
observed in the WAXD pattern after
alcohol vapor sorption at 16.8° and 19°.
WAXD measurement and DSC results
showed that, the crystal structure was
formed by alcohol vapor sorption. The
pattern of ethanol vapor sorption
showed deviating peaks slightly
showing crystals compared with those
of 1-propanol and 2-propanol. The peak
position deviated when impregnated
with a solvent. Thus, the crystals of a
similar degree of Xc-psc were formed
by alcohol vapor sorption from peak

10—

80 +

Ethanol
1-Propanol

60 -

2-Propanol

40 L Non-treated PLA _

Transmittance (%)

20

200 300 400 500 600 700 800

Wavelength (nm)

Figure 11 UV-vis spectra of PLA
membranes before [28] and after sorption
measurements in ethanol, 1-propanol, 2-
propanol, and water vapors
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Figure 12 WAXD patterns of PLA
membranes before [28] and after sorption
measurement used in ethanol, 1-propanol,
2-propanol, and water [12] vapors, and
solvent-induced PLA membranes [13]

intensity. Presumably, ethanol formed a
different crystal structure from 1-
propanol and 2-propanol. In addition,
crystallization by vapor was caused by
a mechanism different from solvent-
induced crystallization, because the
peak position when impregnated with
solvent was different from the peak
position  after  vapor  sorption.
Meanwhile, the sorption of water vapor
did not form a crystal structure that
appeared in the WAXD pattern.
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Table 4 WAXD properties of PLA membranes after sorption measurement used in ehanol, 1-

propanol, 2-propanol, and water vapour

Diffraction angle

Vapor sorption d-spacing
components ©6) (A)
1st 2nd

Non-treated PLA ® N/A N/A 5.82+£0.00

Ethanol 16.8+0.01 19.2 £0.01 5.93 £0.05

1-Propanol 16.6 £0.01 19.1 £0.02 5.97+0.02

2-Propanol 16.7+0.01 19.0+0.01 5.96 +0.02
Water ® N/A N/A -

(a) Data from Reference [28].
(b) Data from Reference [12].

Table 4 shows the diffraction angle
of the peak showing sharp crystals
calculated from the WAXD pattern and
the polymer chain gap in the amorphous
region. Water vapor data previously
conducted are also plotted as a
comparison. No sharp peaks were
observed on the PLA membrane before
and after water vapor sorption. In
addition, the PLA films after alcohol
sorption revealed sharp peaks showing
the crystal structure at approximately
16.8° and 19°. The value of the polymer
chain gap in the amorphous region
slightly increased after than before
alcohol vapor sorption. Thus, swelling
plasticization of the PLA membrane
occurred due to alcohol vapor sorption.
Here, the o-type crystal structure of
PLA showed peaks at 14.8°, 16.8°,
19.1°, and 22.5°; the B-type crystal
structure showed peaks at 16.5°, 18.8°,
24.5°, and 28.8°; and the o'-type crystal
structure showed peaks at 14.8°, 16.5°,
18.8°, and 24.5°[16-26]. Studies have
yet to report that the y-type crystal
structure shows a peak at any
diffraction angle. In the WAXD pattern,
no peak was observed at approximately
28.8°, indicating the presence of B-type
crystal structure. Meanwhile, the peak
was observed at approximately 14.8°,
indicating the present of a- and o'-type
crystal structures. Therefore, a- and o'-
type crystal structures were formed by
alcohol vapor sorption. However, ATR-

FTIR spectra showed the structures of
a- and B-type crystals. Therefore, in the

WAXD pattern, three types of
waveforms, that is, o, B, and o
separated in the diffraction angle

ranging from 15° to 18° in the WAXD
pattern.

Figure 13 (a), 14 (a), and 15 (a)
show the results of the waveform
separation of the WAXD pattern in the
diffraction angle ranging from 15° to
18° after the sorption of ethanol, 1-
propanol and 2-propanol vapors. In the
diffraction angle range from 15° to 18°,
the diffraction angles of the peaks
showing p- and ao'-type crystal
structures were the same
indistinguishable and expressed as a' or
B. As a result of the waveform
separation, the crystal structure
obtained did not peak fit only with a-
and B- or o'-type crystal structures.
Thus, waveform separation was newly
performed by combining peaks near the
diffraction angle of 17°.

Figure 13 (b), 14 (b), and 15 (b)
show the results of the WAXD pattern,
in which waveform separation was
performed with three peaks after the
sorption of the three types of vapor. The
crystal structure showing a peak the
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Figure 13 Waveform separation of Gaussian functions for (a) a, a’, and B crystal structure and
(b) a, o’, B, and X crystal structure by the WAXD patterns of PLA membrane after sorption

measurement in ethanol
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Figure 14 Waveform separation of Gaussian functions for (a) a, o’, and B crystal structure
and (b) a, o’, B, and X crystal structure by the WAXD patterns of PLA membrane after

sorption measurement in 1-propanol

diffraction angle of approximately 17°
newly added this time did not
correspond to any of the above-
mentioned o-, B-, a'-type crystals:
therefore, this crystal structure was
written as X. The peak fitted in all
WAXD patterns after performing
waveform  separation by newly
combining peaks at approximately 17°.
a-, B-, a'-, and X-type crystal structures
were formed in all PLA membranes

after alcohol vapor sorption. However,
X crystal structure cannot be
determined at present. The larger the
diffraction angle was, the more
thermally stable crystal structure was
formed. Ethanol showed a sharp peak at
a large diffraction angle compared with
I-propanol and 2-propanol, the crystal
structure of the PLA membrane was
more thermally stable after the sorption
of ethanol vapor than after the sorption
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Figure 15 Waveform separation of Gaussian functions for (a) a, o’, and [ crystal structure and
(b) a, o’, B, and X crystal structure by the WAXD patterns of PLA membrane after sorption

measurement in 2-propanol

of 1-propanol and 2-propanol vapors.
Considering that the same trend was
observed from the DSC measurement
results, the crystal structure formed by
changing the number of carbons in the
alcohol vapor was different, and shown
to be positioned as an intermediate in
the process of rearrangement of the
PLA chains from amorphous to
thermally stable a-type crystallization.

4.0 CONCLUSIONS

In this study, organic vapor adsorption
to PLA was measured to elucidate the
influence of organic vapor used as a
perfume ingredient on the PLA
membrane. Sorption amount was
increased as the molecular volume of
vapor was decreased in the low-
pressure region. The sorption amount of
molecules with side chains was reduced
compared with molecules without side
chains. Meanwhile, in the high-pressure
region, PLA films caused swelling and
plasticization as the cluster size
increased, and the increase rate of
sorption further increased. Moreover,
vapor sorption on the PLA membrane
caused vapor-induced crystallization.
Unlike solvent- and thermally-induced
crystallization, vapor-induced

crystallization was characterized by the
following each single crystal nucleus
was small even with the same degree of
crystallinity, and the crystal nucleus
was dispersed in the polymer chain. In
addition, its crystal structure was
positioned as an intermediate in the
process of rearrangement of PLA
chains from amorphous to a-type
crystallization. WAXD pattern analysis,
a crystal structure that was not
identified, was also formed.
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