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bstract

Pure gas permeation through solution-cast amorphous poly(lactic acid) (PLA) films is investigated using the time-lag method. New data on
ermeability, diffusivity and solubility for N2, O2 and CO2 are reported. At 30 ◦C, N2 permeability, diffusivity and solubility in PLA (98.7% L,
.3% D) are 0.05 Barrer, 2.4 × 10−8 cm2/s, and 2.2 × 10−4 cm3 (STP)/cm3 (polymer) cmHg. The measured activation energy of N2 permeation is
4.6 kJ/mol. For O2, the corresponding values are 0.26 Barrer, 5.7 × 10−8 cm2/s, 4.9 × 10−4 cm3 (STP)/cm3 (polymer) cmHg and 24.0 kJ/mol. The
alues for CO2 are 1.10 Barrer, 4.4 × 10−9 cm2/s, 0.025 cm3 (STP)/cm3 (polymer) cmHg and 18.0 kJ/mol. These new measurements of the gas
ermeation properties of poly(lactic acid) (PLA) show considerable disagreement with previously reported results [H.J. Lehermeier, J.R. Dorgan,
.D. Way, Gas permeation properties of poly(lactic acid), J. Membr. Sci. 190 (2001) 243–251] obtained using a continuous flow apparatus. The
ffect of PLA optical compositions on permeation is also investigated and found to be consistent with the earlier report; the L/D ratio has no effect

n the permeation properties provided the material is quenched into an amorphous state. The ability to generate diffusivity and solubility data
long with the greater sensitivity of pressure measurement over gas composition argues in favor of the use of the time-lag apparatus for pure gas
ermeability measurements and suggests that the revised PLA permeation values reported here should be adopted.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Poly(lactic acid) (PLA) has received increased attention in
he last decade due to its natural biodegradability and availability
rom renewable resources[1,2]. PLA can replace hydrocarbon-
ased polymers such as polystyrene in certain packaging appli-
ations and can also be used as a textile material. Full-scale
ommercial production of PLA is now a reality; the cost of pro-
uction has been reduced significantly and PLA is being used in
iverse applications such as fibers, films, and packaging [3,4].
herefore, there is a continuing need for a clear understanding

f the gas permeation properties of PLA.

PLA is reportedly a relatively poor barrier to water vapor
nd CO2. The water–vapor transmission rate of PLA is sig-
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ificantly higher than for PET, PP or PVC [5]. Recently,
uras et al. [6] investigated barrier properties of two biaxi-

lly oriented PLA films (NatureWorks LLC PLA 4030-D and
LA 4040-D). The stereochemical content of PLA 4030-D

s 98%-L for PLA4040-D, it is 94% L. CO2 permeability in
LA 4030-D at 25 ◦C is reported as 1.9 Barrers and activa-

ion energy of permeation is 15.65 kJ/mol; in PLA 4040-D,
he values are 1.4 Barrers and 19.44 kJ/mol. O2 permeabil-
ty in PLA 4030-D at 25 ◦C is reported as 0.11 Barrers and
ermeation activation energy is 41.43 kJ/mol; in PLA 4040-
, the values are 0.13 Barrers and 28.43 kJ/mol. NatueWorks
LC, a PLA manufacturer, reports barrier properties of its
iaxially oriented films as follows: the permeability of O2 is
50 cm3 mil/m2 day atm (∼0.21 Barrers), the CO2 permeability

s 3000 cm3 mil/m2 day atm (∼1.2 Barrers) [7].

In a previous work, the permeation of nitrogen, oxygen, car-
on dioxide and methane in very thin (5 �m) amorphous films
f various grades of PLA (L:D ratios from 95:5 to 98:2) cast

mailto:jdorgan@mines.edu
dx.doi.org/10.1016/j.memsci.2006.08.021
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Table 1
Polylactide properties

Sample no. L (%) D (%) Mn (g/mol) Mw (g/mol) Tg (◦C)

270-60-3 98.7 1.3 a 1.90E+5 59
SH-PLA-19 80 20 9.25E+4 1.42E+5 54
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H-PLA-43 50 50 8.40E+4 1.72E+5 52

a Not available.

rom solution was examined using a flow through geometry and
as chromatography detection [8]. N2 permeability in PLA was
eported as 1.3 Barrers at 30 ◦C, and the N2 permeation activa-
ion energy is 11.2 kJ/mol. For O2 the corresponding values are
.3 Barrers and 11.1 kJ/mol, and the reported values for CO2
ermeation are 10.2 Barrers and 6.1 kJ/mol. It was also shown
hat changes in polymer chain branching and L:D ratios have
o effect on the permeation properties of small gases. However,
ompared to the more recent studies cited in the last paragraph,
hese permeabilities are about an order of magnitude higher.
lso no diffusivity or solubility data for gases in PLA have ever
een reported. Thus, there exists a need to carefully examine
he existing data, present new independent measurements, and
ome to consensus values for the permeation properties of PLA.
n addition, diffusivity or solubility data are desirable. Finally,
he L:D ratios of the PLA samples reported on to date were lim-
ted to a very small range. This paper thus revisits permeation
roperties of PLA in order to: (1) rectify the discrepancy in per-
eability data; (2) find diffusivity and solubility data for gases in
LA; (3) investigate the effects of L:D ratios on the permeation
ver a wider range.

. Experimental

.1. Materials

PLA used in the experiments were obtained from two sources.
able 1 gives the manufacturers, L:D content, molecular weight,
nd glass transition temperatures (Tg). The SH-PLAs were
ynthesized using stannous octanoate-catalyzed ring-opening
olymerizations. l-Lactide and d-lactide (Purac Biochem, Hol-
and) were crystallized from toluene. Tin-2-ethylhexanoate
Aldrich Chemical Co., USA) was distilled under vacuum
efore use. Benzyl alcohol (Aldrich Chemical Co., USA) was
ried with CaO and distilled under reduced pressure. All poly-
erizations were performed using the following procedure,
ith different ratios of l- to d-lactide and amounts of benzyl

lcohol.
Lactide (50 g, 0.347 mol) and Sn(Oct)2 (5.63 mg,

.138 mmol) were added to a 50 mL round-bottom flask,
ried under vacuum for 4 h, sealed under a rubber septum, and
hen purged with argon for 20 min. Benzyl alcohol (required
mount) was added using a syringe. The polymerization
eaction was performed by heating the vessel at 130 ◦C for 12 h

nder argon atmosphere, with magnetic stirring. The resulting
olymer was dissolved in dichloromethane, precipitated with
10-fold excess of hexane, and dried under reduced pressure

1 Torr) for 48 h.

r
i
e
e
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Reagent grade methylene chloride that was 99.6% pure was
btained from Aldrich and used as received for the solvent for
embrane casting.
High purity gases were used to ensure accuracy of the data. N2

as 99.999% pure; CO2 was 99.99% pure; and O2 was 99.993%
ure. All gases were obtained from General Air.

.2. Methods

PLA films were cast from a 10 wt.% solution in methylene
hloride using a Gardner casting blade onto a glass plate. Solvent
as slowly evaporated for several hours from the film, some-

imes with the aide of a cover. Films were subsequently floated
ff the glass plate onto a water surface, recovered, and dried
vernight in a vacuum oven at room temperature.

Various methods for measuring permeability of polymer films
ave been described in the literature. The time-lag method
9], which allows measurement of permeability, diffusivity
nd solubility data simultaneously, is used and described as
ollowing.

An apparatus for the measurement of the pure gas perme-
tion properties in polymeric membranes was built in the lab.
he apparatus set-up is best described by categorizing it into

wo subsystems. One is the gas-control subsystem, including
eed gas supply, gas regulatory system (valves), membrane
older, temperature control (oven), constant volume cylinder
nd vacuum pump. The other is data acquisition and control
ubsystem, including all the sensors (temperature and pres-
ure), data acquisition card, valve-control relays, and the Lab-
iew program. Fig. 1 shows the diagram of the gas-control
ubsystem.

The film is degassed under vacuum for between 12 and 16 h.
enetrant gas is then introduced on the upstream side at constant
ressure (pf). Depending on the rate of permeation of a given
ample variable downstream volumes may be affixed. Under
hese conditions, the amount of permeant per unit area that has
ermeated through the membrane, Qt, is given by

Qt

Lcf
= Dt

L2 − 1

6
− 1

π2

∞∑
n=1

(−1)n

n2 exp

[
−Dn2π2t

L2

]
(1)

here L is the membrane thickness, cf the upstream concentra-
ion, D the diffusivity, and t is the time. Assuming equilibrium
t the upstream interface and that the gas concentration is low
nough that Henry’s law is valid, gives

f = Spf (2)

here S is the Henry’s law coefficient or solubility. Using the
deal gas law:

pVp = (QtA)RT (3)

here pp and Vp refer to the downstream pressure and volume,

espectively, and A is the area of the membrane. Accordingly, Qt

s obtained from measurement of pp as a function of time. The
xistence of highly sensitive pressure transducers that provide
xcellent response gives this technique considerable advantage.
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ability of around 20%. Optical microscopy showed no evidence
Fig. 1. Diagram of the time-lag apparatus.

t longer times, Eq. (1) can be written as

LQt

pf
= DS

(
t − L2

6D

)
= P

(
t − L2

6D

)
(4)

here P is the permeability, defined as the product of diffusivity
nd solubility. When LQt/pf is plotted against time t based on
q. (4), the asymptote of the resulting curve makes an intercept
f L2/6D on the t axis and has a slope of P. This intercept on
he t-axis is the time lag, θ. Knowing D and slope, P, allows
alculation of solubility, S = P/D.

The error associated with the measurement comes from var-
ous sources, such as the accuracy of pressure transducer and
emperature sensor, leaking, membrane thickness, etc. An esti-

ation of the experimental error can easily be done through
ncertainty principle. The relative error of permeability was
ound to be less than 5% for higher permeability measurement,
bout 7% for permeability close to lower limit. The relative error
f diffusivity, dependent on membrane uniformity and time lag,
as in the range of 4–12%. As a result, the relative error of

olubility would be in the range of 6–14%.

. Results and discussion
.1. LDPE permeation

As a means of verification of the time-lag apparatus, N2 per-
eation in blown LDPE films provided by Dow chemical was

o
p
r
fi

ig. 2. Typical time lag for N2 permeation in LDPE. The measurement was
onducted as a verification of the apparatus.

easured. The membrane thickness is 210 �m. Data are shown
n Fig. 2. The measured N2 permeability and diffusivity at 25 ◦C
re 0.90 Barrer and 3.6 × 10−7 cm2/s. The permeation activa-
ion energy is 49.6 kJ/mol. The corresponding literature values
re 0.97 Barrer, 3.2 × 10−7 cm2/s and 49.4 kJ/mol, respectively
10]. These measured values are in very good agreement with
stablished literature values.

.2. PLA film annealing

It is well known that gas permeation and sorption proper-
ies of glassy and amorphous polymers are particularly sensitive
o the film preparation protocol and physical aging [11]. PLA
as a relatively low glass transition temperature near 55 ◦C (see
able 1) and is known to undergo significant physical aging at
oom temperature. When films physically age, the permeability
ecreases. This is generally associated with increasing densifica-
ion and decreasing free volume. Verification of reproducibility
uring preliminary stages of this work demonstrated that PLA
ermeability decreases gradually with time reflecting physical
ging. Accordingly, a procedure was developed to investigate
he aging effects on the permeation. The PLA film was prepared
s described in Section 2.2 and then permeation measurements
ere carried out as temperature was increased from room tem-
erature to about 45 ◦C. The PLA film was then annealed at a
emperature 5 ◦C below its glass transition temperature for 12 h.
fter annealing, permeation measurements are taken in a tem-
erature cycle from higher (∼45 ◦C) to lower (ambient) and back
o the higher temperature. Fig. 3 shows the measured CO2 per-

eability in PLA film (L:D = 98.3:1.7) during this procedure.
t can be easily seen that annealing gives a decrease in perme-
f increased crystallinity as a result of this sub-Tg annealing
rocess. Annealing leads to path independent and reproducible
esults. Therefore, all the results reported in the paper are from
lms annealed according to this procedure.
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diffusion is 36.7 kJ/mol. Temperature dependence of CO2 sol-
ubility, determined from the time-lag experiment, is shown in
Fig. 7. Solubility decreases with temperature as expected. At
ig. 3. The measured CO2 permeability in PLA film (L:D = 98.3:1.7) during
nnealing procedure.

.3. Film crystallinity

Besides physical aging and polymer thermal history, the
iffusion and sorption of gases in semi-crystalline polymers
epends on many other factors, such as polymer-gas molecule
hemistry, free volume in the amorphous phase and crystallinity.
ll films used in this work were checked for evidence of

rystallinity by optical microscopy and differential scanning
alorimetry (DSC). For L:D = 98.7:1.3, films showed evidence
f a small degree of crystallinity under cross-polarized light
oth before and after annealing. DSC confirmed that less than
% crystallinity exists in these films. A high crystallinity PLA
L:D = 98.7:1.3) film was made by annealing under vacuum at
10 ◦C for 24 h and used for comparison, crystallinity was very
pparent the microscope and DSC showed 40+% crystallinity.
t can be concluded that films before and after the permeation
ests have a very small crystallinity; this finding is consistent
ith the previous measurements [8]. For PLA films (L:D = 80:20

nd 50:50), no crystallites were found, consistent with a totally
morphous material.

.4. CO2 permeation

A typical time-lag data for carbon dioxide (CO2) permeation
n PLA (L:D = 98.7:1.3) with thickness of 50.5 �m under dif-
erent temperatures are shown in Fig. 4. Three measurements
re conducted, and the standard deviation is 0.08. Films with
ifferent L:D ratio and thickness are used, and the time lags are
n the range of 450–1300 s allowing CO2 diffusivity to be easily

easured with good accuracy. As the temperature increases, the
ag time becomes shorter, which means the diffusivity increases

ith temperature. According to Eq. (1), steady-state conditions

re reached after a period amounting to two to three multiples of
he time lag. All the experiments leading to the results reported
ere were carried out for at least five or six multiples of the
ime lag. F
ig. 4. Typical time lags for CO2 permeation in PLA (L:D = 98.7:1.3) under
ifferent temperatures.

Figs. 5–7 detail the temperature dependence of CO2 perme-
tion in PLA having an L:D ratio of 98.7:1.3. Fig. 5 shows
he temperature dependence of CO2 permeability. At 30 ◦C, the
ermeability is 1.1 Barrers; permeability increases with temper-
ture. A very good linear relationship between ln P and 1/T is
btained. Error analysis based on the uncertainties in the mea-
ured variable provides the error bars shown in the plot. The
ctivation energy for CO2 permeation is 18.5 kJ/mol, which is
hree times larger than previous value, but close to Auras’s value.
ig. 6 shows the temperature dependence of CO2 diffusivity.
t 30 ◦C, CO2 diffusivity is 4.4 × 10−9 cm2/s. Diffusivity also

ncreases with temperature and a good linear relationship exists
etween ln D and 1/T. The corresponding activation energy of
ig. 5. Temperature dependence of CO2 permeability in PLA (L:D = 98.7:1.3).
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ig. 6. Temperature dependence of CO2 diffusivity in PLA (L:D = 98.7:1.3).

0 ◦C, CO2 solubility is 0.025 cm3 (STP)/cm3 (polymer) cmHg.
he activation energy is negative, and the value is −18.2 kJ/mol.
he independent CO2 diffusivity and solubility in PLA have
ever been reported before, so a direct comparison with litera-
ure values is not possible. For PLA with different L/D ratios,
O2 permeation behaves almost the same way as PLA with
:D = 98.7:1.3.

.5. O2 permeation

Fig. 8 shows time-lag plot for O2 permeation in PLA
L:D = 80:20) at 22.8 ◦C. The membrane thickness is 50.0 �m.
he time lag is about 150 s, an order of magnitude lower
ompared to that of CO2. The measured permeability is
.14 Barrer, diffusivity is 3.6 × 10−8 cm2/s, and solubility is

.8 × 10−4 cm3 (STP)/cm3 (polymer) cmHg. Again, the perme-
bility is close to values from other sources. The permeation
ctivation energy is 24.9 kJ/mol.

ig. 7. Temperature dependence of CO2 solubility in PLA (L:D = 98.7:1.3).
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ig. 8. Time-lag plot for O2 permeation in PLA (L:D = 80:20). Temperature is
2.8 ◦C.

.6. N2 permeation

It is well known that N2 has lower diffusivity and permeability
ompared to O2 in most polymer films, which serves as the
asis of air separation. PLA behaves as expected; the measured
2 permeability in PLA (L:D = 98.7:1.3) is about 0.05 Barrer,
times smaller than O2. This small permeation is difficult to
easure accurately. The time lags are only a few seconds for all

he films of thickness around 50 �m, so accurate measurement
f diffusivity is very difficult. One way to solve this problem is
o increase the film thickness. Measurements were done using
LA (L:D = 80:20) film with thickness of 154.0 �m. It was found

hat even with increased film thickness, the time lag is still very
hort and hard to get meaningful diffusivity data. The problem
ssociated with increased film thickness is that the permeation
ecomes so low that permeability becomes hard to measure.
hus, for N2, it was not possible to measure separate diffusivity
nd solubility contributions to the permeability with time-lag
ethod.

.7. Discussion

Table 2 summarizes the results for N2, O2 and CO2 per-
eation properties (permeability, diffusivity and solubility) in
LAs with three different L/D ratios. The activation energies are

isted in Table 3. The values reported in Table 2 deserve further
omment.

Error analysis of the time-lag apparatus reveals that for CO2
ermeation, the maximum uncertainties of the given results for
ermeability, diffusivity and solubility are about 4%, 6% and
%, respectively. For O2 permeation, the values increase to 7%,
2% and 14%. For N2 permeation, the values are 7%, 16% and
8%. The major source of uncertainty is from the nonuniformity
f the membrane thickness. Another measurement issue is the

nherent system leaks. For CO2 permeation, the system leak rate
around 10−8 cm3/s) is much smaller than the permeation, and
ith the long time lag, both permeability and diffusivity can be
easured accurately. However, for N2, the permeation rate is
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Table 2
Summary of PLA permeation properties

Gas L:D ratio Pθ (30◦C) (Barrer) Dθ (30◦C) (cm2/s) Sθ (30◦C) (cm3 (STP)/cm3

(polymer) cmHg)

CO2 98.7:1.3 1.10 4.4E−9 0.025
80:20 0.51 3.8E−9 0.013
50:50 0.71 4.5E−9 0.016

O2 98.7:1.3 0.26 5.7E−8 4.9E−4
80:20 0.18 5.6E−8 3.2E−4
50:50 0.17 7.6E−8 2.2E−4

N2 98.7:1.3 0.05 2.4E−8 2.2E−4
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80:20 0.02
50:50 0.03

a Not available.

ery small, so the leaking becomes significant and results in less
ccurate permeability measurements. Also the very short time
ag makes it harder to get accurate measurements of diffusivity.
hat is the reason why some diffusivity data are not reported in
able 2.

The new permeability data are about one order of magnitude
ower than the previously reported results [8], but much closer
o the reported permeability of biaxially oriented films [6,7].
ven the present pre-annealed films show much lower perme-
tion than previously reported. One possible explanation is that
revious results were obtained using a flow through system with
as chromatography detection necessitating the use of very thin
LA films-only about 5 �m in thickness. Such a thin film is very
ard to handle, some structural defects such as pinholes could
e formed in the film. These thin films were not annealed. Also,
he presence of the helium carrier gas may have affected the per-

eation. Finally, the small permeation rates may have caused
roblems in the legitimacy of the GC calibration curves.

Since no diffusivity and solubility data for PLA have ever
een reported, the results reported here represent new findings.
he additional solubility measurements made by quartz crystal
icrobalance (QCM) can be used for comparison [12]. Larger

iscrepancies exist between them and solubility values deter-
ined by time-lag methods. For CO2, the difference is small,
he QCM gives solubility about two to three times higher than
he time-lag results. But for N2 and O2, the time-lag method
ives solubility value about 25–40 times lower than QCM, which
equires additional comment. The exact reason for the discrep-

able 3
ctivation energy for permeation

as L/D ratio EP (kJ/mol) ED (kJ/mol) ES (kJ/mol)

O2 98.7:1.3 18.1 36.3 −18.4
80:20 17.8 32.2 −13.9
50:50 14.3 34.8 −25.4

2 98.7:1.3 24.0 42.7 −19.2
80:20 24.9 40.8 −15.9
50:50 26.6 68.8 −42.0

2 98.7:1.3 34.6 59.3 −25.0
80:20 40.9 a a

50:50 35.0 a a

a Not available.
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ncy is not clear. The results of QCM were obtained using a
uch thinner film coating (2.6 �m). However, at this thickness,

he deviation of the Sauerbrey equation will occur [13]. Also the
ignificance of the viscoelastic effects on frequency shifts in the
uartz crystal should be considered [14].

Finally, as all of the samples were solution cast and are
morphous, the effect of optical composition on amorphous
hase permeability is small and effectively negligible. It should
e remembered though that optical composition does strongly
ffect achievable crystallinity in melt processing operations.
nder such conditions, permeability should be dominated by

he level of crystallinity in the samples although the density of
morphous and crystalline PLA is not very different.

. Conclusions

Due to the discrepancy of previous permeability results and
ewer literature values, gas permeation properties of PLA were
evisited using the time-lag method. It was found that annealing
he PLA film is necessary for path independent and repro-
ucible results. New permeability values are lower than previous
eported. Separate contributions of the pure gas diffusivities and
olubilities in PLA are reported for the first time. The PLA opti-
al composition has a very small effect on permeation properties
onfirming previous results.
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