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SYNOPSIS 

Sorption measurements of COz,  Ne, and Ar in poly (butylene terephthalate) (PBTP) films 
were studied by the gravimetric method with a recording microbalance at  298 K in the 
pressure range of 1-22 bar. The semicrystalline samples were annealed and oriented at  373 
K. The sorption isotherms for COz in PBTP films in the glassy state can be well described 
by the dual-sorption theory. The nonlinear sorption behavior of Ne and Ar can be satis- 
factorily analyzed using the sorption model developed for noble gases in PBTP. For the 
undrawn annealed films, it has been found that the increment of crystallinity leads to the 
reduction of the equilibrium gas concentration. For the oriented films, the gas concentration 
rises with increasing draw ratio. It appears that the sorption behavior for all tested gases 
in the oriented PBTP films does not depend on the changes of crystallinity and crystalline 
morphology under extension. The difference of the critical pressurep * indicates the change 
in the size of the frozen microvoids existing in the noncrystalline phase, which was altered 
by annealing and drawing. 0 1993 John Wiley & Sons, Inc. 

I NTRO DU CTI ON 

In general, phenomena concerning gas sorption in 
polymers below the glass transition temperature Tg 
can be successfully described by the dual-mode 
sorption model. This model consists of a contribu- 
tion from a Henry’s law term CD, which also de- 
scribes the gas sorption behavior in rubbery poly- 
mers, and a Langmuir adsorption term cH.1-4 
According to this model, the equilibrium gas con- 
centration C is given by 

k D ,  Ck, and b are the Henry’s solubility constant, 
the Langmuir capacity, and the hole affinity con- 
stant, respectively, andp is the pressure of the pen- 
etrant gas. 
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However, in some gas/glassy polymer systems, 5-9 

it was found that sorption isotherms must be rein- 
terpreted in terms of an extension of the dual-sorp- 
tion theory. It was pointed out that the plasticizing 
effect of sorbed gases exists in some gas sorption 
processes.6-‘6 To describe the sorption behavior of 
penetrant /glassy polymer systems such as water 
vapor/poly (acrylonitrile) , vinyl chloride monomer/ 
poly(viny1 chloride) and ethane, as well as n-bu- 
tane/poly( n-butyl methacrylate), the term CD in 
an extension from Mauze and Stern6*7,’2 is modified 
as a stronger function of penetrant concentration 
or pressure than the commonly used dual-mode 
sorption model. Kamiya et a1.8 considered the effect 
of penetrant concentration on CH for the C02/ 
poly (vinyl benzoate) system. 

Several investigations on the sorption of gases in 
semicrystalline glassy poly ( butylene terephthalate ) 
(PBTP) have been carried out in our lab~ratory.’~-~~ 
The concentration of C02 was found to be signifi- 
cantly higher than that of Ne and of Ar. This was 
attributed to a specific interaction between COz and 
PBTP. The sorption isotherm for C02 was analyzed 
by the dual-mode sorption model, whereas the sorp- 
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tion behavior of Ne and Ar did not obey to this 
model. Their sorption isotherms can be described 
by the sorption model developed for the noble gases 
in PBTP, l9 i.e., by 

and 

where p* is the critical adsorption pressure. It de- 
pends mainly on the relative size of frozen micro- 
voids and noble gas atoms. On the basis of this 
model, Henry's solubility occurs over the whole 
pressure range, while the additive Langmuir ad- 
sorption occurs only above p * .  The smaller the size 
of the noble gases compared to that of the frozen 
microvoids, the freer the gas molecules can move in 
the frozen microvoids and the higher the p* ob- 
tained. 

It is well known that two crystalline modifications 
(a- and @-form) exist in PBTP.21-23 Under mechan- 
ical deformation, the transition between the two 
modifications takes place reversibly from the a-form 
to the @-form by elongation and inversely by relax- 
ation. Besides, the semicrystalline PBTP has two 
spherulitic morphologies in the a-modification: 
usual and unusual ~pherulites.'~ The usual spheru- 
lites have a higher melting point than have the un- 
usual ones. In the present work, we focused on the 
effect of the crystallinity and especially on the effect 
of the molecular orientation of PBTP on the gas 
sorption and transport. This involves several mor- 
phological changes of PBTP, e.g., crystallinity as 
well as noncrystalline and crystalline orientation. 
All these changes also vary the morphology of the 
noncrystalline, i.e., the permeable phase. Therefore, 
gas sorption and transport are affected. In the pre- 
viously related investigations 25-33 of gas sorption and 
transport in oriented semicrystalline polymers, the 
altered behavior has been explained always on the 
basis of the changes of crystallinity and crystalline 
orientation. There was only little interest in the ori- 
entation behavior of noncrystalline regions.34 

EXPERIMENTAL 

Materials 

The as-received PBTP films used in this study were 
free of additive commercial products. Platilon KF 

was supplied by Atochem Deutschland, Bonn, Ger- 
many. This transparent film had a thickness of 0.15 
mm. It was used for preparation of all oriented and 
annealed samples. 

The gases used in the sorption measurements, 
COz,  Ne, and Ar, had a purity of 99.99%. They were 
obtained from Messer-Griesheim, Dusseldorf, Ger- 
many, and were used as received. 

Sample Preparation 

The preparations for all annealed and uniaxial 
drawn samples were done using an modified Instron 
1026 tensile testing machine. The clamps modified 
to take up films were mounted in a chamber lined 
with insulation and containing heating elements 
coupled to a power regulator and temperature con- 
troller. 

The samples were prepared by cutting rectangular 
strips of the as-received film. The sample was lightly 
clamped at both ends without load by the crosshead 
mechanism inside the chamber. The chamber was 
then heated quickly to the desired annealing tem- 
perature of 373 K and the sample was annealed at 
this temperature for 30 min. After annealing, the 
sample was immediately air-quenched to room tem- 
perature. In the case of extension, the samples were 
closely clamped to the crosshead inside the chamber. 
The direction of extension was perpendicular to that 
of the original machine direction of the as-received 
film. The annealing procedure for the drawn samples 
was the same as for the just annealed ones. Before 
quenching, the annealed sample was drawn with a 
crosshead speed of 50 mmlmin. The sample was 
air-quenched to room temperature after drawing. 
Then, the oriented sample clamped by the crosshead 
was stored under extension load at room tempera- 
ture for 3 days to complete the stress relaxation. 
After that, the oriented sample was taken out of the 
crosshead and stored for 3 additional days before 
the draw ratio h was determined. The draw ratio 
was determined using the parallel ink lines along 
the transverse direction of the film. As the draw ratio 
was obtained by following additional ink lines drawn 
in the central region of the undrawn specimen at 
the last time before the characterization as well as 
sorption measurements, the reported draw ratios are 
actual and not nominal values. The different draw 
ratios of the samples extended at 373 K were h = 1, 
2, and 3, respectively. The samples for sorption 
measurements and physical characterization were 
all taken from the central sections of the annealed 
and oriented films. 
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Table I Physical Properties of PBTP Samples 

Annealed and Drawn 
Samples 

Physical As-received 
Data Sample x = 1  x = 2  x = 3  

XfW (%I 21.7 32.3 31.5 32.3 
XTW (%) 30.2 37.6 37.3 38.6 

An  X 
lo3 1.45 2.09 116 147 

Vll 0.80 0.30 0.29 0.30 

Tg (K) 319 335 333 335 

X& and u, from density and X L  from DTA measurements. 
Annealing and drawing temperature 373 K. TB from dynamic me- 
chanical investigations. 

Physical Characterization 

The annealed and drawn samples were transparent 
as were the as-received film. The densities of the 
samples were obtained by the density gradient col- 
umn method using an aqueous calcium nitrate so- 
lution and factory-calibrated density glass beads at 
296 K. According to the literature concerning the 
density of amorphous (1.256 g/cm3)35 and that of 
crystalline (1.396 g/cm3) (a-m~dif icat ion)~~ PBTP, 
the mass related crystallinities X fw were calculated. 
The obtained values are listed in Table I. Thermal 
analysis for all samples was performed by differential 
thermal analysis (DTA) using a Mettler TA 2000 
thermoanalytic device in the temperature region be- 
tween 223 and 533 K. The heating rate was 10 K /  
min. The sample weights were 7-10 mg; 14.5 mg of 
A1203 were used as reference. The melting temper- 
atures of usual spherulites for as-received, annealed, 
and oriented samples lay almost at 498 K.20 For the 
sample annealed at 373 K, a melting peak at about 
385 K follows the glass transition. This endotherm 
peak involves the growth of unusual ~pherulites'~ 
that disappeared under extension at about X = 2." 
The calculated crystallinities X TW based on a heat 
of fusion of 144.6 J / g  for the crystals (a-modifica- 
tion) 36 are shown in Table I. As the &modification 
whose density is about 1.283 g/cm3 (Ref. 21) was 
present in the samples, it was not feasible to use the 
density method and the thermal analysis for deter- 
mination of crystallinity of PBTP samples in which 
a- and P-modifications exist. Therefore, these results 
as well as those from density measurements are used 
only to analyze the change of crystallinity. The dy- 
namic mechanical properties of the samples were 
measured by a dynamic torsional pendulum device, 
Zwick Torsiomatic 5203, a t  a heating rate of 2 K /  

min and a frequency of 1 Hz in the temperature 
region between 153 and 393 K. The glass transition 
temperatures Tg are given in Table I. The birefrin- 
gence An of the sample was determined by a polar- 
izing microscope, a Leitz Ortholux I1 Pol-Mk, 
equiped with a tilting compensator at room tem- 
perature. The results are also shown in Table I. Fur- 
thermore, the samples were characterized by wide- 
angle X-ray diffraction, Fourier transform infrared 
spectroscopy, and scanning electron microscopy." 

In the as-received semicrystalline film whose 
crystalline phase was unoriented, it was found that 
the major part of the crystals existed in the a-mod- 
ification, while only a small part of the crystals was 
present in the &modification, which was also found 
in the melt-quenched PBTP sample.37 After an- 
nealing at  373 K, the crystallinity and the content 
of a-modification increased, while the content of /3- 
modification decreased correspondingly. The slightly 
oriented chain segments in the amorphous phase 
were deoriented by annealing." On starting of the 
uniaxial extension of the sample at 373 K, the un- 
usual spherulites in the annealed samples were de- 
stroyed at small draw ratios. At the same time, the 
elastical deformation of the chain segments in the 
noncrystalline regions occurred. Following that, in 
the necking region, the lamellae as well as the usual 
spherulites were gradually transformed into fibrillar 
structure. This happened at the end of the plateau 
region of the stress-strain curve at a draw ratio of 
about X = 2. At X = 3, the perfect fibrillar structure 
was built." The destruction of crystals led to the 
reduction of crystallinity and the P-modification 
content. Above X = 1.2, the crystallinity and the p- 
modification content rose with increasing draw ra- 
tio." But at X = 2, the crystallinity is still lower than 

0 as-received 

I 

p [ bar1 

Figure 1 Sorption isotherms for COB in PBTP films at  
298 K. The lines were calculated from eq. ( 1)  using pa- 
rameters given in Table 11. 
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Figure 2 Sorption isotherms for Ne in PBTP films at 
298 K. The lines were calculated from eqs. ( 2 )  and ( 3 )  
using parameters given in Table 11. 

that a t  X = 1. The orientation of the chain segments 
in the noncrystalline regions increased with draw 
ratio. Above X = 2, the crystallization occurring in 
the oriented chain segments in these regions takes 
place.20 

Sorption Measurements 

The sorption isotherms for the gas/PBTP systems 
were obtained by a gravimetric sorption apparatus 
that consists mainly of a Sartorius Model 4436 elec- 
tromicrobalance, encapsulated in a stainless-steel 
chamber, which permits the application of pressures 
up to 100 bar. Details about the description and op- 
eration of this device have been reported previ- 

The gas sorption measurements were carried out 
a t  298 K in a pressure range of 1-22 bar. The sorp- 

ously.17J~ 
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Figure 3 Sorption isotherms for Ar in PBTP films at 
298 K. The lines were calculated from eqs. (2 )  and ( 3 )  
using parameters given in Table 11. 

tion parameters were obtained by nonlinear least- 
square analysis according eqs. ( 1 ) - ( 3 ). 

RESULTS AND DISCUSSION 

Effect of Crystallinity on the Gas Sorption 

The sorption isotherms for COB, Ne, and Ar in the 
as-received and annealed PBTP films are shown in 
Figure 1-3. One can easily see that the equilibrium 
concentrations for all gases in the annealed film are 
lower than that in the as-received film. We consider 
that the sorbing phase for gas is the noncrystalline 
region and the crystalline transition (cu-modifica- 
tion * @-modification) does not affect the gas sorp- 
tion behavior. However, the crystalline transition is 
involved with the change of crystallinity that influ- 
ences the volume fraction of the noncrystalline 
phase as well as the number of the frozen microvoids. 

. 
L al 
E 

0 
a 

COZ I PBTP 

3.2 
as -received 

0 1'6> 
0 0.2 0.L  0.6 0.8 1.0 

I__------i 0 0.2 0.4 0.6 0.8 1.0 j_ci-----l 0 0.2 0.4 0.6 0.8 1.0 

x= 2 

I 1 

0 0.2 0.4 0.6 0.8 1.0 7 

4 3  I 

2 ii 
0 -< 

0 0.2 0.4 0.6 0.8 1.0 
l / p  I barl 

Figure 4 Test of the Langmuir equation for describing 
CO, sorption data. The lines were computed using param- 
eters given in Table 11. 
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Figure 5 
lines were computed using parameters given in Table 11. 

Test of the Langmuir equation for describing Ne and Ar sorption data. The 

The relative content of modifications (a- and p- 
forms) will not be considered here. The annealing 
of the samples led to an increment of crystallinity, 
which results in the reduction of the volume fraction 
of the sorbing, i.e., noncrystalline phase, and the 
number of the frozen microvoids, so that the con- 
centrations for all gases have decreased. 

The gas sorption isotherms in Figures 1-3 show 
the typical nonlinear character that is usually ob- 

tained in the glassy state. Like the sorption behavior 
in the as-received PBTP film," the sorption iso- 
therm for COz in the annealed film can be analyzed 
by the dual-mode sorption model [ eq. ( 1 ) 1 ,  whereas 
the sorption behavior for Ne and Ar is satisfactorily 
described by the sorption model developed for the 
noble gases in PBTP [ eqs. (2)  and ( 3 )  ] .19 The linear 
character of the plots 1/CH vs. l l p  for COz as well 
as 1 / c H  vs. l lp  - p* for Ne and Ar demonstrates 

Table 11 Sorption Parameters kn, Ck, and b, and Critical Adsorption Pressuresp* 

kD X 10' 
X f w  (cm3 [STP]/cm3 C ;I (cm3 [STP]/cm3 b X 10' P* 

Gas (%I Polymer bar) Polymer) (bar-') (bar) 

Ne 21.7 
32.3 

Ar 21.7 
32.3 

co* 21.7 
32.3 

2.94 
2.20 

2.15 
1.62 

5.64 
5.56 

2.42 
1.38 

1.10 
0.94 

6.49 
6.34 

0.86 3.3 
4.77 4.4 

1.72 2.8 
2.64 2.1 

1.32 
0.71 

- 
- 

T = 298 K, as-received and annealed PBTP films. 
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that a Langmuir adsorption process is reasonable 
(Figs. 4 and 5 ) .  The sorption parameters, kD, b, and 
Cl, obtained by fitting the experimental data and 
the corresponding models are given in Table 11. The 
computed critical adsorption pressures p* for Ne 
and Ar are also shown in Table 11. 

It is interesting that the critical adsorption pres- 
sure p* for Ne rises with crystallinity, while p *  for 
Ar drops slightly. The reason may be attributed to 
the great change of the size of the frozen microvoids 
that were accompanied by the morphological change 
of the PBTP matrix by annealing, although the vol- 
ume fraction of the noncrystalline phase as well as 
the number of the frozen microvoids were decreased 
by crystallization. This can be found from the re- 
duction of k~ as well as Ch with crystallinity for all 
gases. The size of the certain microvoids in the non- 
crystalline phase may be enlarged by extension of a 
part of the chains that changed to the crystalline 
phase by crystallization. These microvoids strongly 
affect the adsorption of the smaller noble gases 
(here: Ne) and postpone the beginning of the Lang- 
muir adsorption of the noble gases, i.e., the critical 
pressure p* to higher pressures. According to the 
proposed sorption model, the smaller the size of the 
noble gases compared to that of the frozen micro- 
voids in PBTP, the higher the p * .  

Gas Sorption in Oriented PBTP Films 

The sorption isotherms for C 0 2 ,  Ne, and Ar in the 
oriented PBTP films at 298 K are shown in Figures 
6-8. A similar gas sorption mechanism as in the as- 
received and annealed films is observed. The sorp- 
tion isotherms for COZ in the oriented films are de- 
scribed by the dual-sorption theory [ eq. ( 1) 1 .  Those 

-” I I 

0 L 8 12 16 20 24 28 
p [bar1 

Figure 6 Sorption isotherms for C02 in oriented PBTP 
films at 298 K. The lines were calculated from eq. (1 ) 
using parameters given in Table 111. 

12 16 20 2L 28 0 8 
p I barl 

Figure 7 Sorption isotherms for Ne in oriented PBTP 
films at 298 K. The lines were calculated from eqs. ( 2 )  
and (3) using parameters given in Table 111. 

for Ne and Ar can be analyzed by the sorption model 
for the noble gases in PBTP. The sorption param- 
eters ku, Cl,, and b as well as the critical adsorption 
pressures p* for the noble gases obtained by the 
nonlinear least-square analysis are listed in Table 
111. The Langmuir plots show a linear dependence 
of 1/CH on l / p  for CO, (Fig. 4 )  and of 1 / C H  on 1 /  
( p  - p * ) for the noble gases (Fig. 5). 

The gas concentrations presented in Figures 6-8 
rise with increasing draw ratio. The Henry’s solu- 
bility constants kD and Langmuir capacities Cl, for 
COP,  Ne, and Ar increase also with the draw ratio. 
It appears that the gas sorption behavior in the ori- 
ented PBTP films does not depend on the changes 
of crystallinity, crystalline orientation, and crystal- 
line modifications. This phenomenon was also found 
for the COz sorption in poly(ethy1ene terephthalate) 
films.27 Vieth et aLZ7 suggested a more revealing 
quantity CL/u,, which may be viewed as the “frozen 

8 12 16 20 2L 0 
p[  barl 

Figure 8 Sorption isotherms for Ar in oriented PBTP 
films at  298 K. The lines were calculated from eqs. ( 2 )  
and (3) using parameters given in Table 111. 
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Table I11 Sorption Parameters kD, Ch, and b and Critical Adsorption Pressuresp* 

kD X 10’ (cm3 [STP]/cm3 Ck (cm3 [STP]/cm3 b X 10’ P* C&, (cm3 [STP]/cm3 
Gas X Polymer bar) Polymer) (bar-’) (bar) Polymer) 

Ne 1 
2 
3 

Ar 1 
2 
3 

cop 1 
2 
3 

2.20 
3.10 
4.06 

1.62 
3.19 
4.72 

5.56 
6.01 
6.49 

1.38 
5.45 
7.04 

0.94 
1.16 
1.50 

6.34 
6.92 
7.19 

4.77 4.4 
1.64 4.8 
2.69 3.6 

2.64 2.1 
1.72 2.3 
5.61 1.6 

0.71 - 

0.78 - 
1.00 - 

4.60 
18.79 
23.47 

3.13 
4.00 
5.00 

21.13 
23.86 
23.97 

T = 298 K, oriented PBTP films. 

microvoids” saturation limit per unit volume of 
noncrystalline phase. u, is the volume fraction of 
the noncrystalline phase (Table I ) .  The Ch/u, val- 
ues for C 0 2 ,  Ne, and Ar, given in Table 111, show 
an increment with the draw ratio. It indicates a much 
larger sorption capacity in highly oriented films than 
in unoriented or slightly oriented films. As suggested 
by Vieth et al., it means that the orientation of the 
PBTP films under this extension condition tends to 
concentrate frozen microvoids in the residual non- 
crystalline phase. Besides, the tension process builds 
the relatively “loose” regions as well as the strained 
noncrystalline regions.27 These “ ~ o o s ~ ”  regions in 
the noncrystalline phase tend to raise the gas sol- 
ubility. The oriented noncrystalline morphology that 
increases the concentration with the draw ratio was 
certainly formed by the morphological transfor- 
mation under extension. It is suggested that these 
noncrystalline regions may be almost formed by the 
destruction of the crystalline regions. There, the 
unusual spherulites were destroyed and the lamellae 
and usual spherulites were transformed into the fi- 
brillar structure, because the chain segments in the 
primary noncrystalline phase were oriented with the 
draw ratio continuously so that they were formed 
into the strained noncrystalline regions, of which a 
part was transformed into the crystalline phase by 
orientation crystallization. 

The effect of the relative size of the noble gas 
atoms and frozen microvoids on the sorption iso- 
therms is obvious from Figures 7 and 8. The Lang- 
muir adsorption of Ne in the oriented PBTP films 
occurs a t  a higher critical adsorption pressure p* 
than for Ar. This seems to be reasonable as Ne is 
smaller than Ar. It is interesting to note that the 
critical pressuresp* for Ne und Ar have a maximum 

at X = 2 and are lowest at X = 3. It indicates that 
the size of the frozen microvoids has gone through 
a maximum with the draw ratio. This occurred in 
the process of transformation of lamellae as well as 
spherulites into the fibrillar structure. With the draw 
ratio and the formation of perfect fibrillar structure, 
the size of the frozen microvoids is strongly reduced, 
so that the critical pressure p* is lowest at X = 3. 

As the changes of crystallinity, crystalline ori- 
entation, and a- and @-modifications have not shown 
an influence on the sorption behaviors in oriented 
PBTP films, the gas sorption in this oriented poly- 
mer depends only on the morphology of the non- 
crystalline phase. 

CONCLUSIONS 

The sorption behavior at 298 K for COP in annealed 
and oriented semicrystalline PBTP films obeys the 
dual-sorption theory, whereas the sorption iso- 
therms for Ne and Ar can be described by the sorp- 
tion model developed for the noble gases in PBTP. 
In the unoriented films, annealed at 373 K, it is 
shown that the increment of crystallinity leads to 
the reduction of the equilibrium concentrations of 
C 0 2 ,  Ne, and Ar. The sorption isotherms for all gases 
in the oriented PBTP films rise with increasing draw 
ratio. They seem not to depend on the changes of 
crystallinity, orientation of crystals, and a-/@-phase 
ratio. The destruction of crystals, the transformation 
of lamellae as well as spherulites into the fibrillar 
structure, and the deformation of the samples under 
extension result in the change of the morphology of 
the noncrystalline phase. This would account for 
higher Henry’s solubility constant kD and Langmuir 
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capacity Ch. The critical adsorption pressure de- 
termined from the experimental data allows us to 
estimate the change of size of the frozen microvoids 
in the noncrystalline phase of the PBTP films during 
annealing and drawing. 
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