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Abstract

To produce various biodegradable poly(butylene succinate) (PBS) films for particular use, the effects of initial polymer concentration and
zone drawing on the structure, physical properties, and hydrolytic degradation of PBS film were investigated. PBS films were prepared from
chloroform solutions with different initial concentrations of 8, 11, 14, 17 and 20 g/dl. In order to investigate the drawing behavior of the PBS
films with different solution concentrations, the films were drawn under various zone drawing conditions. Through a series of experiments, it
turned out that the initial concentration of PBS solution in chloroform caused significant changes in the draw ratio of the PBS film. That is, the
zone draw ratios of the film at initial concentration of 14 g/dl exhibited its maximum values and gradually decreased at higher or lower
concentrations. Thus, it was concluded that the initial concentration of 14 g/dl is the optimum polymer concentration to produce maximum
draw ratio in this work. In addition, the crystal and amorphous orientations and tensile properties of PBS film having similar draw ratio and
similar crystallinity were highest at 14 g/dl and surface crystal morphologies of these films were absolutely different. The hydrolytic
degradation rate of the film at 14 g/dl was lowest, but with similar draw ratio, film dimension, and crystallinity, indicating that the
degradation behaviors were greatly affected by the initial polymer concentration, orientation, and crystal morgh@6g9. Published
by Elsevier Science Ltd.
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1. Introduction described above have two problems in producing various
films having high and regular chain orientations and good
Aliphatic polyesters like poly(butylene succinate) (PBS) physical properties accompanied by fine and easy control of
are one of the most promising materials for biodegradable properties for a particular use. Firstly, melt-processed speci-
fibers, nonwovens, films, sheets, and bottles [1]. Among mens, which are disadvantageous in revealing higher orien-
them, films used for packaging materials and agricultural tations were used. Secondly, a hot drawing method with
films have received much attention due to their great poten- higher probabilities of microcrystallites formation, back
tial for market [2—6]. To prepare the best film for particular folding of molecular chains, and thermal degradation of
use, many parameters related to the structure and propertiesample was adopted [16—21].
of film should be considered. One of the most important  As is well known, molecular weight [20,22—-25], molecu-
factors affecting the biodegradability of film is the structure lar weight distribution [26], and concentration of polymer
and physical properties such as the type and amount ofsolution [27,28] have a marked influence on the drawability
crystal, degree of crystallinity and orientation, and mechan- (orientation) of polymers. Generally, the drawability
ical properties [7—12]. Thus to control these factors, general increases as the molecular weight increases [29]. Under
hot drawings of biodegradable film and fiber, which are the same molecular weight, this property depends princi-
prepared through melt casting and melting spinning have pally on the initial concentration of the polymer solution
been in progress actively [13—-15]. However, these attemptsfrom which the film was made [22,27]. This is due to a
reduced number of entanglements per molecule in the solu-
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Table 1
Zone drawing conditions of PBS film
L& Upper jaw
. Drawing stress (MPa) 0.25, 0.50,
f + Specimen 0.75, 1.00,
| LW Band heater 1.50, 3.00,
Cross head assembly 4.50, 6.00
|:| D Drawing temperature’C) 70, 90, 110
Heat band speed (mm/min) 1, 5, 10, 20

Temperature — Weight
controller l step zone drawing method was introduced for fine control-
ling physical properties and for obtaining higher orientation

of solution-cast PBS film.

2. Experimental

2.1. Material and polymerization

Succinic acid and 1,4-butanediol (Junsei Chem.) were
used without further purification. Titanium tetrabutoxide
(TTB) was obtained from Aldrich and used as-received.
PBS was prepared employing two-step polymerization
route [31]. Firstly, calculated amounts of succinic acid
and diols (1:1.2 by mole ratio) were introduced to a reactor
equipped with an overhead stirrer and a temperature control
device. The monomer mixture was melted and stirred at
19C°C for 2 h. Evolved water was removed passing through
a condensation column. Then, TTB catalyst (0.3 wt% of
monomer) was charged to the reactor and the reaction
temperature was raised to 2@over a period of 30 min
gradually applying a reduced pressure to remove low mole-
cular weight condensates and maintained for 2—7 h depend-
ing on the feed composition. The number-average molecular
weight M,) of PBS was determined by the viscosity
method. Chloroform was used as a solvent. The intrinsic
viscosity [n] at 25C was obtained by using Ubbelohde
viscometer. From Eg. (1M, was calculated to be 37,000
in this study:

Fig. 1. Schematic representation of zone drawing apparatus.

are thought to form transient network with entanglements
acting as friction centers or nonlocalized junctions. Because
high entanglement density impedes large deformation of
solidified high molecular weight polymers, their drawability
might be improved by reduction of the number of entangle-
ments. However, in the case of dilute solution, which has
fewer entanglement, maximum draw ratio cannot be
obtained owing to rare coil overlap and chain slippage
occurred at drawing step. Therefore, proper level of entan-
glements is needed to increase the orientation of polymer
chain and it can be realized by the control of solution
concentration.

Zone drawing technique [17,20,21,25], a method indu-
cing a necking on one point of a film by heat, has many
advantages described above compared with hot drawing
method. It reveals that the higher orientation is significantly
related to zone draw ratio [16,18,19].

In this study, the effects of initial polymer concentration
and zone drawing on the structure and physical properties[n] = 2.15x 10~ 4[M,,]*%2 )
like crystal morphology, crystallinity, orientation, and
mechanical properties and biodegradability of PBS film ) ,

[2,3,6], which is one of the most important biodegradable 2.2. Preparation of PBS film

polymers for having acceptable mechanical properties and  geative viscosity of PBS solution was measured 4625
comparable softening temperature to low-density polyethy- j,, ging Ubbelohde capillary viscometer. From these
lene and polystyrene were investigated. A convenient One-eq its reduced viscosity for film casting was calculated.

The concentrations of PBS solution in chloroform used in
film casting were 8, 11, 14, 17 and 20 g/dl, respectively. The
homogenized solution was poured into a stainless steel dish
and dried under vacuum at @5 for about 10 days. After
chloroform was removed from the films, the dried films
having similar thickness of 15b6m were obtained.

Heater
Water in

7 \ 2.3. Zone drawing of PBS film

Water out

Asbestos

Sensor . .
Zone drawing was carried out at several temperatures by

Fig. 2. Schematic representation of band heater assembly. moving a pair of narrow band heaters with dimensions in
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Fig. 3. Reduced viscosity of PBS solution in chloroform af@%wvith
solution concentration.

length of 7 cm, in width of 2.5 cm, and in thickness of 1 mm
along the film (Fig. 1). The film of 155m thickness, 1 cm
width and 10cm length was drawn under tensions
controlled by different dead weights, respectively, on an
Instron model 4201 (Fig. 2) [21,25,32,33]. The zone draw-
ing conditions are listed in Table 1.

2.4. Characterization of PBS film

Birefringences were measured on a polarizing micro-
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Fig. 4. Zone draw ratio of PBS film drawn under various drawing stresses,
drawing temperature of 110, and heat band speed of 1 mm/min with
concentration of PBS solution.

modulus of the PBS film were the average values of 20
samples, respectively.

Microbial and hydrolytic degradations of PBS film
having similar thickness of about 46m and similar draw
ratio of about 4 were studied as follows: the film specimens
was immersed in a vial containing 50 mM phosphate buffer
solution (pH 7.0) with 5 units/ml of lipase frorRhizopus
arrihzus (Sigma chemical). The vial was then placed in a
temperature controlled incubator (371°C) at a shaking
speed of 70 rpm for a fixed time. After incubation, each

scope with senarmont compensator (Nikon, Optiphot-Pol film was periodically taken from the solution and was care-

104). The birefringence was determined by dividing the
optical path length by the thickness. Film surface was
observed by polarized optical microscope (POM) (Nikon,
Optiphot-Pol 104).

Wide angle X-ray diffractograms of PBS film for deter-
minations of crystallinity were obtained with a nickel-
filtered Cuk, radiation (40 kV, 200 mA) using X-ray
diffractometer (Mac Science, MXP-18). To measure the
degree of crystallinity of the film, the X-ray diffraction
patterns were recorded in the range @f25-65 at a
scan speed of “dmin. X-ray crystallinity was calculated
by using a basic method for differentiation between crystal-
line and amorphous scattering in diffraction intensity curves
[34]. Wide-angle X-ray diffraction (WAXD) patterns were

fully weighed after drying under reduced pressure. The solu-
tion was filtered through a 0.25 mm filter and water-soluble
total organic carbon (TOC) formation was measured with
Shimadzu TOC-5000.

3. Results and discussion

3.1. Determination of optimum concentration using
viscosity and drawability

In general, it has been known that the draw ratio of solu-
tion-cast film is influenced by the solution concentration and
maximum draw ratio can be obtained at a certain solution

obtained by Statton camera with flat-plate geometry using concentration. Moreover, in the vicinity of this concentra-

Ni-filtered Cuk, radiation at 40 kV and 45 mA. X-ray

tion the solution viscosity steeply increases. Thus, in this

pattern of the PBS was recorded on Kodak direct exposurestudy, firstly, relative viscosity measuring experiments were

film using pinhole collimation under vacuum. The exposure
times for WAXD was 12 h.

tried to predict optimum polymer concentration of PBS, as
shown in Fig. 3. From the fact that all the measured data

Load—elongation curves were recorded on an Instron were approximated to two different linear lines in Fig. 3, it

model 4201 using a sample length of 2cm and a cross-

can be identified that a critical polymer concentration of

head speed of 100 mm/min. The tensile strength and 14 g/dl showing an abrupt change in the solution viscosity
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Fig. 5. Zone draw ratio of PBS film drawn under various drawing tempera- ) ) )
tures, drawing stress of 6 MPa, and heat band speed of 1 mm/min with Fig. 6. Zone draw ratio of PBS film drawn under various heat band speeds,
concentration of PBS solution. drawing stress of 6 MPa, and drawing temperature of@Mith concen-

tration of PBS solution.

is present. To confirm viscometry data, we tried to deter-
mine optimum polymer concentration of PBS solution by concentration of 14 g/dl is the optimum concentration,
zone drawing method. The structure and physical propertieswhich contains suitable entanglements. The general visco-
of zone-drawn film may vary with the conditions of prepara- metric method for the determination of optimum solution
tion and drawing of film. That is, firstly, initial concentration concentration is complicated and requires long time and so
of polymer solution during preparation of the film, also, zone drawing method could be the better choice for its
secondly, processing parameter like drawing stress, drawingdetermination.
temperature, and heat band speed during drawing of flm Fig. 5 shows the zone draw ratios of PBS films drawn
have marked influences on the drawing behavior of film. under various drawing temperatures, drawing stress of
In this study, effects of those factors on the draw ratios of 6 MPa, and heat band speed of 1 mm/min as a function of
films were investigated. the initial solution concentrations. Draw ratio increased for

Fig. 4 shows the zone draw ratios of PBS films drawn each film with increasing drawing temperature. This implies
under various drawing stresses, drawing temperature ofthat as drawing temperature reaches melting temperature
110°C, and heat band speed of 1 mm/min as a function of (115°C) of undrawn PBS film, degree of freedom of PBS
initial solution concentrations. The draw ratio increased chains increases. The largest value was obtained at concen-
with an increase in the drawing stress. Also, maximum tration of 14 g/dl, so this can be presumed to be the optimum
value up to 9.8 could be obtained at drawing stress of concentration manifesting the highest draw ratio.
6 MPa. This result can be explained that deformation of Fig. 6 shows the zone draw ratios of PBS films drawn
molecular chains increases with increasing drawing stressunder various heat band speeds, drawing stress of 6 MPa,
above glass transition temperature. Under higher drawing and drawing temperature of 1’(Das a function of the initial
stress of over 6 MPa, a breakage of film occurs. The maxi- solution concentrations. It was shown that the slower is the
mum value of draw ratio appeared at solution concentration heat band speed, the larger is the draw ratio. This may lead
of 14 g/dl. At lower or higher concentration, draw ratio to the conclusion that a softening of film becomes easier
decreased gradually. This attributes to a suitable numberowing to longer residence time for film between two heat
of entanglements for the film prepared at solution concen- bands. That is, more uniform heat transfer to the sample of
tration of 14 g/dl. Generally, for effective drawing, film slower heat band speed had a great effect on the draw ratio
must have a suitable number of entanglements, that can beof PBS film. As identified in Figs. 4—6, zone draw ratio of
evaluated by determination of optimum solution concentra- film prepared at concentration of 14 g/dl was the largest
tion. Optimum initial concentrations of polymer solutions among all the films of different concentrations. Thus, it
vary with molecular weight, linearity, and stereoregularity was supposed that the film prepared at this concentration
of polymers and type of solvent, etc. In this study, however, has suitable entanglements to attain effective draw ratio.
those effects were negligible because same types of polymerConclusively, it can be predicted that the present method
with same molecular weight and same solvent were used indetermining optimum initial concentration of PBS solution
all the experiments. Therefore, it can be supposed that initial by zone draw ratio is correct and suitable.
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Fig. 7. Birefringence of PBS film zone-drawn under various drawing stres-
ses, drawing temperature of T0) and heat band speed of 1 mm/min with
draw ratio.

3.2. Effect of initial concentration and draw ratio on the
structure and properties of the film

The effect of initial polymer concentration on the bire-
fringence of the PBS film zone-drawn under various draw-
ing stresses, drawing temperature of X10and heat band
speed of 1 mm/min with draw ratios are shown in Fig. 7.

9059

higher concentrations, birefringence decreased. This
demonstrates that the degree of overall orientation of the
PBS film cast at 14 g/dl, the concentration of maximum

drawability, is the highest than those cast at the other
concentrations. Moreover, birefringence of film increased
with an increase in the draw ratio. It was thought that

much more heat transfer to the sample of longer drawing
time had a great effect on the birefringence of the film.

Fig. 8 presents the crystallinities of PBS films zone-drawn
under various drawing stresses, drawing temperature of
11C°C, and heat band speed of 1 mm/min with draw ratios.
As draw ratio increased, crystallinity increased at all poly-
mer concentrations. This result well agreed to the previous
draw ratio and birefringence data. However, it is interesting
to see that the crystallinities of the zone-drawn PBS films
having same draw ratios were nearly constant, but with
different initial polymer concentrations.

WAXD photographs of three PBS films having
similar draw ratios of 4 prepared from different initial
concentrations are shown in Fig. 9. It showed that the high-
est orientation appeared at solution concentration of 14 g/dl
but with similar draw ratios of about 4 and similar degrees
of crystallinity of 62—63%. At lower or higher concentra-
tion, orientation of the film decreased. This indicates that the
film prepared at solution concentration of 14 g/dl, which has
a suitable number of entanglements, is more oriented than
those at other concentrations. This result is well coincident
with that in Fig. 7.

Fig. 10 shows the surface crystal morphologies of the
PBS films having similar draw ratios of about 4, similar

Nevertheless, in specimens having similar draw ratios of film thicknesses of 4m, and similar degrees of crystal-
about 2, 4, and 6, respectively, concentration effect is linity of 62—63% cast at different initial solution concentra-

obvious. It was shown that the maximum birefringence
appeared at solution concentration of 14 g/dl. At lower or
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Fig. 8. Crystallinity of PBS film zone-drawn under various drawing stres-
ses, drawing temperature of 0) and heat band speed of 1 mm/min with
draw ratio.

tions. Microfibrillar morphology containing highly oriented
PBS chains was shown in Fig. 10b. That s, it was possible to
effectively draw PBS film prepared at initial concentration
of 14 g/dl. In contrast, in the case of higher concentrations,
some lamellar structures due to poor chain orientation aris-
ing from higher chain entanglements in film was observed.
From the fact that the drawn PBS films had structural differ-
ences in the surface crystal morphologies according to the
initial solution concentrations, but with similar draw ratios
and degrees of crystallinity, it could be supposed that the
initial polymer concentration of the PBS film had a marked
influence on the deformability and crystal shape of PBS
film.

The effect of initial polymer concentration on the
tensile strength (a) and the tensile modulus (b) of the
PBS films zone-drawn under various drawing stresses,
drawing temperature of 131G, and heat band speed of
1 mm/min is shown in Fig. 11. It is clear that the tensile
strength and tensile modulus of the PBS film increased
significantly with draw ratio. It is also noted from Fig.
11 that tensile strength and tensile modulus of the PBS
film showed maximum value at 14 g/dl concentration.
The maximum tensile strength and tensile modulus
obtained in maximum drawn PBS film cast at 14 g/dI
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Fig. 9. WAXD photographs of the one-step zone-drawn PBS film having similar draw ratios prepared at three different initial concentrationst, @jeisd g/d
ratio of 4.0; (b) 14 g/dl, draw ratio of 3.9; and (c) 17 g/dl, draw ratio of 3.9.

uonoadlp J9qi4

were 0.71 and 9.4 GPa, respectively. Salmawy et al. draw ratio, it might be supposed that the initial polymer
[35] reported that the draw ratio, tensile strength, and concentration (melt or solution) had an important influ-
tensile modulus of PBS fiber prepared by melt spinning ence in preparing PBS fibrous materials. It was
were 4-12, 0.3-0.9 and 0.9-2.2 GPa, respectively. Two observed that the film having optimum macromolecular
specimens had similar molecular weightd,f of 37,000 entanglements cast from 14 g/dl solution, represented
(ours) and 44,000 (Salmawy et al.). From the fact that higher drawability, degree of orientation, tensile
two PBS specimens had remarkable differences in the strength and tensile modulus than other films. In
tensile modulus, but with similar molecular weight and general, the fact that the film represents high tensile

Fig. 10. Polarizing micrographs of the surfaces of the one-step zone-drawn PBS film having similar draw ratios prepared at four differentémitraticorsc
(a) 11 g/dl, draw ratio of 4.0; (b) 14 g/dl, draw ratio of 3.9; (c) 17 g/dl, draw ratio of 3.9; and (d) 20 g/dl, draw ratio of 4.0.
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Fig. 12. Degradation profile of the one-step zone-drawn PBS film having
similar draw ratios of about 4 and thicknesses ofy45 prepared at five
different initial concentrations.

3.3. Effect of initial concentration on the biodegradability

In this study, to clarify the effects of the initial polymer
concentration, orientation, and crystal morphology on the
microbial and hydrolytic degradations of the PBS film, we
used the PBS films with same draw ratios of 4, same film
thicknesses of 4p.m, and same degrees of crystallinities of
62—-63% in the biodegradability test. Fig. 12 shows the
results. In the degradations of the PBS films as plotted in
Fig. 12 for a period of 20 days the degradation rate was
greatly affected by the initial polymer concentration. That
is, the degradation rate of the PBS films at 14 g/dl having
. highest orientations and largest crystallite size, which was

(b) Draw ratio calculated from the WAXD pattern, was lowest, but with
Fig. 11. Tensile strength (a) and tensile modulus (b) of PBS film zone- nearly same crystallinities of all films used. From these
drawn under various drawing stresses, drawing temperature €110 results, it is concluded that chain orientation and crystallite
and heat band speed of 1 mm/min with draw ratio. size obtained by fine controls of initial polymer concentra-
tion and zone-draw ratio have a marked influence on the
biodegradability of the PBS film.

strength and tensile modulus means that the polymer

has the suitable length of tie molecules and uniform

length distribution. The PBS film cast at 14 g/dl repre- 4. Conclusions

sented higher tensile strength and tensile modulus than

the PBS film cast at 14 g/dl represented higher tensile The optimum processing condition for the biodegradable
strength and tensile modulus than the PBS films cast atPBS film was investigated by measuring the birefringence,
other concentrations because the film had suitable tie degree of orientation, crystallinity, tensile properties, and
molecule and uniform length distribution. The PBS biodegradability in terms of the initial polymer concentra-
films cast at higher concentrations had too many tie tion and draw ratio. PBS films were prepared from chloro-
molecules, which prevented the orientation of chains, form solutions with different initial concentrations of 8, 11,
so, tensile strength and tensile modulus were lowered. 14, 17, and 20 g/dl. In order to investigate the drawing
The PBS films cast at lower concentrations had fewer behavior of the PBS films with different solution
tie molecules, so, tensile strength and tensile modulus concentrations, the films were drawn under various zone
were lowered due to slippage of molecular chains. drawing conditions. From several results, it was identified

Tensile modulus(GPa)
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that the initial concentration of PBS solution in chloroform  [4] Klemchuk PP. Polym Degrad Stab 1990;27:183.
caused significant changes in the draw ratio of the PBS film. [5] Dahlmann J, Rafler G, Fechner K, Mehils B. Br Polym J 1990;23:235.

. . . . [6] Yoo Y, Ko MS, Kim TY, Im S, Kim DK. Polym J 1998;30:538.
That is, the zone draw ratios and tensile properties of the [7] Benedict CV, Cook WJ, Jarrett P, Cameron JA, Huyang SJ, Beli JP. J

film at initial concentration of 14 g/dl exhibited its maxi- Appl Polym Sci 1983:28:327.
mum values and gradually decreased at higher or lower [8] Barham PJ, Keller A, Otun EL, Holmes PA. J Mater Sci
concentrations. In case of maximum drawn PBS film, the 1984;19:2781.

draw ratio of 9.8, tensile strength of 0.71 GPa, and tensile [9] Barham PJ, Keller A. J Polym Sci Polym Phys Ed 1986;24:69.

: . : 1 [10] Kunioka M, Tamaki A, Doi Y. Macromolecules 1989;22:694.
mOdU|u.S 0f 9.4 GPa were Obtam?d’ reSpeCt.IVFf'ly' Sl,!Ch hlgh [11] Doi Y, Kanesawa Y, Kunioka M. Macromolecules 1990;23:26.
properties were well correlated with thg maX|m|zed blrefrm—. [12] Nishida H, Tokiwa Y. J Environ Polym Degrad 1993;1:65.
gence and crystal and amorphous orientations and tensile[13] Mochizuki M, Hirano M, Kanmuri Y, Kudo K, Tokiwa Y. J. Appl
properties of the PBS film at 14 g/dl were the highest among Polym Sci 1995;55:289.
the films cast at five different initial polymer concentrations, [14] Lee SH, Lee KH, Hong SK. J Appl Polym Sci 1997;64:1999.
but with same draw ratio and same crystallinity It was [15] Mochizuki M, Mukai K, Yamada K, Ichise N, Murase S, Iwaya Y.
id ified th h hvsical . d 'b‘d b Macromolecules 1997;30:7403.
identified that _t €se physica pr.opertles €scribed above ;6 Kamezawa M, Yamada K. J Appl Polym Sci 1979;24:1227.
had a marked influence on the biodegradability of the PBS [17] Kunugi T, Akiyama Y. Polymer 1982;23:1199.
film. Conclusively, it is possible to produce various PBS [18] Yamada K, Takayanagi M. J Appl Polym Sci 1982;27:2091.
films having different physical properties and biodegrad- [19] Kunugi T, Ohmori S. Polymer 1988;29:814.

abilities at different initial polymer concentrations by adopt- 29 Kunugi T, Kawasumi T, Ito T. J Appl Polym Sci 1990;40:2101.
poly y P [21] Han SS, Yoon WS, Choi JH, Kim SY, Ji BC, Lyoo WS. J Appl Polym

ing simple zone drawing method. In the near future, we will Sci 1997-66:1583.
report on the comparison of the biodegradation behaviors of [22] smith P, Lemstra PJ, Pijpers JPL. J Polym Sci Polym Phys
the PBS films having various structures and physical proper- 1982;20:2229.

ties prepared by our zone drawing and general hot drawing [23] Garrett PD, Grubb DT. Polym Commun 1988;29:60.
methods, respectively [24] Hallam MA, Cansfield DLM, Ward IM, Pollard G. J Mater Sci

1986;21:4199.
[25] Lyoo WS, Han SS, Choi JH, Cho YW, Ha WS. J Korean Fib Soc
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