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Abstract: Crystalline and noncrystalline poly(3-hyroxybutylate-co-4-hyroxybutylate) (P(3HB-co-
4HB)) were melt blended to obtain mixtures of P(3HB-co-4HB) copolymers. The mixtures and
P(3HB-co-4HB) copolymers of different 4HB contents were compared to study the effect of 4HB
content on the properties of the copolymers and mixtures. P(3HB-co-4HB) copolymer mixtures,
having various 4HB content, have been successfully made by melt blending instead of bacterial
biosynthesis. In the case of copolymers, they were noncrystalline when the 4HB content was over
16%, while the P(3HB-co-4HB) mixtures at the same 4HB content were crystalline. The mixtures had
a higher glass transition temperature, suggesting that their chain mobility is relatively low compared
with the copolymer having the same 4HB content. Due to this effect, the mixture is expected to have
a higher melt viscosity and a lower loss tangent to exhibit better melt processing properties. The
mechanical properties of the mixtures show a similar behavior to the copolymers in that the tensile
strength and the modulus decreases and elongation at the break increases with an increase in the
4HB content.

Keywords: P(3HB-co-4HB); 4HB contents; mixtures; thermal properties; rheological properties;
mechanical properties

1. Introduction

Polyhydroxyalkanoate (PHA) is a biodegradable polyester produced by microor-
ganisms and has the benefit of being degradable by microorganisms under a diverse
environment [1–6] contrary to the chemically manufactured polylactic acid (PLA) [7,8]
and polybutylene succinate (PBS) [9,10]. Poly 3-hydroxybutyrate(P3HB), a typical PHA, is
highly crystalline and its crystallization rate is very slow due to its stereoregular chemical
structure. Therefore, the spherulites formed are very large and spherulite/spherulite inter-
faces are formed where fracture occurs, making it brittle [11–14]. Degradation occurs easily
above the processing temperature of 180 ◦C, giving it the drawback of a very narrow melt
processing window [15,16].

To resolve the drawback, control of the crystallization rate and degradation properties
by melt blending with diverse biodegradable polymers such as PLA and PBS, etc., is being
carried out [17–19]. Utilization of the chemical structure of P(3HB) to induce reactions
such as carboxylation, halogenation, hydroxylation, grafting, epoxidation, etc., by adding
diverse chemicals to control the properties through structural changes such as branching
and crosslinking, etc., is possible [20–24]. Along with this method, the most widely used
method to control the properties of P(3HB) is bacterial synthesis of diverse copolymers.
Representative copolymers are P(3HB-co-3HV) [25,26], P(3HB-co-HDD) [27], etc., and
recently research has focused on P(3HB-co-4HB) [28–32].
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When 4HB is added to the biosynthesis of P(3HB), a P(3HB-co-4HB) copolymer is
formed and the flexibility of the 4HB segment decreases the brittle character of P(3HB) along
with decrease in the glass transition temperature, decrease in the melting temperature, and
decrease in the crystallization rate and crystallinity. When the 4HB content exceeds 20%,
the crystallization of P(3HB-co-4HB) is difficult [33], and as a result, modulus and tensile
strength decreases and elongation at break increases. Furthermore, the melt processibility
decreases significantly due to the decrease in melt viscosity and increase in the loss tangent.
Besides the effect of the 4HB segment on the physical properties of the P(3HB-co-4HB)
copolymer, the 4HB segment causes an enhancement of thermal stability of P(3HB). The
thermal degradation of P(3HB-co-4HB) occurs due to the random unzipping degradation
of 3HB, similar to P(3HB), however, 4HB is hardly activated for degradation due to the
methylene group to stop unzipping degradation [34]. The cyclization and transesterification
of degraded 4HB also results in the improvement of thermal stability of P(3HB-co-4HB).

To resolve the problem of crystallinity change and the decrease in melt processibil-
ity with an increase in 4HB content in P(3HB-co-4HB), crystalline P(3HB-co-4HB) and
noncrystalline P(3HB-co-4HB) is melt blended to prepare mixtures. The change in the
crystallization behavior and the melt processibility with an increase in 4HB content in the
mixture is compared with P(3HB-co-4HB) of similar 4HB content.

2. Experimental
2.1. Materials and Mixture Preparation

The copolymer of 3-hyroxybutyrate and 4-hyroxybutyrate, poly(3-hyroxybutylate-co-
4-hyroxybutylate), was provided by CJ Cheiljedang and their 4HB content and molecular
weights are shown in Table 1. To enhance the properties of P(3HB-co-4HB) copolymer, crys-
talline P(3HB-co-10% 4HB) and noncrystalline P(3HB-co-53.7% 4HB) were melt blended at
composition ratios of 9/1–4/6 in an internal mixer (Haake, Rheomix600, Vreden, Germany).
To minimize degradation during the melt blending process, they were blended at 140 ◦C
and 20 rpm for 10 min. All P(3HB-co-4HB) samples were processed in the same way to give
the same thermal history. The P(3HB-co-4HB) and P(3HB-co-4HB) mixtures thus obtained
were put in 1T thick 150 mm × 150 mm mold in a compression molding machine (QMESYS,
QM900A, Anyang, Korea) and kept at 140 ◦C for 2 min, pressure raised to 8 MPa, then
quenched in a water tank at 25 ◦C for 2 min, to prepare the 1T thick films.

Table 1. 4HB Contents and molecular weight (MW) of P(3HB-co-4HB) used in this study.

Name 4HB (%) MW (k)

P(3HB-co-2.1% 4HB) 2.1 200
P(3HB-co-10% 4HB) 10 600
P(3HB-co-16% 4HB) 16 1000

P(3HB-co-35.6% 4HB) 35.6 580
P(3HB-co-53.7% 4HB) 53.7 695

2.2. The 4HB Contents of P(3HB-co-4HB) Mixtures
1H NMR (Jeol, Jeol400, Tokyo, Japan) was used to determine the 4HB content of the

P(3HB-co-10% 4HB) and P(3HB-co-53.7% 4HB) mixtures. The NMR samples were prepared
by dissolving CDCl3. The 4.1 ppm peak due to the two hydrogens on the number 8 carbon
(4HB) and the 1.25 ppm peak due to the three hydrogens on the number 4 carbon (3HB)
were compared to calculate the relative presence of the 3HB and 4HB units and calculate
the 4HB content.

2.3. Thermal Properties of P(3HB-co-4HB) Mixtures

Differential scanning calorimeter (TA, Q20, New Castle, DE, USA) was used to study
the effect of 4HB content on the thermal properties of the P(3HB-co-4HB) and P(3HB-co-
4HB) mixtures. The effect of 4HB content on the changes in the crystallization temperature
and enthalpy in the cooling stage and the glass transition temperature, melting temperature,
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and the enthalpy of melting in the second heating stage were evaluated by scanning in the
range −50~250 ◦C at the heating and cooling rates of 20 ◦C/min.

2.4. Rheological Properties of P(3HB-co-4HB) Mixtures

The rheological properties of P(3HB-co-4HB) and their mixtures were evaluated on
a rotational rheometer (TA, AR200EX, New Castle, DE, USA) with 25 mm diameter samples
in the oscillation mode at angular frequencies of 0.1~600 rad/s and the % strain set at
0.1, 3, and 5 at 140 ◦C, 160 ◦C, and 180 ◦C, respectively, to obtain the changes in the
complex viscosity (η*) and loss tangent (tanδ) with frequency change. Using obtained zero
shear viscosity (η0), the curves of ln(η0) versus 1/T were plotted and the dependence of
P(3HB-co-4HB) and their mixtures shear viscosity on temperature can be described by the
Arrhenius equation.

ln(η0) = A exp (Ea/RT) (1)

where A is constant related to melt viscosity, and Ea is the activation energy for viscous flow.

2.5. Mechanical Properties of P(3HB-co-4HB) Mixtures

The tensile strength, Young’s modulus and elongation at break were measured on
a tensile tester (LLOYD, LR-30K, West Sussex, UK) with 1T thick 10 mm × 50 mm samples
gripping the top and bottom 10 mm on the jig and extending at 50 mm/min until break.

3. Results and Discussion
3.1. 4HB Contents of P(3HB-co-4HB) Mixtures

Figure 1 shows the 1H NMR spectra of the P(3HB-co-4HB) mixtures of different
blend ratios. The peak areas of the 4.1 ppm and 1.25 ppm due to 4HB and 3HB units,
respectively, change with the composition of the mixture. The 4HB contents calculated
from the 1H NMR peak areas are shown in Figure 2 along with the line for the theoretical
4HB content calculated from the blend ratios. The 4HB contents calculated from the NMR
data conform to the theoretical values calculated from the blend ratios and P(3HB-co-4HB)
mixtures, having 14.4–45% 4HB content that could be prepared. Conformance of the
data and the theoretical values suggest that there is no thermal degradation or chemical
change in the melt blending process changing the 4HB or 3HB contents. However, only
our 1H NMR results did not convince us that there was no chemical change in the melt
blending, and we may need further study to find out the light cross-linking in the copolymer
networks. At this point, the P(3HB-co-4HB) mixtures of different 4HB contents can be
obtained by melt blending, instead of by controlling the 4HB feed in bacterial biosynthesis.
From the point of view of the industrial mass production of P(3HB-co-4HB), it may be
easier and more useful to control the 4HB content in P(3HB-co-4HB) by melt blending,
instead of by bacterial biosynthesis, which involves a complex process. In the copolymer,
crystallizable 4HB exists in the main chain of crystalline P(3HB-co-4HB), whereas in the
mixtures, a blended noncrystalline P(3HB-co-4HB), having 4HB segments, coexists as
a co-domain in the crystalline P(3HB-co-4HB) domain. This difference of micro and macro
structure, between the biosynthesized copolymer and their mixture, is expected to have
a different effect on the physical properties of P(3HB-co-4HB). Our study focused on the
change of physical properties of P(3HB-co-4HB) mixtures by melt blending and compared
this with those of bacterial biosynthesis.
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3.2. Thermal Properties of P(3HB-co-4HB) Mixtures

The secondary heating DSC thermograms of P(3HB-co-4HB) and P(3HB-co-4HB)
mixtures are shown in Figure 3. The P(3HB-co-4HB) copolymer is crystalline only up
to 16% 4HB, while the P(3HB-co-4HB) mixtures of 4HB contents 14.4–45% all show cold
crystallization and melting peaks. P(3HB-co-4HB) is a random copolymer and the chain
randomness increases with the increase in the 4HB content to hinder the crystallization, and
it becomes noncrystalline P(3HB-co-4HB) at 4HB contents above 16%. However, in the case
of blends of crystalline P(3HB-co-4HB) and noncrystalline P(3HB-co-4HB), the increase in
4HB content does not affect the randomness of the copolymer chain and the crystallization
of the crystalline P(3HB-co-10% 4HB) is not influenced by the presence of the noncrystalline
P(3HB-co-53.7% 4HB) resulting in the appearance of the cold crystallization and melting
peaks with change in only the peak areas. This demonstrates that 4HB content, which
influences the flexibility and biodegradability of P(3HB-co-4HB) copolymers [35], can be
high while retaining the crystallinity and mechanical properties in the case of P(3HB-co-
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4HB) mixtures from melt blending. Multiple melting peaks are founded in both copolymer
and their mixtures. This can be explained by micro-phase separation behavior. The random
P(3HB-co-4HB) copolymer may have two phases, a 3HB rich area and a 4HB rich area, each
having a different melting temperature. The difference of chain flexibility results in a high
melting temperature for the 3HB rich area, and a low melting temperature for the 4HB
rich area.
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Figure 4 shows the effect of 4HB content on the glass transition temperature, crystal-
lization temperature and enthalpy, melting temperature and enthalpy of P(3HB-co-4HB)
and P(3HB-co-4HB) mixtures. The P(3HB-co-4HB) mixtures prepared from copolymers of
different 4HB contents show a single glass transition as a result of their miscibility, and
as the 4HB content increases with increase in the composition of flexible P(3HB-co-53.7%
4HB), a decrease in the glass transition temperature occurs. Compared to a copolymer with
similar 4HB content, a higher glass transition temperature can be seen in the mixture as the
flexibility of the mixture physically blended with the P(3HB-co-53.7% 4HB) chain is lower
than that of the copolymer chain with the corresponding amount of 4HB units.
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The melting points of mixtures in Figure 4b exhibit negligible change in 4HB content
and the melting peak occurs at, or even above, the 4HB content of 30%, while it does not
appear in the P(3HB-co-35.6% 4HB) copolymer. This suggests that the increase in the 4HB
content in the copolymer increases the randomness of the copolymer, while the increase
in the 4HB content in the mixture through physical mixing does not greatly affect the
crystallization of the P(3HB-co-10% 4HB) in the mixture. The appearance of the melting
peak is apparently due to the crystallization in the cooling stage. Crystallization tempera-
ture of the mixtures in Figure 4c are similar to the copolymer of equivalent 4HB content
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and crystallization enthalpy and melting enthalpy are much higher, with crystallization
occurring at 4HB contents even greater than 30% (Figure 4d,e). Therefore, crystalline P(3HB-
co-4HB) mixtures of higher 4HB content can be prepared, while crystalline P(3HB-co-4HB)
copolymer cannot be obtained at higher 4HB content.

3.3. Rheological Properties of P(3HB-co-4HB) Mixtures

The complex viscosity at 140 ◦C of P(3HB-co-4HB) and their mixtures are shown
in Figure 5. The complex viscosity of P(3HB-co-4HB) mixtures decrease with the shear
rate, which is representative of non-Newtonian behavior similar to the P(3HB-co-4HB)
copolymers. The complex viscosity is related with chain flexibility and molecular weight.
The complex viscosity of P(3HB-co-16% 4HB), having a higher molecular weight and 4HB
content compared to P(3HB-co-10% 4HB), is lower than that of P(3HB-co-10% 4HB). This
means that the effect of chain flexibility on complex viscosity is dominant and controls
the complex viscosity of P(3HB-co-4HB), when compared with the effect of the molecular
weight. Increasing the 4HB content in the copolymer resulted in lowering of the complex
viscosity in both the copolymer and their mixtures, however, the viscosity change in the
4HB content at a low shear rate is smaller compared to the copolymers in the case of
copolymer mixtures of higher P(3HB-co-53.7% 4HB) composition, and thus have higher
4HB contents. In the case of copolymer mixtures, the viscosity decreases due to the physical
melt blending with P(3HB-co-53.7% 4HB) having a relatively low viscosity, however, the
decrease in 4HB content is smaller compared to in P(3HB-co-4HB) copolymers where the
4HB units are in the main chain.
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The changes in the viscosity at 0.1 rad/s with 4HB content of P(3HB-co-4HB) copoly-
mers and P(3HB-co-4HB) copolymer mixtures in Figure 6 show that, for same 4HB contents,
the P(3HB-co-4HB) mixtures exhibit a higher viscosity than the P(3HB-co-4HB) copolymers.
It seems that difference in viscosity between the copolymer and their mixture is more
pronounced at a high processing temperature, due to the high chain mobility of 4HB in
the copolymer. Changes in the activation energy with 4HB content in P(3HB-co-4HB)
copolymers and P(3HB-co-4HB) copolymer mixtures, as shown in Figure 7, show that the
activation energy is highest in the case of P(3HB-co-10% 4HB), where the main chain is
relatively stiff and decreases as the content of the relatively flexible 4HB in the copolymer
increases. Activation energy in the Arrhenius equation reflects the effect of temperature on
the mobility of chain. As high activation energy reflects difficult chain motion, the data
shows that the increase in 4HB content in P(3HB-co-4HB) increases the chain flexibility.
The activation energy of the P(3HB-co-4HB) copolymer mixture also decreases with an in-
crease in the composition of the relatively flexible P(3HB-co-53.7% 4HB). Although the
copolymer exhibits a significant decrease in the activation energy at 16% 4HB content, the
copolymer mixture exhibits a linear decrease with 4HB content, suggesting that the chain
flexibility may be affected by whether 4HB and 3HB units are chemically connected or
physically mixed.
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The loss tangent of P(3HB-co-4HB) copolymers and P(3HB-co-4HB) copolymer mix-
tures at 140 ◦C, shown in Figure 8, both increase with an increase in 4HB content. The
P(3HB-co-4HB) with high 4HB content shows much less significant frequency dependence
of the loss tangent. This indicated that P(3HB-co-4HB) with a high 4HB content has a higher
elasticity. It is well known that the melt strength is related to the elasticity of polymers.
The loss tangent is known to be inversely proportional to the melt strength [36,37]. The
increase in 4HB content increases the chain flexibility and thus decreases the melt strength
to decrease the melt processibility, where pressure is applied to form the shape. As can
be seen in Figure 8, the loss tangent values of the mixtures are similar to P(3HB-co-10%
4HB), close to 1.0, although there is a slight difference depending on the composition. The
lowest loss tangent was obtained with 9/1 composition in the mixtures. The changes in
the loss tangent with the increase in the 4HB content is much smaller in the copolymer
mixtures compared with the copolymers allowing minimal change in processibility in
the case of the copolymer mixtures at the same 4HB content, suggesting that using the
copolymer mixtures instead of copolymers of the same 4HB content, is more advantageous
for melt processibility.
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Figure 9 shows the change in loss tangent with 4HB content at shear rate 0.1 rad/s
for P(3HB-co-4HB) and the copolymer mixtures at a different processing temperature. The
lower the processing temperature and the lower the 4HB content, the more the loss tangent
decreases to result in higher melt strengths and the copolymer mixtures show a lower loss
tangent compared to the copolymers, irrespective of the processing temperature or 4HB
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content. The change in the loss tangent with the increase in 4HB content or processing
temperature can be minimized by using copolymer mixtures. This is due to the higher
chemically bonded 4HB content of the P(3HB-co-4HB) copolymers, which results in a high
increase in tanδ and affect the processibility, while the increase in 4HB content of P(3HB-co-
4HB) mixtures, through the physical mixing of P(3HB-co-10% 4HB) and P(3HB-co-53.7%
4HB), does not affect the processibility of P(3HB-co-10% 4HB). From this result, it is
found that the enhancement of melt processability could be obtained using P(3HB-co-4HB)
mixtures at a low processing temperature.
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3.4. Mechanical Properties of P(3HB-co-4HB) Mixtures

Figure 10 shows the effect of 4HB content on the Young’s modulus, tensile strength, and
elongation at break of P(3HB-co-4HB) copolymers and P(3HB-co-4HB) copolymer mixtures.
The Young’s modulus and tensile strength decrease with the increase in 4HB content and
the elongation at break increases to a certain 4HB content, then decreases. It seems that
the change in the mechanical properties of P(3HB-co-4HB) and mixtures as a function of
4HB content is due to the flexibility of the 4HB chain in both crystalline P(3HB-co-4HB)
and noncrystalline P(3HB-co-4HB). This is observed in both P(3HB-co-4HB) copolymers
and P(3HB-co-4HB) copolymer mixtures. Tensile strength and Young’s modulus have an
intimate relationship with crystallinity. As the 4HB content increases, crystallinity of both
copolymers and copolymer mixtures decrease and spherulites from the crystallization of
the 3HB segments become smaller, along with the relatively low crystallization rate of the
4HB segments, which also make the spherulites smaller to decrease the interfacial area
of impingement and thus increase the elongation at break. The elongation at break of
copolymers decrease in the 4HB contents above 30%, and that of the copolymer mixtures
decrease in the 4HB contents above 25%. Above a certain composition, the increase in the
P(3HB-co-53.7% 4HB) composition does not increase the elongation at break, but decreases
it. The optimum composition for lowering the brittle character of P(3HB-co-10% 4HB) in
this study was 7/3, however, for increasing the elongation at break, increasing the 4HB
content in P(3HB-co-4HB) copolymer was more effective compared to increasing it in the
copolymer mixtures. This suggests that the influence on the elongation at break of 4HB in
the copolymer mixtures is lower than that in the copolymers, where they are chemically
bound. The processibility of P(3HB-co-4HB) could be enhanced by preparing copolymer
mixtures, however, there is a limitation in enhancing the mechanical properties.
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4. Conclusions

The change in the properties, with variation in the 4HB content of the P(3HB-co-4HB)
copolymers and the mixtures of crystalline and noncrystalline P(3HB-co-4HB) copolymers,
have been studied. It is found that crystalline P(3HB-co-4HB), with high 4HB content,
can be prepared by melt blending. An increase in the 4HB content of P(3HB-co-4HB)
copolymers increases the flexibility of the polymer chains to decrease the glass transition
temperature and also increases the randomness to decrease the crystallinity. The P(3HB-co-
4HB) copolymer mixtures show a higher glass transition temperature and also maintain
crystallinity compared to copolymers of the same 4HB content. An increase in the 4HB
content of P(3HB-co-4HB) copolymers decreases processibility due to a decrease in the
melt viscosity, and an increase in the loss tangent. While in the case of P(3HB-co-4HB), the
decrease in the copolymer mixtures’ melt viscosity is relatively smaller, and the increase in
the loss tangent is also smaller, such that a P(3HB-co-4HB) copolymer mixture exhibiting
a minimal decrease in the processibility with an increase in 4HB content can be prepared.
The P(3HB-co-4HB) copolymers and mixtures of crystalline and noncrystalline P(3HB-co-
4HB) both exhibited a decrease in tensile strength and Young’s modulus with an increase
in 4HB content, however, an adequate increase in the 4HB content increases the flexibility
of the polymer chains to increase the elongation at break.
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