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ABSTRACT: Poly(3-hydroxybutyrate), PHB, is a widely
distributed carbon storage polymer among prokaryotes
including Rhizobium. Capacities of Rhizobium etli R13 to
produce the bioplastic during growth on media with dif-
ferent carbon sources appeared to be specific carbon-
source. In fed batch fermentation, R. etli R13 resulted in
cell dry weight 6.2 g/L and PHB 51.4%. Gas chromatogra-
phy-mass spectrometry and gel permeation chromatogra-
phy analysis revealed that PHB produced from R. etli R13
was solely composed of 3-hydroxybutyric acid and the
molecular mass of the purified PHB was 3.4 � 105 Da
with polydispersity 1.47. Dielectric relaxation of PHB has
been studied in the temperature and frequency ranges
300–440 K and 10 kHz–4 MHz, respectively. A clear dielec-
tric a and q-relaxation processes are observed in these

studied ranges of temperature and frequency. The first
process is due to the dipole relaxation in the crystalline
phase of PHB. The second one is due to the space-charge
formation or Maxwell-Wagner-polarization. The a-relaxa-
tion process has been investigated by semiempirical Havri-
liak-Negami relaxation function. The activation energy (Ea)
and the relaxation time (s0) are calculated using the Arrhe-
nius equation. The dielectric relaxation strength (De) is
strongly temperature dependent. The calculated values of
Ea for ac conductivity, ln(r), of PHB provide information
about the presence of electronic conduction. VC 2011 Wiley
Periodicals, Inc. J Appl Polym Sci 121: 3306–3313, 2011
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INTRODUCTION

Polyhydroxyalkanoates (PHAs) are a sort of biologi-
cal polyester, which function as carbon and energy
reserves in prokaryotic cells; many different bacteria
synthesize PHA when a carbon source is provided
in excess and one essential growth nutrient is lim-
ited.1–5 These bacterial polyesters have attracted
industrial attentions as environmentally nontoxic,
biodegradable, and biocompatible thermoplastics to
be used for a wide range of industrial, agricultural,
and medical applications.6–8 They have a high
degree of polymerization, are highly crystalline,
optically active and isotactic, piezoelectric and insol-
uble in water. These features make them highly
competitive with polypropylene, polyethylene and
the petrochemical-derived plastics.9 Poly(3-hydroxy-
butyrate) (PHB) is a homopolymer of 3-hydroxybu-
teric acid. X-ray diffraction reveals that the purified
polymer has crystallinity ratio of 67% with ortho-
rhombic crystal shape.10 Differential scanning calo-
rimetry (DSC) showed a melting enthalpy (DHm) of
62.31 J/g and melting temperature (Tm) of 448 K.

The glass rubber transition temperature (Tg) is
� 285–291 K, while thermal degradation occurs
around 523 K.
Relaxation properties are very important in poly-

mer processing. Many processes are characterized as
being elastic, while others as viscous. Relaxation
properties can be studied by dynamic mechanical
spectroscopy (DMS), dielectric relaxation spectros-
copy (DRS), or nuclear magnetic resonance (NMR)
spectroscopy. Relaxation processes play a dominant
role and in a complex pattern of temperature and
frequency-dependent properties.11 DRS is a useful
method to investigate structure property relation-
ships of polymers. This method is sensitive to molec-
ular fluctuation of dipoles within the system. These
fluctuations are related to the molecular mobility of
groups, segments or wholly polymer chains which
show up as different relaxation processes. The relax-
ation time (s0) of these processes was found to
depend on the molecular shape and the molecular
friction forces encountered by the rotating dipoles.
Moreover, the dipole motions within the amorphous
and crystalline phases have a big effect on the semi-
crystalline polymer.12,13 Structural transitions in
polymers are generally accompanied by changes in
the relaxation properties. When an oscillatory elec-
tric field is applied to a polymeric material, several
types of polarization are operative: electronic, ionic,
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orientational, or space charge. A dielectric spectrum
is a complicated manifestation of the combination of
these operative polarization sources. Orientational
and space charge polarization are particularly im-
portant when structural transitions are concerned.
For polymers, many relaxation modes are involved
in orientational polarization. They can be grouped
into local processes, cooperative processes in longer
chain sequences, chain diffusion, and specific proc-
esses in semicrystalline states.14

Reported DRS studies on PHB and its blends are
scarce. DRS was used to investigate the influence of
semicrystalline morphology on the molecular mobil-
ity of the crystallized PHBs15,16 and its blend with
polyvinyl acetate PVAc.17,18 The presence of the
crystallinity had a significant effect on the a-relaxa-
tion characteristics of the various cold-crystallized
PHBs when compared with the wholly amorphous
material. The dielectric spectrum of the previous
blends was resolved into three processes a, a0-relaxa-
tion processes and ionic conductivity based on Hav-
riliak-Negami and ionic conductivity equations. The
Maxwell-Wagner-Sillars (MWS) interfacial polariza-
tion effect (i.e., q-relaxation process) can also be seen
in the dielectric permittivity curve of semicrystalline
polymer such as polyvinyl alcohol PVA.19,20 This
work is aimed to study the production of PHB by
Rhizobium etli R13 to explore the dielectric relaxation
properties of PHB over a wide range of temperature
and frequency. Comparison to previous results and
similar materials will be discussed.

SAMPLE PREPARATION AND
EXPERIMENTAL DETAILS

Microorganism and production of biomass
containing PHB

The microorganism used in the present study was
Rhizobium etli R13 (accession number FJ263092).21 To
evaluate the production of PHB from different car-
bon sources by R. etli R13, batch fermentations were
carried out in 250 mL Erlenmeyer flasks containing
100 mL of sterile YEM broth.22 To optimize produc-
tion of PHB from R. etli R13, fed batch fermentation
(80 h) were performed using YEM broth containing
1% mannitol. The flasks were inoculated with 4% of
freshly grown preculture and incubated at 30�C on a
rotary shaker at 150 rpm and 2% glucose was added
after 48 h. At regular intervals, the samples were
taken (as whole flasks in duplicate) and certificated
at 5000 rpm for 30 min at 4�C and washed twice
with saline solution, then lyophilized for further
analysis. For polymer isolation, lyophilized cells
were resuspended in 250 mL of chloroform for
3 days, and then filtered through filter paper. PHB
extract was concentrated and precipitated with

diethyl ether. The precipitate was redissolved in
chloroform and the process was repeated twice to
obtain pure PHB.

Polymer samples preparation for GC and
GC/MS analysis

Lyophilized cells (5–10 mg) were suspended in
1.0 mL chloroform and subjected to methanolysis
in 1 mL methanol in the presence of 15% (v/v)
sulfuric acid. The methanolysis was performed for
3–5 h at 100�C in an oil bath, and then 1 mL water
was added to the cooled mixture and mixed thor-
oughly for 30 s. After phase separation, the resulting
methylesters of the corresponding fatty acids constit-
uent were assayed by gas chromatography (GC). Gel
permeation chromatography (GPC) was used to esti-
mate the molecular weight of the purified PHB.
Therefore, GPC system (model 410, Waters Corp,
Milford) was used. The purified polymer was dis-
solved in chloroform (5–10 mg/mL) and subjected to
GPC system; applying four sequentially arranged
Styragel HR3-6 columns for separation and a model
410 differential refractometer for detection. Polysty-
rene standards dissolved in chloroform (0.1% w/v)
were employed to construct the calibration curve.

Preparation of PHB films and dielectric
spectroscopy measurements

Poly(3-hydroxybutyrate) film was obtained by dis-
solving the polymer in chloroform at temperature
30�C with continuous stirring. The aqueous solu-
tion was cast into a Petridish, placed on a leveled
plate at room temperature for 5 days until the sol-
vent was completely evaporated. The obtained PHB
film, 0.1 mm thickness, was cut into square pieces
and coated with silver paste to achieve ohmic con-
tacts. Dielectric spectroscopy measurements were
accomplished using a Hioki (Ueda, Nagano, Japan)
model 3532 High Tester LCR, with the accuracy of
order 6 0.08%. The dielectric constant (e0), and
dielectric loss (e’’) were recorded at frequency and
temperature ranging from 10 kHz to 4 MHz and
from 300 to 440 K, respectively. Both dielectric con-
stant, e0, and dielectric losses, e00, were calculated as
follows:

e0 ¼ Cd

eoA
and e00 ¼ e0 tan d (1)

where C is the capacitance of the sample filled ca-
pacitor, d is the sample thickness, eo is the vacuum
permittivity, and A is the electrode area. The tem-
perature was measured with a T-type thermocouple
with its junction just in contact with the sample with
accuracy better than 6 1 K.
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RESULTS AND DISCUSSION

Poly(3-hydroxybutyrate) is a widely distributed car-
bon storage polymer among prokaryotes including
Rhizobium.23 It was found that capacities of R. etli
R13 to produce the bioplastic during growth on
media with different carbon sources appeared to be
specific carbon-source. Five different carbon sources
such mannitol, glucose, sucrose, fructose and lactose
were evaluated for production of high cell density
and PHB accumulation. Among these substrates
mannitol appears to be the most suitable for biomass
production (5 g/L) followed by glucose (4 g/L), su-
crose (3.2 g/L), fructose (3.0 g/L) and lactose (2.7 g/
L), Whereas, glucose was the most favorable sub-
strate for PHB accumulation (46%) followed by su-
crose (42.2%), fructose (34.6%) and lactose (33.5%).
To optimize bacterial growth and production of
PHB, fed batch fermentation was performed. The
cell dry mass and PHB percentage of R. etli R13
during the time course of 80 h were presented in Fig-
ure 1. As seen, the maximum biomass was 6.2 g/L
and the maximum PHB accumulation was 51.4% per
cell dry weight.

Many nitrogen-fixing microorganisms synthesize
PHB. According to Tombolini and Nuti,24 the con-
tent of this polymer in rhizobia ranges from 30 to
55% of dry cell weight. It was found that PHB syn-
thesis can be selectively induced either in active or
less active Rhizobium strains by sources of carbon
and nitrogen25. Because chemical structure and mo-
lecular mass are important factors to determine the
physical properties of polymers, the purified poly-
mer was analyzed using gas chromatography-mass
spectrometry (GC/MS) and GPC. Figure 2 represents
GC/MS spectrum of methyl ester 3HB. The pro-
duced PHB by Rhizobium etli R28 was solely com-
posed of 3-hydroxybutyric acid. In addition, GPC

analysis showed that the molecular mass of the puri-
fied PHB was 3.4 � 105 Da with polydispersity 1.47.
The temperature dependence of e’’ of PHB at

selected frequencies is shown in Figure 3. A broad
relaxation peak in e’’ was observed at 370 K. This
peak becomes narrow and moves towards the low
temperatures as the frequency increases. Such
behavior can be attributed to the space charge polar-
ization (i.e., the q-relaxation process). This effect
occurs at temperature higher than Tg (285–291 K)10

and at a low field frequency. The nature of q-relaxa-
tion process seems to vary depending on the poly-
meric material. For semicrystalline polymer, chain
trapping at interfaces inside the sample or Maxwell-
Wagner polarization (MWS) phenomena is expected.

Figure 1 PHB yield and cell dry weight of R. etli during
the fed batch fermentation. R. etli grown on YEM broth
supplemented with 1% mannitol at the beginning of fer-
mentation. After 48 h, glucose was added with 0.5% (w/v)
until the final concentration reached 2% (w/v).

Figure 2 GC/MS spectrum of 3HB-methyl ester indicat-
ing that the PHB produced by Rhizobium etli R28 was
solely composed of 3-hydroxybutyric acid.

Figure 3 The temperature dependence of e00 for PHB at
some selected frequencies.
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For an amorphous materials, q-relaxation process
may be attributed to cooperative parameters such as
impurities, injected space charges and electrode
effects.20

The isothermal plots for e0 and e’’ versus fre-
quency at selective fixed temperatures are presented
in Figure 4(a,b). The dielectric constant, e0, increases
smoothly with increasing temperature and fre-
quency. This can be attributed to the increase of the
thermal energy, which is absorbed by the dipoles of
PHB. Consequently, the dipoles have sufficient
energy to orientate themselves easily in the direction
of the applied field. On the other hand, the increase
in e0 with temperature is assigned to the disentangle-
ment of the molecular chains which becomes easier
due to molecular vibrations.26 The dependence of e0

on temperature reflects the orientational distribution
of the polymer chains in the crystalline as well as in
the amorphous regions inside the sample.16,27 In
other words, the number of the polar C¼¼O and
methyl, CH3, groups become free to rotate with
increasing applied field and temperature. From Fig-
ure 4(b), one can observe that e" of PHB undergoes a
single relaxation peak at 316 kHz in the studied fre-
quency range due to a-relaxation process. The peak
position of a-process shifts to higher frequencies
with increasing temperatures and it can be charac-
terized as a dipolar relaxation.

The origin of the a-transition has been attributed
to several mechanisms, such as a rotation of crystal-
line sequence followed by a translation along the

chain axis, torsional twisting in crystalline sequence,
fold movements, or even point defect mechanisms.28

The crystallinity ratio of PHB has a significant effect
on the a-relaxation characteristics of various cold-crys-
tallized samples when compared with the wholly
amorphous materials. The constraining influences of
the crystallites produce a progressive relaxation
broadening and a positive offset in relaxation temper-
ature.16 Also, all cold-crystallized PHB/PVAc blends
exhibit two glass-rubber (a and a’) relaxations accord-
ing to the coexisting of mixed amorphous interlamel-
lar phase, and a pure PVAc phase residing in interfi-
billar regions.18 The a’- relaxation process is related to
the rigid amorphous phase located between adjacent
lamellar inside the lamellar stacks.29–33 The a’-relaxa-
tion process was observed in the PHB blends with 30
wt % of PVAc.17 So, a-relaxation process of PHB can
be assigned to the segmental motion in the crystalline
phases within the sample. By other words this process
is probably due to the dipole relaxation inside the la-
mellar stacks.
The dielectric dispersion of the aliphatic polyester

as a function of frequency in the vicinity of Tg relax-
ation can be described by Havriliak-Negami (HN)
phenomenological equation.34–37 Then, the complex
dielectric permittivity e* is given by:

e� ¼ e1 þ De

1þ ixsoð Þb
h ic (2)

where De ¼ es � e1, is the dielectric strength, es and
e1 are the relaxed and unrelaxed dielectric con-
stants, respectively. s0 is the relaxation time, b and c
are the shape parameters that describe the symmet-
ric and asymmetric broadening of s0, respectively.
The study of the dielectric behavior of PHB by

Cole-Cole plot (e’’ vs. e’) provides valuable informa-
tion about the dielectric relaxation process. Cole-
Cole equation is given by38:

e� ¼ e1 þ De

1þ ðixsoÞ1�c (3)

where s0 is the mean relaxation time and c is the
distribution parameter that ranges from 0 to 1. So,
Figure 5 shows the Cole-Cole representation at dif-
ferent fixed temperatures, where data points (e’’ vs.
e’) from an arc when a dielectric relaxation occurs in
the examined frequency interval. The values so and
c have been evaluated using the equation39:

U

V
¼ ðxsoÞ1�c (4)

where U is the distance from a particular data point
in the Cole-Cole plot from point e1 and V is the dis-
tance of the same data point from point es.

Figure 4 Frequency dependence of: (a) e0 and (b) e00 of
PHB at some selected temperatures.
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The calculated values of c and s0, are tabulated
in Table I. The Arrhenius law for a-relaxation
process is:

soðTÞ ¼ A exp
Ea

kT

� �
(5)

where Ea is the activation energy, k is Boltzmann
constant, and A is a pre-exponential factor. Figure
6(a) depicts the relaxation time (s0) as a function of
the inverse of the temperature as calculated from the
Cole-Cole curves. The calculated value of Ea was

found to be of �0.3 eV. Figure 4(b) shows that the
maximum frequency, fmax, of the e’’ peak as a func-
tion of the inverse temperature. fmax was described
by the equation:

fmax ¼ fo exp
�Ea

kT

� �
(6)

where fo is constant. The calculated value of Ea,
according to eqs. (5) and (6), of a-relaxation process
is 0.3 eV. This value is lower than that of the earlier

Figure 5 Argand plots at some selected temperatures for PHB.

Figure 6 (a) Arrhenius plot of the logarithm of fmax ver-
sus 1000/T for PHB. (b) Arrhenius plot of ln(s) against
1000/T for PHB.

TABLE I
The Calculated Values of the Distribution Parameter (c)

and the Average Relaxation Time (so) According to
Cole-Cole Plots of PHB

T (K) c so (s)

308 0.877 7.70 � 10�4

323 0.766 3.22 � 10�4

338 0.866 3.01 � 10�4

353 0.855 1.69 � 10�5

368 0.833 1.06 � 10�4

383 0.833 6.77 � 10�5

398 0.888 6.61 � 10�5

413 0.833 6.19 � 10�5

428 0.900 6.63 � 10�5

443 0.877 4.56 � 10�5
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report (1.0 eV).40 The low value of Ea of a-relaxation
process could be explained by the lower bulkiness of
the CH3 and C¼¼O groups within the amorphous
and the crystalline phases of PHB. A similar behav-
ior has been reported for polyethylene terephatha-
late (PET).11 Consequently, the low value of Ea of
PET compared with those obtained for poly ethylene
naphthalate (PEN) was assigned to the lower bulki-
ness of the terephthalate ring compared to the more
bulky naphthalate group in PEN.11

The temperature dependence of dielectric strength,
De, of PHB obtained from the above analysis is dis-
played in Figure 7. It is clear that the values of De
increase with the increase of the temperature. This
can be attributed to the cooperation exists between
thermal energy and the electric field effects of the
dipole alignments. Increasing the thermal energy of
CH3 and C¼¼O groups will tend to enhance the align-
ment of themselves with the direction of the applied
electric field and therefore De increases. It has been
reported for the amorphous PHB that De is decreased
with increasing temperature due to the decrease of
the volume fraction of the mobile amorphous region
in the PHB/PVAc blends.11 However, the increase of
De with temperature for the crystalline PHB and
PHB/PVAc blends were interpreted to the existence
of a rigid amorphous phase which relaxes gradually
above the Tg of the mobile amorphous material10.
When the crystalline ratio of pure PHB increases up
to 67%, an increase of De is expected.

To suppress the electrode effect, the complex elec-
tric modulus M* is used to explore and analyze the
dielectric spectra. The electric modulus M* has the
following form40,41:

M� ¼ 1

e�
¼ M0 þ iM00 (7)

M0ðxÞ ¼ e0ðxÞ
e0ðxÞ2 þ e00ðxÞ2 (8)

M00ðxÞ ¼ e00ðxÞ
e0ðxÞ2 þ e00ðxÞ2 (9)

Figure 8 shows M00(T) spectra obtained by trans-
forming the data of Figure 3(b) to M* formalism [eq.
(8)]. It is observed that PHB undergoes q-relaxation
process, which shifts to lower temperature with
increasing frequencies. Also, the peak values of M00

were found to be lower than the values of e’’ that
obtained from Figure 3(b). This indicates the re-
moval of the electrode polarization. It is also inter-
esting to note that q-relaxation process becomes evi-
dent only when the temperatures are higher than Tg

(285–291 K). At temperature higher than 370 K, a
growth in M00 with decreasing field frequency is
observed. Dc conduction alone will not affect the
behavior of M00. Another relaxation process must
have something to do with the mobilization of space
charges. It is assigned to MWS interfacial polariza-
tion process which originates from the created
charges by contact of different phases of different
charge conductivity. It can be suggested that the
intrinsic relaxation spectra of PHB samples are char-
acterized by a combination of an MWS process and
dc conductivity effect. In addition, the charge car-
riers which are trapped by the surrounding crystalli-
tes, accumulate at the interface and move through
the amorphous phase under the influence of an
applied field. The mobility of these charge carriers
should also increase with the increase of the temper-
ature so that the relaxation time becomes shorter.
The bulk conductivity in amorphous samples is
closely related to ion mobility. The behavior of the
trapped charge carriers should resemble those of the
global charge carriers which are responsible for bulk
conductivity.

Figure 7 The temperature dependence of the dielectric
relaxation strength (De) for PHB.

Figure 8 The variation of the dielectric modulus M00 as a
function of temperature at some fixed frequencies for
PHB.
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The frequency dependence of M00 is represented in
Figure 9. At f ¼ 316 kHz, a-relaxation process of
PHB is observed and shifted to higher frequencies
with increasing temperature. This peak contributes
to the conductivity as seen in Figure 4(b). The shifts
of the maximum M00 with temperature corresponds
to the conductivity current relaxation. At each tem-
perature, the region to the left of the conductivity
current relaxation peak (low frequency side) extends
to a long distance since the charge carriers are mo-
bile. On the other hand, the conductivity current
relaxation peak (high frequency side) does not move
to contribute to the conduction process because the
charge carriers are spatially confined to their poten-
tial wells.

The temperature dependence of ac conductivity
ln(r) of PHB is shown in Figure 10. Within the stud-
ied range of temperature, ln(r) exhibits two straight
regions; I at (303–357 K) and II at (400–454 K). The

behavior of ln(r) within these two regions can be
described according to the Arrhenius equation:

r ¼ ro exp � E

kT

� �
(10)

where ro is constant, and E is the activation energy.
The E values were calculated for PHB sample at dif-
ferent frequencies and listed in Table II. It is clear
that the values of lnr in both regions (I and II) were
found to increase with the increase of the field fre-
quency. This may be due to the increase of the
absorbed energy which leads to increase the number
of the charge carriers that contribute to the conduc-
tion process. Moreover, this reveals that the conduc-
tion mechanism could be a hopping one.42,43 Also,
the variation of the conductance with temperature is
due to a combined effect of a change in the conduct-
ance with temperature and the nature of the trap
distribution inside the matrix of PHB. It might indi-
cate that the conductance takes place via hopping of
carriers between randomly distributed trapping cen-
ters in amorphous and crystalline phases. From Ta-
ble II, one can recognize that the values of E vary
from 0.22 to 0.45 eV. Therefore, the conduction
mechanism is mainly electronic and partially ionic
as a result of bulk conduction with the different
phases that exist in PHB.

CONCLUSIONS

GC/MS and GPC analysis revealed that PHB pro-
duced from R. etli R13 was solely composed of 3-hy-
droxybutyric acid and PHB has a high molecular
weight to be used in different industrial applica-
tions. The dielectric behavior of PHB undergoes two
relaxation processes namely a and q. The first one is
attributed to the dipole relaxation inside the crystal-
line regions. The second one is the space-charge
transition which is due to the chain trapping at the
interfaces or MWS polarization within PHB. The
dielectric strength De of PHB was strongly

Figure 9 Variation of the dielectric modulus M00 as a
function of frequency at some fixed temperatures for PHB.

Figure 10 The temperature dependence of the ac conduc-
tivity, ln(r), for PHB at some selected frequencies.

TABLE II
The Calculated Values of the Activation Energy (E)

Based on the ac Conductivity of PHB

f (kHz) E (I) (eV) E (II) (eV)

1 0.76 0.30
10 0.20 0.30

100 0.23 0.86
300 0.45 0.45
500 0.45 0.45
700 0.45 0.14
900 0.45 0.23

2000 0.27 0.22
3000 0.31 0.20
4000 0.27 0.20
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temperature dependent. The Cole-Cole exponent c
shows that there is a distribution in the relaxation
times for PHB. The mean relaxation time s0 and fmax

of a-relaxation process verify Arrhenius type de-
pendence. The behavior of ac conductivity indicates
that, the conduction mechanism of PHB could be
hopping one.

The authors would like to sincerely thank Prof. Dr. A. Stein-
büchel (Westfälische Wilhelms Universität, Münster, Ger-
many) for GC/MS analysis.
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