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ABSTRACT: The effect of lignin fine powder, as a new
kind of nucleating agent, on the crystallization process of
poly(3-hydroxybutyrate) (PHB) was studied. The kinetics of
both isothermal and nonisothermal crystallization processes
from the melt for both pure PHB and PHB/lignin blend was
studied by means of differential scanning calorimetry. Lig-
nin shortened the crystallization half-time t1/2 for isothermal
crystallization. The activation energy �E for PHB/lignin and
pure PHB in the isothermal crystallization process was
�237.40 and �131.22 kJ/mol, respectively, clearly indicating
that the crystallization of the PHB/lignin blend was more
favorable than that of pure PHB from a thermodynamic
perspective. At the same time, according to polarized optical
microscopy, the rate of spherulitic growth from the melt

increased with the addition of lignin, which is ascribed to
the reduction of surface fold energy �e, that is, �e is 59.2
� 10�3 and 41.6 � 10�3 J m�2 for pure PHB and PHB/lignin,
respectively. Polarized optical microscopy also showed that
the spherulites found in PHB with lignin were smaller in
size and greater in number than those found in pure PHB.
The wide-angle X-ray diffraction indicated that an addition
of lignin caused no change in the crystal structure and
degree of crystallinity. These results indicated that lignin is
a good nucleating agent for the crystallization of PHB. © 2004
Wiley Periodicals, Inc. J Appl Polym Sci 94: 2466–2474, 2004
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INTRODUCTION

Poly(3-hydroxybutyrate) (PHB) is a naturally occur-
ring polymer synthesized by various kinds of bacte-
ria.1,2 Because of its biodegradability, it has attracted
much attention from not only biologists and chemists
but also environmentalists and medical researchers.1

However, the inherent brittleness impedes use of bac-
terial PHB as an engineering plastic.3

There are several possible causes of this brittleness.
Because bacterially synthesized PHB is a completely
isotactic stereoregular polyester, it has a high ten-
dency to crystallize. However, the nucleation density
of bacterial PHB is too low to initiate efficient crystal-
lization. As a result, it forms spherulites of extremely
large size.4 After the first-stage crystallization from the
melt of PHB, the secondary crystallization proceeds
slowly at ambient temperature. This is partly attrib-
uted to its low glass-transition temperature (� 5°C5).
The large-size spherulite and secondary crystallization
promote interspherulitic cracking during storage of
the polymer at room temperature, which is commonly
known to impair the mechanical properties of the
materials.4

Many studies have been devoted to modifying the
brittleness of PHB. Copolymerization6–11 and blend-
ing12–16 are used as common methods to overcome the
brittleness of PHB. Copolymerizing 3-hydroxybu-
tyrate with other hydroxyalkanoates, although it will
improve the tensibility of PHB, will sometimes retard
other preferable properties of PHB. For example,
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) has an
improved tensibility, but the modulus of the material
is sacrificed.17 Because of poor miscibility of PHB with
most polymers, blending PHB with other polymers
scarcely leads to satisfactory results.18–22

Considering the drawbacks of methods mentioned
above, modulation of crystallization behavior by a
nucleating agent has become a promising method of
improving the mechanical properties of PHB. By using
a nucleating agent, it is expected that the nucleation
density will increase and the size of spherulites will be
reduced, thus greatly improving the tensibility of
PHB, whereas the other desirable properties of PHB
are not significantly impaired. In this regard, most
materials used as nucleating agents are either inor-
ganic or organic molecules, such as talc, boron ni-
tride,23 and saccharin.13 Few works have reported
macromolecules as nucleating agents, especially bio-
degradable macromolecules.

Lignin is one of the most abundant naturally occur-
ring polymers and is obtained as a byproduct in the
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pulp and paper industry.24,25 Most of it is burned as an
energy source, but there are some other potential uses
for lignin, including applications as a filler or as a
prepolymer in several polymeric systems.26–28 The
present article reports on the thorough investigation of
the potential use of lignin as a nucleating agent of
PHB. Lignin powder, with fine particle size, was se-
lected because it meets several requirements as a nu-
cleating agent in that it possesses many polar func-
tional groups that can interact with PHB carbonyl and
it has no melting point with a high glass-transition
temperature.27,29,30

EXPERIMENTAL

Materials

The powder sample of biosynthesized isotactic PHB
(MW � 200,000, Lot No. 06314C1, Tm � 172°C; Aldrich
Chemical Co., Milwaukee, WI) was used as received.
The lignin sample, in the form of a fine powder (Va-
nillex HW; Lot No. 98105152; MW � 5000; average
particle diameter 1.54 �m), was kindly supplied by the
Nippon Paper Industries Co. Ltd. (Tokyo, Japan).

Preparation of PHB/lignin blend

The powders of dried lignin and PHB (1/99, w/w)
were manually mixed thoroughly. The powder mix-
ture was subsequently compression molded between
poly(tetrafluoroethylene) sheets, with an appropriate
spacer, for 3 min at 190°C under a pressure of 5 MPa,
using a Mini Test Press-10 (Toyoseiki, Tokyo, Japan),
followed by rapid cooling to room temperature be-
tween two iron plates. The blend samples (thickness:
0.2–0.3 mm) were aged at room temperature for 2
weeks before testing. For pure PHB films, PHB pow-
der was directly compression molded into fine film.

Differential scanning calorimetry (DSC) analysis

The isothermal crystallization of PHB and PHB/lignin
blend was studied by using a Pyris Diamond differ-
ential scanning calorimeter (DSC; Perkin Elmer Cetus
Instruments, Norwalk, CT) in a nitrogen atmosphere.
Calibration was carried out with an indium standard.
For the isothermal crystallization, the as-mixed PHB/
lignin samples were melted in the DSC cell at 190°C
for 2 min, and then cooled rapidly to selected temper-
ature for crystallization. During the isothermal crys-
tallization process, the enthalpy change of the speci-
men was measured as a function of time.

The cold crystallization of the specimen, which was
first melted at 190°C for 2 min and quickly quenched
to below �50°C by liquid nitrogen, was conducted in
the DSC cell at a heating rate of 10°C/min, on a Seiko
DSC-20 differential scanning calorimeter (Seiko In-

struments, Chiba, Japan) equipped with an SSC-580
thermal controller. The peak temperature, where the
DSC cold crystallization curve reached its maximum,
was taken as the cold crystallization temperature (Tcc).

The melt nonisothermal crystallization temperature
(Tmc) was measured through crystallization from the
melt on the Pyris Diamond DSC (Perkin–Elmer); the
as-mixed sample was directly heated to 190°C in the
DSC cell and held for 2 min, followed by cooling at a
rate of 10°C/min until completion of hot crystalliza-
tion. The peak temperature of the DSC melt crystalli-
zation curve was recorded as the Tmc.

Measurements of spherulitic growth rate by
polarized optical microscopy (POM)

Spherulitic growth rates were measured by POM with
an Olympus BX90 polarized microscope (Olympus,
Osaka, Japan) equipped with a Mettler (Württ, Ger-
many) FP82HT hot stage. The film samples were first
heated from room temperature to 190°C and melted
for 2 min. Subsequently, the samples were quenched
to a selected crystallization temperature (Tc) and crys-
tallized isothermally at Tc. Spherulitic radius of all the
samples increased linearly with time. The value of
spherulitic growth rate (G) was taken as the slope of
the line obtained by plotting the spherulitic radius as
a function of time.

Wide-angle X-ray diffraction (WAXD)

WAXD patterns were recorded in an incidence angle �
range of 5–55° at a scanning speed of 1°/min on an
RU-200 X-ray diffractometer (Rigaku, Tokyo, Japan) at
40 kV/200 mA. The nickel-filtered Cu–K� X-ray radi-
ation (� � 0.15418 nm) was used as the source. The
degree of crystallinity was estimated according to the
method of Vonk.31

RESULTS AND DISCUSSION

Isothermal crystallization

The isothermal crystallization of polymers can be de-
scribed by an Avrami equation. The relative degree of
crystallinity Xrel at time t is given by32

Xrel �
Xc�t�
Xc���

� �
0

tdH�t�
dt dt/�

0

�dH�t�
dt (1)

where Xc(t) and Xc(�) are the degree of crystallinity at
time t and that at the end of crystallization, respec-
tively; dH(t)/dt is the rate of heat flow in the process of
isothermal crystallization at time t. The time t was
measured from the moment when the sample was
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cooled to the appropriate crystallization temperature.
Xrel can be obtained from the expression32,33

1 � Xrel � exp�Ktn� (2)

Here n is the Avrami exponent, which is determined
by the mode of crystal nucleation and the crystal
growth geometry in the actual circumstance, and K is
the parameter of isothermal crystallization rate. Tak-
ing a double logarithm of eq. (2) gives

log	 � ln�1 � Xrel�
 � n log t � log K (3)

The plot of log[�ln(1 � Xrel)] against log t gives a
straight line, whose slope is n and intercept on the
ordinate is log K. In the experiments of isothermal
crystallization at time t, dH(t)/dt, was recorded and
then integrated against time t to give the values of
Xc(t) and Xc(�).

When Xrel � 0.5 in eq. (3), the half crystallization
time t1/2, which is the time taken for 50% of total
volume crystallization, is

t1/2 � � ln 2
K �1/n

(4)

Plots of log[�ln(1 � Xrel)] versus log t are shown in
Figure 1. Each curve shows an initial linear portion in
an early stage of crystallization and a later tendency to
level off because of secondary crystallization.34,35 The
secondary stage is generally considered as the result of
slower crystallization, crystal perfection, and/or
spherulitic impingement in the later stage of crystalli-
zation process. In PHB samples, the secondary crys-
tallization is mainly caused by the spherulitic im-
pingement, which indicates that the form of crystal
growth transformed from the primary crystallization
into the secondary one. This secondary crystallization
occurs in the interior of the dendrite or spherulite and
fills in the void developed in the crystal. If the second-
ary crystallization is not completed, the product will
continue to crystallize in the course of further uses, so
to keep the shape and size of the PHB material stable
during further use, it is very important to anneal the
material under the temperature at which the crystal-
lization rate becomes maximum for a sufficient length
of time.

Also, for a given PHB sample, all the curves of the
isothermal kinetics are almost parallel with each other.
This indicates that the crystallization mechanism for
the samples, at different crystallization temperatures,
is the same. The values of n and K were determined
from the initial linear portion in Figure 1 and are listed
in Table I. The Avrami exponent n of PHB in the blend
with lignin is between 2 and 3. According to the
Avrami equation, in the ideal state of nucleated crys-
tallization for three-dimensional crystallization

growth, the n value should be exactly 3.32 In the actual
process of crystal growth, however, the practical cir-
cumstance cannot satisfy the ideal state that the
Avrami equation is supposed to have, causing the
deviation of the n value from 3. For both pure PHB
and PHB in the PHB/lignin blend, depression of the n
value is probably attributable to the existence of ather-
mal crystallization during the crystallization process.
For the pure PHB sample, the value of K increases
with decreasing crystallization temperature, whereas
the t1/2 value increases with increasing temperature.
These results indicate that with increasing crystalliza-
tion temperature, the crystallization rate decreases. It
can be explained by the fact that melt crystallization
exhibits the temperature dependency that is character-
istic of nucleation-controlled crystallization associated
with the proximity of Tm. A comparison of the K and
t1/2 values in pure PHB and in the PHB/lignin blend
PHB, at the same crystallization temperature (114°C),
shows that the K value of pure PHB is less than that of
PHB in the blend with lignin, whereas the t1/2 value
shows the opposite trend, indicating that the crystal-
lization rate of PHB in the blend with lignin is faster

Figure 1 Isothermal kinetic curves for (A) pure PHB, (B)
PHB/lignin (99/1) blend.
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than that of pure PHB at the same crystallization
temperature.

Activation energy for isothermal crystallization (�E)

Given that the crystallization process for PHB is as-
sumed to be thermally activated, the crystallization
rate constant K can be approximately described by the
following Arrhenius form36:

K1/n � K0exp� � �E/RTc� (5)

1
n ln K � ln K0 �

�E
RTc

where K0 is a temperature-independent preexponen-
tial factor, R is the gas constant, and �E is the activa-
tion energy of crystallization. �E can be determined as
the slope coefficient by plotting (1/n)ln K against l/Tc

(Fig. 2). The value of �E for the primary crystallization
process was found to be �131.22 kJ/mol for pure PHB
and �237.40 kJ/mol for PHB in the blend with lignin.
Because the energy should be released while trans-

forming the molten fluid into the crystalline state, the
sign of the �E value is negative. It is obvious that the
crystallization of PHB in the lignin blend is promoted
to a greater degree than that of pure PHB from a
thermodynamic perspective because the former re-
leases much more energy than the latter. This confirms
that the introduction of lignin substantially increases
the crystallization rate of PHB.

Nonisothermal crystallization

The melt nonisothermal and cold crystallization tem-
perature Tmc and Tcc, during dynamic cooling, are
indirect measures of the crystallization rate. Usually, a
lower Tcc indicates faster crystallization, whereas a
lower Tmc indicates slower crystallization. Tcc and Tmc

of pure PHB and PHB in the lignin blend were deter-
mined by DSC, and the results are shown in Figure 3.
The Tmc and Tcc values of PHB samples shift to higher
and lower temperatures, respectively, in the presence
of lignin, whereas Tg values did not change. The in-
crease in Tmc and the decrease in Tcc indicate that the
addition of lignin significantly accelerates the crystal-
lization of PHB, not only in the high-temperature re-
gion but also in the low-temperature region. At the
same time, the crystallization peak of PHB in the blend
with lignin became much sharper than those of pure
PHB. Thus, it can be concluded that lignin could act as
an effective nucleating agent for PHB.

The melt nonisothermal crystallization exotherms of
PHB in the blend with lignin are presented in Figure 4.
It can be seen that the peak temperature Tmc shifts to a
lower-temperature region as the cooling rate � in-
creases. The relative crystallinity Xt, as a function of
crystallization temperature, is defined as

Xt �

�
T0

T�dHc

dT �dT

�
T0

T��dHc

dT �dT

(6)

TABLE I
Values of Avrami Parameters n, K, and t1/2 for Isothermal Crystallization of PHB in the Pure State

and in the PHB/Lignin (99/1) Blend

Sample Tc (°C) n K (min�n) t1/2 (min)

Pure PHB 106 2.07 � 0.02 0.414 � 0.001 1.28 � 0.01
108 2.26 � 0.03 0.176 � 0.001 1.83 � 0.02
110 2.28 � 0.02 0.146 � 0.001 1.98 � 0.01
112 2.27 � 0.01 0.103 � 0.002 2.31 � 0.01
114 2.44 � 0.01 0.032 � 0.002 3.51 � 0.01

PHB/lignin (99/1) blend 114 2.22 � 0.02 0.471 � 0.001 1.19 � 0.01
116 2.41 � 0.02 0.200 � 0.001 1.68 � 0.01
118 2.49 � 0.01 0.124 � 0.001 2.00 � 0.01
120 2.58 � 0.01 0.054 � 0.001 2.68 � 0.01
122 2.65 � 0.01 0.023 � 0.001 3.63 � 0.01

Figure 2 Plots of (1/n)ln K versus 1/Tc for Avrami param-
eter K deduced from isothermal crystallization for pure PHB
and PHB–lignin blend.
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where T0 and T� represent temperatures at the onset
and the end of crystallization, respectively. During the
melt nonisothermal crystallization process, the rela-
tion between crystallization time t and the corre-
sponding temperature T is given by

t �
T0 � T

�
(7)

According to eq. (6), the temperature-dependent rela-
tive crystallinity can be transformed into the time-
dependent relative crystallinity.

Most methods for describing the melt nonisother-
mal crystallization kinetics are again based on a mod-
ified Avrami equation,32,37 which assumes that the
relative degree of crystallinity develops with crystal-
lization time t, as follows:

1 � Xt � exp� � Zttn� (8)

where the exponent n is a mechanism constant, de-
pending on the type of nucleation and the growth
process; and Zt is a composite rate constant involving

both nucleation and growth rate parameters. Consid-
ering the nonisothermal character of the process in-
vestigated, Jeziorny38 pointed out that the value of Zt

should be adequately corrected. The factor to be con-
sidered is the cooling rate �. The final form of the
parameter, characterizing the kinetics of melt noniso-
thermal crystallization, is given as follows:

log Zc �
log Zt

�
(9)

By using eq. (8), the values of log[�ln(1 � Xt)] are
plotted against log t for both PHB samples, as shown
in Figure 5. Just the same as in isothermal crystalliza-
tion, each curve shows an initial linear portion and
subsequently tends to level off. The latter is attributed
to the secondary crystallization caused by the spheru-
litic impingement in the later stages of crystallization
process, as mentioned in the isothermal kinetic anal-
ysis. From the slope and the intercept of the linear part
of the lines in Figure 5, the Avrami index n and rate
constant Zc, for both pure PHB and PHB in the blend
with lignin, can be determined. The half-time t1/2 for
crystallization was obtained by an equation similar to
eq. (4). All the data are listed in Table II. The values of
n for melt nonisothermal crystallization are higher
than those for isothermal crystallization (stated above)
for both kinds of PHB samples. As known, the Avrami
equation assumes that, during the crystallization pro-
cess, the nucleation rate remains constant, although
the nucleation rate during crystallization is actually
temperature dependent. When the sample undergoes
an isothermal crystallization, the nucleation rate re-
mains constant, although when the sample undergoes
a melt nonisothermal crystallization, it is no longer
constant. So, higher values of n for the melt noniso-
thermal crystallization are attributed to much more
complicated processes occurring during the melt
nonisothermal crystallization. In addition, the values

Figure 4 Nonisothermal crystallization DSC curves of PH-
B–lignin blend at various cooling rates of 2–40°C/min.

Figure 3 DSC cooling and heating curves of pure PHB and
PHB–lignin blend samples: (A) cooling rate: �10°C/min (B)
heating rate: 10°C/min.
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of half-time in the melt nonisothermal crystallization
process did not show regular results as in the isother-
mal process. This is probably a result of different
crystallization temperature ranges for pure PHB and
the PHB/lignin blend in the melt nonisothermal crys-
tallization process at a given cooling rate. The temper-
ature range of the crystallization of the PHB/lignin

blend is located at a much higher region than that of
pure PHB, at a given cooling rate, as indicated in
Figure 3(A).

Growth rate analysis and nucleation density of
spherulites

The spherulitic growth rate (G) of PHB was measured
as a function of isothermal crystallization tempera-
ture. The diameter of the PHB spherulite increases
linearly with increasing time. As shown in Figure 6,
with increasing temperature, the isothermal growth
rate of both kinds of PHB samples first increases,
reaches a maximum, and then decreases. This can be
explained by the model of spherulitic growth pro-
posed by Keith and Padden.39 The G value first in-
creases with the temperature because, in this temper-
ature range, spherulitic growth is under the control of
segmental diffusion. The following decrease of G
value is attributed to a change of the dominant factor
controlling spherulitic growth from a segmental dif-
fusional control to a nucleus formation control in the
higher-temperature region. Figure 6 also shows that

Figure 5 Nonisothermal kinetics curves for (A) pure PHB
and (B) PHB–lignin blend obtained at various cooling rates
of 2–40°C/min.

TABLE II
Values of Avrami Parameters n, Zc, and t1/2 for Melt Nonisothermal Crystallization of PHB

in the Pure State and in the PHB/Lignin (99/1) Blend

Sample
�

(°C/min) n Zc (min�n) t1/2 (min)

Pure PHB 2 4.16 � 0.01 0.013 � 0.001 2.58 � 0.02
5 3.89 � 0.01 0.349 � 0.001 1.19 � 0.01

10 4.08 � 0.01 0.697 � 0.001 1.00 � 0.01
20 3.78 � 0.01 0.932 � 0.001 0.93 � 0.01
40 4.22 � 0.01 0.991 � 0.001 0.90 � 0.01

PHB/lignin (99/1) blend 2 4.14 � 0.01 0.032 � 0.001 2.10 � 0.02
5 5.09 � 0.01 0.339 � 0.001 1.15 � 0.01

10 5.63 � 0.01 0.690 � 0.001 1.00 � 0.01
20 6.02 � 0.01 0.914 � 0.001 0.96 � 0.01
40 6.40 � 0.02 1.007 � 0.001 0.94 � 0.01

Figure 6 Spherulitic growth rate at various crystallization
temperatures for both pure PHB and PHB–lignin blend.
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the maximum spherulitic growth rate of PHB in the
blend with lignin is higher than that of pure PHB and
it shifts to a higher crystallization temperature region.
This observation can be explained by the occurrence of
increased nucleation ability by the introduction of lig-
nin.

According to Hoffman’s nucleation theory of iso-
thermal crystallization, the dependency of growth rate
G on the crystallization temperature Tc and on the
excessive cooling degree, �T � T°m � Tc, is described
by the following equation40:

G � G0exp� �
U*

R�Tc � T���exp� �
Kg

fTc�T� (10)

where G0 is a preexponential factor not strongly de-
pendent on the temperature; R is the gas constant; T�

is a theoretical temperature at which all motion asso-
ciated with viscous flow ceases (T� � Tg � C; C
� constant); T°m is the equilibrium melting tempera-
ture, at which the polymer chains in the crystalline
region gain motion and the crystals begin to soften;
and f is the correction factor for temperature depen-
dency of heat of fusion and is written as f � 2Tc/(T°m
 Tc).

U* is the activation energy of the polymer segments
transporting to the crystal front through the subcooled
melt, which can be calculated with the Williams–Lan-
del–Ferry relation41

U* �
C1Tc

C2 � Tc � Tg
(11)

where C1 and C2 are constants (generally assumed to
be 4120 cal/mol and 51.6 K, respectively).42

Kg is a nucleation constant for a given growth re-
gime, which is given as43

Kg �
nb0��eTm

°

�H°k (12)

where b0 is the thickness of a monomolecular layer,
and � and �e are the lateral and the fold surface free
energies, respectively. �H° is the heat of fusion of
completely crystalline PHB and k is the Boltzmann
constant. According to the Hoffman–Lauritzen theory,
the value of n depends on the regime of crystalliza-
tion. The n value is 4, when Tc values lie in regime I
(lower �T) or regime III (higher �T), and is 2 for the
regime II growth process (medium �T).

A plot of ln G  U*/[R(Tc � T�)] versus (1/Tc� f
� �T) with T°m value (470 K) and U* � 10,250 J/mol,
obtained from the result reported by Barham et al.,44

shows straight lines for neat PHB and PHB in the
blend with lignin. The results are shown in Figure 7.
The values of Kg, calculated from the slopes, are listed
in Table III, from which it is seen that the value of Kg

of neat PHB was greater than that of the PHB/lignin
blend. The nucleation constant Kg represents the free
energy necessary to form a nucleus of critical size, so
it can be concluded that PHB in the blend with lignin
needs less energy to form the nucleus of critical size.

Barham et al.44 found that the n value of neat PHB
was 4 and its isothermal crystallization behavior was
assigned to regime III. The crystallization of PHB in
the blend with lignin was considered to occur in re-
gime III. This result is similar to results previously
reported by Liu et al.45 Using the empirical relation,46

� � ��Hf�a0b0�
1/2 (13)

and eq. (12), �e can be calculated. Here, � is an empir-
ically determined constant. Taking � � 0.25 for high-
melting polyesters, and using the values of a0 � 6.6 Å,
b0 � 5.8 Å, and �Hf � 1.85 � 108 J m�3,47 the � value
is estimated to be 28.6 � 10�3 J m�2. Thus, the �e value
is calculated as 59.2 � 10�3 J m�2 for neat PHB, which
agrees fairly well with the reported value 58.7 � 10�3

J m�2.48 Using the same values, � � 0.25, a0 � 6.6, b0
� 5.8, and �Hf � 1.85 � 108 for PHB in the blend with
lignin, the �e value was calculated to be 41.6 � 10�3 for
PHB in the blend with lignin, indicating a decrease in
the �e value by adding lignin. A decrease of surface
free energy indicates that lignin provides a surface

Figure 7 Lauritzen–Hoffman plot for PHB and PHB–lignin
blend.

TABLE III
Values of Kg and �e

Sample Kg (105 K2) �e (10�3 J m�2)

Pure PHB 6.94 � 0.22 59.2 � 1.8
PHB–lignin 4.87 � 0.18 41.6 � 1.5
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that reduces the free energy barrier to primary nucle-
ation of PHB. Figure 8 shows the polarized optical
microphotographs for PHB samples crystallized at Tc

� 110°C. The spherulites of neat PHB are larger in size
and smaller in numbers than those of PHB/lignin
blend. These results prove that, as a nucleating agent,
lignin not only reduces the energy barrier for PHB
crystallization but also increases the nucleation den-
sity. This might be explained by a heterogeneous nu-
cleation initiated with the introduction of lignin into
PHB. The PHB segment has the ability to form hydro-
gen bonds with lignin polar groups.27,30 These hydro-
gen-bonded PHB segments may act as the true nucle-
ating agent to initiate nucleation. Heterogeneous nu-
cleation decreases the surface energy barrier and
increases the nucleation density for PHB crystalliza-
tion. It is therefore natural that the crystallization rate
of PHB increases with the introduction of lignin par-
ticle into PHB.

Crystalline structure and crystallinity

Figure 9 shows the WAXD patterns of both kinds of
PHB samples. The WAXD pattern of neat PHB is

similar to that of PHB in the blend with lignin, indi-
cating that there is no crystalline structural change
with the introduction of lignin into PHB. The degrees
of crystallinity of PHB determined from the WAXD
are 63 and 61% for neat PHB and PHB in the blend
with lignin, respectively, indicating no noticeable
change in crystallinity with the introduction of lignin
and, thus, the introduction of lignin as a nucleating
agent will not change the crystalline structure as well
as the crystallinity of PHB.

CONCLUSION

In this work, the effect of lignin on the crystallization
of PHB was studied. It was found that lignin particles
constitute a good nucleating agent for PHB.

DSC data showed that, with the introduction of
lignin, the crystallization peak temperature increased
in the nonisothermal melt-crystallization process and
decreased in the cold-crystallization process, and that
the half-crystallization time for the isothermal crystal-
lization is shortened. According to the POM observa-
tion, the spherulitic growth rate, the maximum
spherulitic growth temperature, and the nucleation
density increased with the introduction of lignin. Fur-
ther X-ray studies showed that the crystalline struc-
ture and crystallinity did not change with the addition
of lignin.

For the nonisothermal crystallization, lignin parti-
cles decreased the nucleus formation barrier energy in
the high crystallization region and increased the PHB
segmental mobility in the low-temperature region.
The deduced surface fold energy �e, 59.2 � 10�3 and
41.6 � 10�3 J m�2 for neat PHB and PHB in the blend
with lignin, respectively, and increased nucleation
density supported the conclusion that lignin acted as a
good nucleating agent for PHB. PHB segments can
form hydrogen bonds with lignin polar groups and
these hydrogen-bonded PHB segments may initiate
heterogeneous nucleation in the crystallization pro-

Figure 9 Wide-angle X-ray diffraction patterns for pure
PHB and PHB–lignin blend.

Figure 8 Polarized optical microphotographs of (A) pure
PHB and (B) PHB–lignin blend isothermally crystallized at
110°C.
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cess of PHB. Lignin is one of the most abundant nat-
urally occurring polymers, and is obtained as a by-
product in the pulp and paper industry, which makes
it very cheap to use. Moreover, it is biodegradable and
safe to the environment, thus making lignin a prom-
ising nucleating agent.
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