Applied Polymer

SCIENCE

Influence of Amorphous Alkaline Lignin on the Crystallization Behavior
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ABSTRACT: Bacterial polyester poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and alkaline lignin composites were prepared
via melt processing method, and the influence of amorphous lignin on the crystallization behavior and thermal properties of PHBV
were investigated. It was found that dual melting peaks appeared in DSC curves of PHBV/lignin composites, while only one single
peak existed in PHBV. The non-isothermal crystallization process analyzed by Jeziorny method suggested that lignin changed the
nucleation mode of composites and hindered the crystallization rate of PHBV. Data calculated from the results of WAXD demon-
strated that lignin did not change the basic crystal structure of PHBV, but decreased the average size of the lamellar stacks. POM
results confirmed that the effect of lignin on the crystallization behavior of PHBV carried out in two opposite way, namely the
enhanced effect of nucleation and the hindered effect of growth. Besides, the thermal stability of composites was also decreased signif-
icantly. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41325.
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INTRODUCTION

Due to the environmental pollution and the shortage of petro-
leum resources, the design of polymer and composites has been
focused on the field based on renewable natural resources. Sev-
eral biodegradable polymers have been developed from renew-
able substances in the past decades. Among these polymers,
bacterial polyester polyhydroxyalkanoates (PHAs) have received
a great deal of interest owing to the fact that they are full biode-
gradable and biosynthetic polymers.' The earliest discovered
and most extensively studied polymer in PHAs family is
poly(3-hydroxybutyrate) (PHB). However, the application of
PHB is relatively limited due to its brittleness and low degrada-
tion rate caused by its high crystallinity (>90%). To solve this
problem, 3-hydroxyvalerate (HV) unit is introduced into PHB
chains to form PHBV via fermentation.” The properties of
PHBYV are related to the ratio of HV in PHBV. Normally, it is
hard to synthesis PHBV with high HV content by microorgan-
isms. Besides, PHBV is found to have a very low degree of het-
erogeneous nucleation density due to the high purity, leading to
the formation of large spherulites with circular breaks around
the center and cracks in the radial direction of the spherulites.>*
Therefore, the application of commercial available PHBV is hin-
dered by the high cost, as well as the high brittleness caused by
low nucleation density and large spherulites.

© 2014 Wiley Periodicals, Inc.
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Numerous efforts have been made to change this situation.
Among them, the incorporation of other functional additives
into the polymer matrix to form composites has received more
and more attention, especially the incorporation of micro/nano-
particles. The effects of micro/nanoparticles on the crystalliza-
tion and mechanical behaviors of composites have been
investigated extensively, including the inorganic particles®® and
organic particles.”™"* In recent years, an increasing interest has
been given to the preparation and property studies of full bio-
degradable composites containing micro/nanoparticles. Ten
et al. studied the thermal and mechanical properties of PHBV/
cellulose nanowhiskers (CNW) composites and found that
CNW was an effective nucleation agent for PHBV.” Tensile
strength, Young’s modulus and toughness of PHBV were
increased with the increasing concentration of CNW. The
authors also suggested that the improvement of mechanical
properties of PHBV could be attributed to the strong interac-
tions between PHBV and CNW phases. Nattaporn et al further
studied the interactions between OH groups in cellulose acetate
butyrate and C=0 groups in PHB."?

In our previous work, we found that amorphous thermoplastic
polyurethane destroyed the integrity of PHBV spherulites,
which was good for the improvement of toughness.'* Based on
the above evidences, we suppose that amorphous micro/
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nanoparticles with some interactional groups could enhance the
nucleation density of PHBV and destroy the integrity of PHBV
spherulites at the same time. The ideal candidate of amorphous
micro/nanoparticles is lignin powder. Together with cellulose
and hemicellulose, lignin is one of the main constituents of
wood."” It is generally obtained as a byproduct in the paper
production. As a low-density, low-abrasive and low-cost mate-
rial, lignin shows a fascinating prospect to replace the inorganic
fillers in the use of filler.'®"”

To the best of our knowledge, very little work has been reported
about the composites of PHBV/lignin and the interactions
between them, needless to say the effects of alkaline lignin on
the crystallization behavior and thermal properties of
PHBV.'®" In this study, we prepared PHBV/lignin composites
with different lignin contents from 1 wt % to 10 wt % by melt
blending. The crystallization behavior, basic crystal structure
and the interactions between PHBV and lignin were intensively
studied. We hope that this study will give a clue on the influ-
ence of the amorphous alkaline lignin on the crystallization
behavior and thermal properties of the bacterial polyester.

EXPERIMENTAL

Materials

Commercial PHBV (Mw = 2.67X10°, HV = 1.09 mol %) was
kindly supplied by Ningbo Tianan Biologic Material Co., Ltd
(Ningbo, China). Alkaline lignin was purchased from TCI
(Shanghai, China). The content of methoxyl group and ignition
residue of alkaline lignin was 10.0-12.0% and 20.0-29.0%,
respectively. All materials were used as received without further
purification.

Sample Preparation

PHBV powders and alkaline lignin powders were dried under
vacuum for 24 h at 80°C prior to melt processing to get rid of
moisture. The melt blending process was carried out in a Haake
Rheocord 90 batch mixer equipped with a pair of roller-type
blades. The contents of lignin were 1, 3, 5, and 10% of the total
weight, respectively. The roller speed and temperature were
maintained at 40 rpm and 165°C, and the process time was 4
min. The neat PHBV sample was also processed under the same
condition for comparison. All samples were dried under vac-
uum for 24 h at 80°C before testing.

Measurements and Characterization

Differential Scanning Calorimetry. DSC analysis was per-
formed on DSC instrument (TA Instruments, Q20) to deter-
mine the melting and crystallization behaviors of PHBV/lignin
composites. Samples with weight of about 8 mg were first
heated to 190°C and kept isothermal for 2 min at 190°C to
eliminate the thermal history of composites, then cooled down
to —50°C and reheated to 190°C. The heating rate was 10°C/
min, and the cooling rate were 2.5°C/min, 5°C/min, 10°C/min,
20°C/min, and 40°C/min, respectively.

Wide Angle X-ray Diffraction. WAXD experiments were per-
formed on a Rigaku d/Max-2550 PC X-ray diffractometer to
determine the crystal parameters and crystallinity of composites.
Diffraction patterns were recorded at room temperature with

Mnh\"‘lfi‘.'} WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

41325 (2 of 9)

Applied Polymer

CIENCE

Table I. The Calculated Crystallinity and DSC Thermal Data of PHBV/
Lignin Composites

PHBV/Lignin Ty °C) Tz (°C) AHi(J g™ X. (%) T, (C)
100/0 170.7 - 89.4 61.0 929
99/1 1715 1735 926 638 875
97/3 1641 1714 913 642 902
95/5 1542 165.7 89.9 646 831
90/10 1444 1584 856 649 769

the 20 range of 5-60° and scanning rate of 2°/min. The wave-
length (1) of irradiation source was 1.541 A.

Polarizing Optical Microscopy. Spherulites morphology of
PHBV/lignin composites was observed using a polarizing optical
microscope (POM) (DM2500P) equipped with a temperature
controller. Fach sample was sandwiched between two thin glass
sides, kept at 190°C for 2 min on hot stage, and then cooled
down to 85°C at a rate of 100°C/min. The growth of spherulites
as a function of time was recorded by taking photographs at
constant time intervals.

Thermogravimetric Analysis. TGA was performed on Netzsch
(TG 209 F1 Iris) thermogravimetric analyzer to study the ther-
mal stability of PHBV/lignin composites. Samples with the
weight of 5-10 mg were heated from 30°C to 600°C with a
heating rate of 10°C/min under a continuous nitrogen flow of
30 mL/min.

RESULTS AND DISCUSSION

Melting and Crystallization Behavior of PHBV/Lignin
Composites

DSC test was used to study the influence of amorphous alkaline
lignin on the melting behavior and crystallization process of
PHBYV, and the thermal data are listed in Table I. Thermograms
of the second melting behavior are illustrated in Figure 1. Only
one single melting peak was observed in neat PHBV matrix.
However, dual melting peaks appeared in PHBV/lignin compo-
sites when lignin was incorporated. It was noted that the low-
temperature peak (T,,) was the main peak for pure PHBYV,
while the area of high-temperature peak (7,,,) became larger
with increasing amount of lignin in the PHBV/lignin compo-
sites. This can be explained that T,,; is probably related to the
homogeneous nucleation of PHBV, while T,, is probably
related to the heterogeneous nucleation of PHBV. Because of
the nucleation effect of lignin powder, much more crystalline
nuclei were produced in the PHBV/lignin composites compared
with that in PHBV. Therefore, the high-temperature melting
peak became larger, while the low-temperature peak was
suppressed with the addition of lignin. Similar phenomenon
has been observed in PHBV/organophilic montmorillonite
nanocomposites.*’

The non-isothermal crystallization behavior of PHBV/lignin
composites is shown in Figure 2. It was found that the crystalli-
zation peak temperatures T, showed a decrease trend with the
addition of lignin, suggesting that the addition of lignin affected
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Figure 1. The melting behavior of PHBV/lignin composites. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]

the crystallization process of PHBV. The crystallization process
of PHBV was influenced by lignin powder in two opposite
ways. On one hand, the lignin powder acted as a kind of nucle-
ating agent in PHBV matrix, which increased the nucleation
density, as well as the crystallization process of composites. On
the other hand, the existence of lignin restricted the motion of
PHBV chains owing to the hydrogen bonding interactions
between the hydroxyl groups in lignin and ester groups in
PHBV.*' Thus, the crystallization temperature would decrease
when the effect of interactions was greater than that of nuclea-
tion. In addition, both the melting and crystallization peaks of
PHBV/lignin composites were wider than that of PHBV, indi-
cating that the crystal size distribution in PHBV/lignin compo-
sites was broader than that in PHBV.** Besides, the degree of
crystallinity (X,) was also calculated by following equation to
examine the changes caused by the addition of lignin:**

AH;

X=—"—"7
‘ (1 _wLignin)AH)(r)

X100% (1)
where X, is the degree of crystallinity for PHBV and its compo-
sites, Wpignin i the weight fraction of lignin, AH is the meas-
ured heat of melting and AH? is the heat of fusion of 100%
crystalline PHBV. Considering the low HV content in PHBV in
our study, AHf0 is chosen as 146.6 J g~ ' for PHB.** The calcu-
lated crystallinity is also listed in Table I. It was found that the
crystallinity of PHBV/lignin composites was increased with the
addition of lignin powder, suggesting an enhanced nucleation
effect of lignin powder.

To further investigate the effect of lignin on the crystallization
behavior of PHBYV, the non-isothermal crystallization kinetics of
PHBV and its composites were analyzed by using Jeziorny method
to give more detailed information.” Jeziorny method is a modi-
fied Avrami equation, which is applied to the non-isothermal
crystallization process. In this method, data are analyzed by treat-
ing non-isothermal crystallization process as isothermal crystalli-
zation process, and then revised by corresponding parameters.
The revised equation can be described as follows:

1-X,=exp(—2; - t") or lg{—In[1—X;]} =nlgt+lgZ, (2)
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Temperature ('C)
Figure 2. The cooling crystallization behavior of PHBV/lignin composites.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]

where ¢ is the crystallization time, X; is the relative degree of
crystallinity, which is determined by means of the following

equation:*®
t(dH >~ (dH
el )/

n is the Avrami exponent, Z; is the rate constant during the
non-isothermal crystallization process. Taking the cooling rate
(Q) into consideration, Z. is introduced to reflect more accurate
rate constant. It can be expressed as follows:

lgZ.=(1gZ:)/Q (4)

The parameters n and Z. depend on the nucleation mechanism
and growth geometry of composites. The plots of X; versus t
for PHBV and PHBV/3% lignin composites at different cooling
rates are shown in Figure 3(a,b), respectively. The initial crystal-
lization temperature (T;), crystallization peak temperature (T,),
crystallization enthalpy (AH,), as well as the half-time of crys-
tallization (#y,,) defined as the time required to attain half of
the final crystallinity are listed in Table II. It was found that T;
T, AH. and t;,, were decreased with the increase of cooling
rate for both PHBV and PHBV/3% lignin composites. In lower
cooling rate, PHBV molecular chains have enough time for
crystallization, and the crystal size is relatively big, leading to
the higher T}, T,, AH, and a longer t,/,. Compared with PHBV
at different cooling rate, the T, T,, and AH, of PHBV/3% lignin
composites showed a decreased trend while the ¢, showed an
increased trend with the addition of lignin. This phenomenon
can be explained that when lignin was added to PHBYV, the
motion of PHBV chains were restricted due to the hydrogen
bonding interactions between PHBV and lignin,*' leading to the
delay of crystallization process. Besides, the appearance of lignin
destroyed the integrity of PHBV crystals as well as decreased the
size of PHBV crystal.

Figure 4(a,b) are the double logarithmic plots of the Avrami
analysis based on eq. (2) for PHBV and PHBV/3% lignin com-
posites, respectively. At early crystallization process, both the
curves of PHBV and PHBV/3% lignin composites were

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41325

Applied Polymer -


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

WILEYONLINELIBRARY.COM/APP

(b)mo =

Applied Polymer

g0l 80+
sol 60 |
- )
S —=—-2.5C/min e [—e—-2.5CHmi
£ < 225/
» 40 —a—-5C/min # 40 +.§T‘/m?;.n
—4—-10C/min —-—-l(li,‘lmin
20l —v—lig:,fmin 20 —+—-20'C/min
| —+—-40'C/min | —+—-40"C/min |
0 L L " 0 2 N L a
0 2 4 6 8 10 0 2 4 6 8 10 12
t(min) {(min)

Figure 3. X, as a function of t for PHBV (a) and PHBV/3% lignin composite (b). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com. ]

presented favorable linear relationship. Avrami exponent n val-
ues and crystallization rate constant Z. values can be obtained
from the slope and intercept of these linear curves in this stage.
As described in Table II, the Avrami exponent n of PHBV and
its composites were kept around 3. In general, n=3 corre-
sponds to two kinds of possible crystallization mechanisms,
namely the three-dimensional growth combined with heteroge-
neous nucleation and the two-dimensional growth combined
with homogeneous nucleation.”® It is generally accepted that
PHBV melts are inclined to undergo homogeneous nucleation.”’”
Therefore, the crystallization mode of PHBV might correspond
to the two-dimensional growth. Similar conclusion that the
spherulites’ growth does not completely follow the spherulitic
propagation has been reported elsewhere.”® In PHBV/3% lignin
composites, lignin powder provided many nucleating sites, and
the nucleation occurred on the surface of lignin. As a result, the
crystallization mode of PHBV changed to the three-dimensional
spherulitic growth grounded on lignin nuclei.”* Thus, although
the values of n were almost the same for PHBV and its compo-
sites, the crystallization mechanisms were quite different. More-
over, the values of calculated Z,. for PHBV/3% lignin showed a
decreased trend compared with these of PHBV at different cool-
ing rate, which further confirmed the hindered effect of lignin
on the crystallization rate of PHBV. From Figure 4(a,b), we can
also find that the Avrami curves turned out to be nonlinear at
later crystallization process, which was mainly caused by the
impinging of PHBV spherulites.

Crystal Structure of PHBV/Lignin Composites

It has been reported that PHBV exhibits an unusual phenom-
enon of isodimorphism and it crystallizes in PHB unit cell
when the content of HV is lower than 30 mol %.’>*' From
WAXD patterns of PHBV/lignin composites shown in Figure 5,
we can see clearly that only characteristic diffraction peaks of
PHB type lattice existed in both PHBV and its composites, indi-
cating that the basic crystal structure of PHBV was not changed
by the incorporation of lignin. The d-spacing (dji) of the
(020), (110), and (002) diffractions, as well as the average size
of the lamellar stacks (Hjy) perpendicular to the (020), (110),
and (002) lattice planes were calculated by Bragg’s equation and
Scherrer formula. According to the Bragg’s equation:

)L
2 sin Hhkl

dpa= (5)
where 0 is the X-ray diffraction angle and A is the wavelength.
The calculated results are given in Table III. No obvious change
was observed among the d-space of PHBV and its composites,
suggesting that the parameters of PHBV unit cell were not influ-
enced by the addition of lignin. The average size of the lamellar
stacks was determined by the Scherrer formula.
Ka KA

LS.

Bria €08 b Fwnm - 155

Hpg= (6)

Cos Hhkl

where K is the constant and the value is 0.89, fi is the integral
breadth or breadth at half-maximum intensity, Fymum is the

Table II. Kinetics Parameters of PHBV and PHBV/3% Lignin Composite During Nonisothermal Crystallization Process

Samples Q (°C min™?) n Ze t1/2 (min) T: (°C) T, (°C) AH. (J g™

PHBV 2.5 314 012 4.79 122.45 109.62 86.55
5 3.23 0.36 2.86 118.36 103.14 76.58
10 2.95 0.81 1.83 112.80 92.94 65.30
20 2.86 0.95 1.27 106.19 80.90 51.76
40 2.72 1.02 0.73 98.93 68.98 26.20

PHBV/3% lignin 2.5 3.35 0.09 557 117.11 103.17 79.23
5 3.02 0.46 3.16 112.56 96.83 76.31
10 3.43 0.73 2.25 110.93 90.28 65.85
20 311 0.90 1.39 100.28 70.41 47 .47
40 2.55 1.02 0.75 91.48 60.92 15.63
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half-diffraction peak width.*" As can be seen from Table III, the
size of lamellar stacks decreased slightly after lignin was added.
As we discussed earlier, hydrogen bonding interactions were
formed between —OH groups in lignin particles and C=0
groups in PHBV matrix. During the crystallization process, lig-
nin particles disturbed the regularity of PHBV molecular chains
and further decreased the PHBV crystallite size of the lamellar
stacks. Similar result has been reported in PHBV/zinc oxide
nanoparticles system.® In addition, the crystallinity of compo-
sites can also be obtained from X-ray diffraction intensity data
by dividing the area of crystalline peaks by the total area of
crystalline peaks and amorphous scattering peaks. The crystal-
linity of PHBV is calculated as the different value between the
crystallinity of composites and that of lignin. All results are
listed in Table IIT and the crystallinity of PHBV is placed in
parentheses. Although the results are different from those calcu-
lated from DSC, the basic trends are the same. As a kind of het-
erogeneous nucleation agent, lignin powder provided more
nucleating sites and increased the crystallinity of composites, as
well as that of PHBV. Therefore, the effect of lignin powders on
the crystallization process of PHBV can be classified into two
aspects, accelerating the nucleation rate while retarding the fol-
lowing crystal growth rate.

PHBYV/Lignin
0/100

90/10 f‘ )\ 7\ A
95/5 " A ,J \ A

973 AMNAA .

Intensity(a.u.)

99/1 A JL/I \f\_
(1L10)

(020)

10 20 30 40 50 60
26(°)
Figure 5. WAXD patterns of PHBV/lignin composites. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.
com.]
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Nucleating Activity and Spherulites Morphology of PHBV/
Lignin Composites

To further investigate the nucleation effect of lignin on the
spherulites morphology of PHBV, POM was applied to give
more detailed information. As shown in Figure 6, without lig-
nin powder, the number of PHBV spherulites was small and the
size was relatively big, since the spherulites had large space to
grow before impinging on each other [Figure 6(a)]. With the
addition of lignin powder, the number of PHBV spherulites
increased significantly and consequently their size was dramati-
cally reduced [Figure 6(b)], which was in consistent with the
results calculated from WAXD. This phenomenon clearly sug-
gested that the nucleation density of PHBV spherulites was
enhanced significantly in the PHBV/lignin composites. The
nucleating activity of lignin with respect to the crystallization of
PHBV can also be estimated with the method proposed by
Dobreva and Gutzowa.”»** In the vicinity of the melting tem-
perature (T, ), the cooling rate, and the undercooling (AT,),
corresponding to the peak of DSC curve are connected as

B
LgQ=A— —— 7
8Q=AT AT @
for the homogeneous case and
B*
QAT A ®)

for the heterogeneous nucleation. Where ATp is defined as
T,m— T, B* is a constant, the ratio B*/B is defined as the nucle-
ating activity (¢), which is the ratio of the slopes of the linear
function LogQ as a function of 1/AT} for PHBV/3% lignin and
neat PHBYV, as represented in Figure 7. The cooling rates were
5°C/min, 10°C/min, 20°C/min, and 40°C/min, respectively. The
¢ value of 3% lignin in PHBV was about 0.68. The more active
the substrate is, the closer ¢ is to 0; For absolutely inert par-
ticles, @ is 1. Therefore, lignin was an effective nucleating
agent for PHBV.

The spherulites morphology of PHBV and its composites is
shown in Figure 8. PHBV spherulites with characteristic band-
ing and Maltese cross could be seen clearly under POM in
Figure 8(a). With the incorporation of lignin powder, the lignin
was embedded in the spherulites of PHBV and the integrity of
PHBV spherulites was damaged. When the content of lignin
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Table III. Data Calculated from WAXD Patterns of PHBV/Lignin Composites

Applied Polymer

PHBV/Lignin (hkl) 20 () d (nm) Fuhm Hhki (nm) Crystallinity (%)

100/0 (020) 13.527 0.654 0.553 14.305 59.94 (59.94)
(110) 16.936 0.523 0.557 14.259
(002) 29.852 0.299 1.591 5.110

99/1 (020) 13.560 0.653 0.645 12.265 61.09 (61.68)
(110) 16.962 0.522 0.675 11.767
(002) 29.850 0.299 1.951 4167

97/3 (020) 13.182 0.671 0.622 12.714 66.72 (68.70)
(110) 16.628 0.533 0.622 12.764
(002) 29.714 0.300 1.664 4.884

95/5 (020) 13.567 0.652 0.516 15.332 63.25 (66.43)
(110) 16.965 0.522 0.640 12.411
(002) 29.975 0.298 1.790 4.543

90/10 (020) 13.308 0.665 0.563 14.048 66.75 (74.14)
(110) 16.683 0.531 0.581 13.666
(002) 29.752 0.300 1.754 4.634

was more than 5 wt %, the coalescence phenomenon of lignin
was occurred, leading to the appearance of big defects in PHBV
spherulites [Figure 8(d,e)]. Besides, sequential images of PHBV
spherulites were taken by an attached digital camera every 5 s
for measuring of spherulites growth rate. The spherulites radial
growth rate was calculated as the slope of the curve of spheru-
lites radius versus growth time. Results are presented as illustra-
tions in Figure 8. With the incorporation of lignin, the
interactions between lignin and PHBV became stronger, which
decreased the spherulites growth rate of PHBV. As shown in
Figure 8(a), the spherulites growth rate of neat PHBV was 3.94
um s~ ', and it decreased to 3.67 um s ' when added with
1 wt % lignin (Figure 8b). When lignin content was up to 5
wt %, the spherulites growth rate further decreased to 3.23 um
s~! due to the fact that PHBV molecular chains should bypass
the conglobated lignin during the crystallization process.

Thermal Stability of PHBV/Lignin Composites
The thermal stability of PHBV/lignin composites was character-
ized using TGA, and the TG curves are presented in Figure 9.

The initial decomposition temperature T,, temperature deter-
mined at 5% weight loss T}, maximum decomposition tempera-
ture Tia and complete decomposition temperature Ty were
obtained from these curves and the values are listed in Table IV.
As can be seen from the TG curves, the initial decomposition
temperature of PHBV was 254.3°C. Besides, the initial decom-
position temperature of PHBV/lignin composites decreased with
the increasing content of lignin. When the content of lignin was
up to 10 wt %, the initial decomposition temperature of com-
posites decreased to 208.3°C.

Activation energy for decomposition (E,) of PHBV and its com-
posites can also be calculated from the TG curves by the inte-
gral method proposed by Horowitz and Metzger using the
equation as follows:*®
Wo E,0
In|ln({—)|=
ol () = ©

max

where W, is the initial weight of polymer, Wy is the residual
weight of polymer at temperature T, 0 = T — T, and R is the
gas constant. The activation energy is obtained from the slope

PHBV/3%Lignin

Figure 6. POM images of PHBV (a) and PHBV/3% lignin (b) composites crystallized at 85°C. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Figure 7. Plot of LogQ versus 1/AT3 for neat PHBV and PHBV/3% lignin
composites. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

of the plot of In[ln(Wy/Wr)] versus 0 for the main stage of
thermal degradation (Figure 10) and the values of E, are listed
in Table IV. It is clear that the value of E, first increased from

(a) PHBV

y=1.94+167.68
Ri=0.9979

Time(s)

PHBV/3%Lignin

yLTTx4180.08
R=0.9962

)

Tinie(s)

¥e325KH16401
RI=0.9976

100pm
—

e e e e e

4 (d) PHBV/

Figure 9. TG curves of PHBV/lignin composites. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

431.6 KJ mol ! to 650.1 KJ mol !, then decreased to 436.7 KJ
mol ™" with the increasing content of lignin. This phenomenon
was the result of double effects of lignin on the PHBV matrix
during the degradation process. On the one hand, the existence

(b) PHBV/1%Lignin

y=36T4261.07
Ri=0.9985

100pm
—

y=3.23x+433.09
R=0.9973

100um
—

Figure 8. Spherulites morphology and radial growth rate of PHBV/lignin composites [PHBV/lignin: (a) 100/0; (b) 99/1; (c) 97/3; (d) 95/5; (e) 90/10].
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Table IV. The Thermal Stability Parameters of PHBV/Lignin Composites

PHBV/

Lignin = To (°C)  Ts9 (°C)  Tmax (C) T7(C)  Eq (KJ mol™?)
100/0 2543 277.3 293.2 305.6 431.6

99/1 250.1 260.7 271.2 278.8 650.1

97/3 224.3 2426 255.8 264.5 502.1

95/5 2169 2354 249.0 2591 4715
90/10 2083 227.1 240.6 240.4 436.7
0/100 1086 2725 323.5 - 531

of hydrogen bonding increased the value of E, On the other
hand, the E, value of lignin was very low, only 53.1 KJ mol ',
and the decomposition of -CH,OH groups in lignin accelerated
the hydrolysis reaction of PHBV. Therefore, when lignin content
was very low, the former effect plays the main role, leading to
the increase of E,. Otherwise, the value of E, decreased with the
addition of lignin.

CONCLUSIONS

The influence of amorphous alkaline lignin on the crystalliza-
tion behavior and thermal properties of PHBV was investigated
in this study. Dual melting peaks caused by the different nuclea-
tion mode of PHBV appeared in the DSC curves of PHBV/lig-
nin composites. The effects of lignin on the crystallization
process of PHBV can be classified into two opposite way,
namely the enhanced effect of nucleation and the hindered
effect of spherulites’ growth. The addition of lignin did not
change the basic crystal structure of PHBV, but damaged the
integrity of PHBV spherulites and decreased the average size of
the lamellar stacks perpendicular to (020), (110), and (002) lat-
tice planes. In addition, the appearance of lignin also decreased
the thermal stability of PHBV.

PHBV/Lignin
1+ 4g~’
—e—100/0

[ | =—+—299/1
0 ——97/3
= | |—=95/5
= i ——90/10
% —e— (/100
=
E 2t

3L
0(K)

Figure 10. Plots of In[ln(Wy/Wy)] versus 0 for the main stage of thermal
degradation of PHBV/lignin composites. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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