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Bacterial cellulose (BC) has great potential to be used as a new filler in reinforced isotactic polypropylene

(iPP) due to its characteristics of high crystallinity, biodegradability and efficient mechanical properties.

But the compatibility between BC and iPP is poor. The esterification modified BC (CO) and addition of

maleic anhydride grafted polypropylene (MAPP) as a compatibilizer were both used to improve interfacial

compatibility of iPP and BC to prepare iPP/BC composites, and the non-isothermal crystallization

behavior of isotactic polypropylene/bacterial cellulose composites was discussed. The results showed

that with the addition of CO or MAPP, the compatibility of iPP/BC composites greatly improved.

Moreover, BC addition was found to enhance iPP crystallization due to homogeneous and

heterogeneous nucleation effects. In non-isothermal crystallization kinetics, it was found that the

Jeziorny method and f–t analysis are more accurate to describe non-isothermal crystallization behavior

of iPP/BC composites. The results showed that the non-isothermal crystallization rates increase in the

order of iPP/BC2, iPP, iPP/CO2, and M-iPP/BC3, indicating that the compatibility of iPP/BC composites.

Moreover, the cooling rate have greatly influence on non-isothermal crystallization behavior of iPP/BC

composites.
1. Introduction

Isotactic polypropylene (iPP) is a kind of general purpose resin
widely used in packaging, construction and other industrial
applications.1 It has many excellent properties such as relatively
low cost, low density, and chemical resistance. However, its
poor impact properties, especially at low temperature, limit its
extensive use in industries.2–4

In order to broaden the scope of application of iPP, many
modications have been proposed, such as physical modica-
tion (blending modication) and chemical modication.5

Among them, blending modication has advantages such as
convenient operation and good modication effect and is
economical.6,7

Bacterial cellulose (BC) is a kind of synthetic biodegradable
polymer which was widely used in materials, food, and medi-
cine.8 BC has a superne ber network and has many advan-
tageous properties such as high purity, high crystallinity, high
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Young's modulus, and good mechanical properties.9 Based on
these advantages, BC has great application value as a ller for
reinforced iPP. But the incompatibility between polar BC and
non-polar iPP affects the dispersion of BC in iPP and overall
homogeneity of the composite structure. In our previous
research, esterication-modied BC (CO) and maleic anhydride
graed polypropylene (MAPP) as a compatibilizer have both
been used to improve interfacial compatibility of iPP and BC.4,10

The results show that BC enhancesmechanical properties of iPP
and the effect of MAPP addition is better than that of
esterication-modied BC.

As is known, mechanical properties of crystalline polymers
are closely related to their crystallization behavior.11–14 Gener-
ally, the study of crystallization of polymers is an idealized
isothermal condition, which greatly simplies mathematical
analysis but fails to explain different cooling rates and
temperatures typically encountered within the polymer in
application. However, the study of crystallization in a variable-
temperature environment is more practical because industrial
processes generally occur under non-isothermal conditions.15

At present, extensive research has been conducted on non-
isothermal crystallization kinetics of iPP composites.16,17 Basi-
cally, isothermal crystallization is taken as a starting point, and
a partial correction is then made according to the characteris-
tics of non-isothermal crystallization in the DSC data. The
RSC Adv., 2017, 7, 42113–42122 | 42113
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commonly used methods include the Jeziorny method,18 the
Ozawa method,19 and f–t analysis.20

In this study, iPP/BC composites were prepared using a twin-
screw extruder. FT-IR and SEM measurements were used for
compatibility analysis of iPP/BC. The Jeziorny method, Ozawa
method, and f–t analysis were incorporated and compared in
order to study the non-isothermal crystallization kinetics of iPP/
BC composites from differential scanning calorimetry (DSC)
measurements. Melting behavior aer non-isothermal crystal-
lization process was also discussed.
2. Materials and methods
2.1 Feedstock sources

iPP (S1003), with a melt ow index (MFI) of 3.6 g/10 min, Mw ¼
3.2 � 105 was supplied by Sinopec Beijing Yanshan Company
(China). MAPP (CMG9801), 1% graing was purchased from
Nantong Sunny Polymer New Material Technology Co., Ltd
(China). A BC lm (Hainan Yida Food Industry Co., Ltd. China)
was ushed with deionized water till neutral, freeze-dried, and
then milled into a powder (20–200 nm). Pyridine and caprylyl
chloride were purchased from Aladdin Industrial Corporation,
Shanghai, China.
2.2 Preparation of CO

First, the BC powder and pyridine (w/w, 1 : 20) were dispersed in
a ask with a stir bar at room temperature for 30 min, and the
temperature of the system was then increased to 80 �C. When
the temperature of the system stabilized, the caprylyl chloride
(with a mass ratio of BC 30 : 1) was added dropwise through
a dropping funnel. Aer 7 h, the solid product of the system was
washed with ethyl alcohol and deionized water to neutralize the
product and dried in an air-oven for 12 h to obtain CO. Under
this condition, the esterication degree of CO was 2.32.4
2.3 Preparation of iPP/BC composites

The mixing weight ratio of the composites is shown in Table 1.
Each component was mixed in a high-speed mixer (SHR-5A,
Laizhou Shenglong Chemical Machinery CO., Ltd., China) for
5min at a speed of 2000 rpm. The pellets of the composites were
prepared using a twin-screw extruder (SHJ-20, Nanjing Jieya
Extrusion Equipment CO., Ltd., China). The temperatures of
divisions were set to 170, 185, 195, and 200 �C. At last, the
pellets were dried at 80 �C for 12 h and iPP/BC composites were
obtained.
Table 1 Formula of iPP/BC composites

Sample iPP (g) BC (g) CO (g) MAPP (g)

iPP 1000 — — —
iPP/BC2 1000 20 — —
iPP/CO2 1000 — 20 —
M-iPP/BC3 1000 30 — 70

42114 | RSC Adv., 2017, 7, 42113–42122
2.4 Characterization of iPP/BC composites

Thermal analysis was carried out on a DSC (Q2000, TA
Company, USA). The temperature and heat capacity were cali-
brated by pure indium standard material. For non-isothermal
crystallization, the samples were rst heated to 220 �C at
a rate of 10 �C min�1, maintained at 220 �C for 5 min to erase
thermal history and cooled to 50 �C at three preset cooling rates
of 5, 10, and 30 �C min�1. Then, the samples were subsequently
heated to 220 �C at 10 �C min�1. The heat ows during both
crystallization and melting processes were recorded for subse-
quent data analysis.

X-ray diffraction spectra were recorded from 2q of 0� to 40�

with an XRD diffraction instrument (Rigaku D/max-250, PAN-
alytical Company, Netherlands), with a Cu Ka radiation source
at l of 0.154 nm (10 kV, 100 mA).

For FT-IR, the samples were pressed into slices (100 mm) by
a heat press (170 �C, 12 MPa) for 3 min. FT-IR tests were per-
formed on an infrared spectrometer (NICOLET iS50, Thermo
Scientic Company, USA), taking 64 scans for each sample.

SEM photographs were obtained on a scanning electron
microscope (S-4800, Hitachi, Japan) at an accelerated
voltage of 10 kV in order to observe the compatibility of the
composites.
3. Results and discussion
3.1 FT-IR of iPP/BC composites

FT-IR spectra of iPP/BC composites is shown in Fig. 1. All
samples showed characteristic absorption peaks of iPP such as
stretching, deformation and rocking vibration of –CH3

(2953 cm�1, 2873 cm�1, 1377 cm�1, 1156 cm�1 and 971 cm�1)
and stretching and exural vibration of –CH2 (2917 cm�1,
2845 cm�1 and 1459 cm�1). The O–H stretching vibration
absorption peak was shown in the FT-IR spectra of iPP/BC
composites. Especially, a new C]O group vibration appeared
at 1743 cm�1 for iPP/CO2, M-iPP/BC3. The effect of BC esteri-
cation and addition of MAPP was conrmed by this absorption
Fig. 1 FT-IR of iPP/BC composites.

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 SEM photographs of iPP/BC composites.

Table 2 Non-isothermal crystallization parameters of iPP/BC
composites

Sample Ton (�C) Tp (�C) DH (J g�1)

iPP 122.53 119.07 97.23
iPP/BC2 123.86 119.97 95.82
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peak. Besides, compared to iPP/BC2, the O–H stretching vibra-
tion absorption peak of iPP/CO2 and M-iPP/BC3 moved to
a higher wavenumber (3330–3386 cm�1), peak intensity weak-
ened, and peak width narrowed, indicating that the hydrogen
bond structure of BC molecules was weakened and some
hydroxyl groups were substituted aer modication.4
iPP/CO2 122.47 120.10 96.82
M-iPP/BC3 124.19 121.08 92.65
3.2 SEM photographs of iPP/BC composites

SEM photographs of the composites are shown in Fig. 2. It can
be seen that particle size of BC in iPP/BC2 is larger. This reects
the poor dispersion of BC in iPP. However, on BC esterication
Fig. 3 Non-isothermal crystallization DSC curves of iPP/BC composites

This journal is © The Royal Society of Chemistry 2017
or addition of MAPP, the particle size of BC and remaining
holes become smaller, thus improving compatibility. The
particle size of BC in M-iPP/BC3 composites is smaller than in
(cooling rate 10 �C min�1).

RSC Adv., 2017, 7, 42113–42122 | 42115
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Fig. 4 XRD spectra of iPP/BC composites.

Fig. 5 Non-isothermal DSC curves of iPP/BC composites at different co

42116 | RSC Adv., 2017, 7, 42113–42122
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iPP/CO2. This proves that the increasing order of contribution
to compatibility of the composites is iPP/BC2 iPP/CO2, and M-
iPP/BC3.
3.3 Non-isothermal crystallization process of iPP/BC
composites

Non-isothermal crystallization DSC curves of iPP/BC compos-
ites are shown in Fig. 3. It can be observed that BC can promote
crystallization of iPP, which is demonstrated by the shi of non-
isothermal crystallization curves of the sample towards higher
temperatures. This indicates that the addition of BC promotes
crystallization of the composites. Meanwhile, all samples have
only one crystallization exothermic peak. In general, homoge-
neous nucleation and heterogeneous nucleation are common in
crystalline polymers or their mixtures. However, iPP and BC are
completely incompatible in the molten state of the system
under study. Thus, we can speculate that BC-induced iPP crys-
tallization can only be obtained by heterogeneous nucleation.
oling rates.

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Relationship between relative crystallization and crystallization temperature of iPP/BC composites during non-isothermal crystallization.
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The crystallization peak parameters of composites were lis-
ted in Table 2. Compared to iPP, the peak temperature (Tp) of
the iPP/BC composites increase by 0.9 �C (iPP/BC2), 0.94 �C
(iPP/CO2), and 2.01 �C (M-iPP/BC3), respectively. Meanwhile,
peak width slightly narrows, indicating that the addition of BC
effectively shortens the induction time of iPP crystals and
increases crystallization rate of the composites. The order of
contribution to crystallinity of the composites is BC < CO <
MAPP as the compatibilizers, which conforms to the effects of
the two modication methods on the mechanical performance
of the composites, as mentioned in our previous research.4,10 In
addition, the crystallinity enthalpy rates of the composites
indicate that the crystallinity of the samples are not quite
different, which can also be seen from Fig. 4. Moreover, it can be
noted that only a-crystals can be produced by the induction of
iPP regardless of the method of modication.
3.4 Non-isothermal crystallization kinetics analysis of iPP/
BC composites

Non-isothermal crystallization curves at sample cooling rates of
5 �Cmin�1, 10 �Cmin�1, and 30 �Cmin�1 are shown in Fig. 5. It
can be seen from Fig. 5 that as the cooling rate increases,
This journal is © The Royal Society of Chemistry 2017
crystallization temperature (Tp) decreases and the crystalliza-
tion peak widens. The main reason for this phenomenon is
molecular chain activity at a relatively low temperature is poor,
which causes the formation of crystal imperfections. Hence, the
crystal can crystallize at low temperature (Tp value decrease), the
perfection of crystallization is different, and the range of
melting temperatures becomes larger (crystallization peak
becomes wider).

In order to further analyze non-isothermal crystallization,
crystallization kinetics of iPP/BC composites were compared.
Based on the assumption that the evolution of crystallinity is
linearly proportional to the evolution of heat released during
crystallization, the relative degree of crystallinity, Xw(t), was
calculated by integration of exothermal peaks from eqn (1).

XwðtÞ ¼
ðt
t0

�
dH

dt

��ðtN
t0

�
dH

dt

�
dt (1)

where dH/dt is crystallization heat ow rate at a temperature of t
and t0 and tN correspond to starting and ending temperatures
of crystallization, respectively. In eqn (1), Xw(t) at any crystalli-
zation temperature is converted to volume fraction relative
crystallinity X(t), as shown in Fig. 6.
RSC Adv., 2017, 7, 42113–42122 | 42117
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Fig. 7 Relationship between relative crystallization and crystallization time of iPP/BC composites during non-isothermal crystallization.
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The relationship between crystallinity X(t) and temperature T
can be converted to that between crystallinity X(t) and time t, as
shown in Fig. 7 via eqn (2).

t ¼ (T0 � T)/f (2)

3.4.1 Jeziorny method. The Avrami equation (eqn (3))
describes isothermal crystallization kinetics of crystalline
polymers. The equation describes how solids transform from
one state of matter or phase to another at constant temperature
and can also describe some types of chemical reactions.21,22

X(t) ¼ 1 � exp(�Ktn) (3)

where X(t) is time-dependent relative crystallinity, n is Avrami
exponent, K is crystallization rate constant, and t is crystalliza-
tion time. The Avrami exponent n depends on type of nucleation
and growth process, and the value of n is between 1 and 4.23

Eqn (3) is typically rearranged in a linear form as double
logarithm eqn (4):

log[�ln(1 � X(t))] ¼ n log t + log K (4)
42118 | RSC Adv., 2017, 7, 42113–42122
The Jeziorny method modies the Avrami equation to
describe non-isothermal crystallization kinetics of polymers.
The Jeziorny method is a direct method to apply the Avrami
equation to non-isothermal crystallization. It calibrates
parameters by taking non-isothermal crystallization as
isothermal crystallization, so that non-isothermal crystalliza-
tion mechanism of the polymer is determined.18

A corrected form of the rate term (K) used in the Avrami
equation assuming a constant cooling/heating rate is proposed.
The relative crystallinity at a set cooling rate (R) is a function of
crystallization temperature (T).

The plot of log[�ln(1 � X(t))] against log(t) is obtained based
on eqn (4). The Avrami index n is obtained from the slope, and
log K can be obtained from the intercept. Correction of cooling
rate f is made for the obtained K (eqn (5)).

log Kc ¼ (log K)/f (5)

Fig. 8 and Table 3 are obtained by processing the data in
Fig. 6 using the Jeziorny method. It can be seen from Table 3
that the n values are around 3 and the n value of iPP is larger
than of other samples. This indicates that the composites follow
a three-dimensional growth pattern and due to the addition of
This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Non-isothermal crystallization kinetics curves of iPP/BC composites (Jeziorny method).
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BC, homogeneous nucleation and heterogeneous nucleation
coexist in the composites.

Table 3 also prove that Kc value of the samples increases with
cooling rate, while semi-crystallization time (t1/2) of the sample
decreases, which shows that crystallization rate of the
composites is proportional to cooling rate. This is because at
Table 3 Non-isothermal crystallization kinetics parameters (Jeziorny
method)

Sample f Tp (�C) Ton (�C) DH (J g�1) n k t1/2 (min)

iPP 5 122.41 125.64 96.95 3.9 0.0001 1.66
10 119.07 122.53 97.23 3.8 0.0044 1.19
30 116.26 116.76 97.09 3.7 0.1963 0.78

iPP/BC2 5 122.74 126.06 96.48 3.5 0.0003 1.62
10 119.97 123.86 95.82 3.4 0.0066 1.16
30 115.46 120.36 94.17 3.7 0.6499 0.72

iPP/CO2 5 122.06 125.48 97.38 3.6 0.0007 1.57
10 120.10 122.47 96.82 3.7 0.0098 1.09
30 116.24 116.53 97.46 3.4 0.6599 0.71

M-iPP/BC3 5 124.05 127.20 93.52 3.3 0.0014 1.46
10 121.08 124.19 92.65 3.1 0.0100 1.03
30 116.15 118.85 92.81 3.4 0.6651 0.65

This journal is © The Royal Society of Chemistry 2017
a low cooling rate, the transition speed from melting state to
crystalline state of the composites is slow and the impact of
cooling rate on crystallization is weak. At the same cooling rate,
Kc values of the samples increase gradually, which indicates
that BC promotes crystallization of the composites.

3.4.2 Ozawa analysis. TheOzawa analysis is also a commonly
used method for non-isothermal crystallization kinetics of poly-
mers; its mathematical expression is as follows (eqn (6)).

1 � X(T) ¼ exp(1 � Z(T))/f (6)

Logarithmic transformation of eqn (6) produces eqn (7):

log[�ln(1 � X(T))] ¼ log(1 � Z(T)) � m log f (7)

where m stands for Ozawa index and Z(T) stands for kinetics
parameter and is a function of temperature T, which is related
to nucleation mode, rate, and crystal growth mode of the
polymer. If the system conforms to the Ozawa equation, a curve
should be obtained by plotting log f against log [�ln(1 � X(T))]
in eqn (7) at a certain temperature. The slope of the straight line
equals the Ozawa index m and the intercept equals the kinetics
parameter Z(T).
RSC Adv., 2017, 7, 42113–42122 | 42119
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Fig. 9 Non-isothermal crystallization kinetics curves of iPP/BC composites (Ozawa method).
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The non-isothermal data of each sample were processed
using Ozawa analysis, and the results obtained are shown
in Fig. 9 and Table 4. It can be seen that non-isothermal
crystallization kinetics curves are linear for iPP, iPP/CO2,
and M-iPP/BC3, but not for iPP/BC2. The Z(T) value of the
sample shows a tendency to decrease as temperature
increases, except iPP/BC2. The Z(T) value of the modied
sample are higher than of pure iPP, which also indicates that
the interfacial compatibility of the material is improving and
thus its crystallinity. However, regularity has not been shown
in the Z(T) value of the iPP/BC2 sample, which indicates that
Table 4 Non-isothermal crystallization kinetics parameters (Owaza
method)

T (�C)

iPP iPP/BC2 iPP/CO2 M-iPP/B3

m Z(T) M Z(T) m Z(T) m Z(T)

116 �3.16 3.82 �1.18 5.28 �4.00 6.21 �2.63 8.69
118 �3.06 2.87 �0.90 4.04 �3.56 5.57 �2.76 7.11
120 �3.82 1.99 �0.64 8.13 �3.30 5.01 �2.86 5.72
122 �3.44 1.04 �0.33 6.68 �3.51 3.84 �2.89 4.96

42120 | RSC Adv., 2017, 7, 42113–42122
poor interface compatibility affects nucleation and growth of
the composites.

3.4.3 f–t analysis. Another treatment for non-isothermal
crystallization is the f–t analysis. The relationship between
crystallization time t and cooling rate f is established by f–t
analysis (eqn (8)).

log f ¼ log F(T) � a log t (8)

where F(T) ¼ [Z(T)/k]1/m represents cooling rate required to
reach a certain crystallinity in unit crystallization time and
a denotes ratio of Avrami index to Ozawa index.

Using f–t analysis, non-isothermal crystallization kinetics
curves of each sample are obtained by plotting log f against log t,
as shown in Fig. 10. It can be seen that log f of each sample
analyzed by the f–tmethod shows a good linear relationship with
log t. The kinetics parameters a and F(T) are obtained using the
slope and intercept of the straight line, as shown in Table 5.

As shown in Table 5, the F(T) and a values of the samples
increase with crystallinity. This indicates that crystallinity of the
composites can be increased by accelerating the cooling rate and the
degree of crystal renement increases as crystallization progresses.
This journal is © The Royal Society of Chemistry 2017
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Fig. 10 Non-isothermal crystallization kinetics curve of iPP/BC composites (f–t analysis).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
A

ug
us

t 2
01

7.
 D

ow
nl

oa
de

d 
on

 1
0/

20
/2

02
5 

11
:1

3:
13

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
However, the a values of samples for same crystallinity in
ascending order are iPP/BC2, iPP, iPP/CO2, and M-iPP/BC3, and
the a value of iPP/BC2 is lower than that of the others at the
Table 5 Non-isothermal crystallization kinetics parameters (f–t
analysis)

Sample X(t) (%) F(T) a

iPP 20 0.91 0.39
40 1.10 0.41
60 1.23 0.43
80 1.39 0.46

iPP/BC2 20 0.63 0.29
40 0.85 0.32
60 1.04 0.36
80 1.22 0.39

iPP/CO2 20 0.95 0.43
40 1.12 0.45
60 1.28 0.47
80 1.49 0.52

M-iPP/BC3 20 1.12 0.48
40 1.27 0.48
60 1.39 0.48
80 1.53 0.50

This journal is © The Royal Society of Chemistry 2017
same crystallinity, showing that the poor compatibility of the
iPP/BC2 sample leads to a lowered crystallization rate.
4. Conclusion

iPP/BC composites were successfully prepared using a twin-
screw extruder. The compatibility and crystallization behavior
of the composites was studied by FT-IR, SEM, XRD and DSC.
With BC esterication or MAPP addition, compatibility of iPP/
BC composites was greatly improved. The addition of BC was
found to enhance crystallization of iPP due to homogeneous
and heterogeneous nucleation effects. In non-isothermal crys-
tallization kinetics, it was found that the Jeziorny method and
f–t analysis were more accurate to describe non-isothermal
crystallization behavior of iPP/BC composites. The result of
non-isothermal crystallization kinetics analysis of the compos-
ites showed that non-isothermal crystallization rates increase in
the order of iPP/BC2, iPP, iPP/CO2, and M-iPP/BC3, indicating
that the compatibility of iPP/BC composites and the cooling rate
have considerable inuence on non-isothermal crystallization
behavior of iPP/BC composites.
RSC Adv., 2017, 7, 42113–42122 | 42121
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