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Abstract - Poly(vinylidene fluoride) (PVDF) and PVDF blends with various molecular weights of poly (N-
vinylpyrrolidone) (PVP) films were prepared in dimethyl formamide through the solution casting method.
Non-isothermal melt crystallization studies of PVDF films were carried out by cooling the molten samples at
different temperatures using differential scanning calorimetry (DSC). The obtained films have been
characterized by dynamic mechanical thermal analysis (DMTA). Crystallization kinetics of PVDF films were
successfully described by the Jeziorney, Mo and Ziabicki models. The Ozawa equation was found to be
invalid for describing the crystallization kinetics. Kinetic parameters such as #,,, Z. and F(T) indicated that the
crystallization rate decreased for PVDF/PVP films as compared to neat PVDF films and was affected by the
molecular weight of PVP. The results based on Ziabicki's model revealed that the addition of PVP decreased
the ability of PVDF to crystallize under non-isothermal melt crystallization conditions. The activation energy
was calculated through Friedman and advanced isoconversional methods. Results showed that the addition of
PVP to PVDF films caused an increase in activation energy. By comparing DMTA results of PVDF/PVP
blends with neat PVDF films, it could be concluded that blending PVDF with PVP caused an increase in the
glass transition temperature (7,) while the storage modulus was decreased.

Keywords: Poly(vinylidene fluoride); Poly (N- vinylpyrrolidone); Crystallization kinetics; Non-isothermal crystallization;
Differential scanning calorimetry.

INTRODUCTION

Polyvinylidene fluoride is popular in industrial
applications as a semi-crystalline polymer due to
favorable properties like good thermal stability,
chemical resistance, high mechanical strength and
ferro-electricity (Nasir et al., 2007; Sencadas et al.,
2010). The crystalline structures of PVDF polymer,
according to the chain conformation with trans or
gauche linkages, are o, B and y phases (Nasir et al.,

*To whom correspondence should be addressed

2007). The crystalline morphology and crystallinity
of PVDF are of major importance in various applica-
tions. However, the hydrophobic characteristic of
PVDF is a limitation in some applications. For ex-
ample, membrane fouling caused by hydrophobic
interactions results in rapid water flux decline and
high energy-consumption, especially when the
wastewater contains natural organic matter (NOM),
proteins and micro-organisms (Rajabzadeh et al.,
2012).
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Hydrophobic characteristics of polymers can be
altered by polymer blending, that is more effective
and widely used in comparison to chemical synthesis
procedures (Ma et al., 2008; Li and Xu, 2012; Li et
al. 2013). Studies showed that the crystalline phase
of PVDF can be changed by blending with amor-
phous polymers exhibiting physical interaction with
PVDF. Therefore, it is necessary to investigate the
crystallization kinetics for optimizing the process
conditions and improving the structure-property cor-
relation. The main focus has been on the crystalliza-
tion behavior of PVDF and its blend in melt crystal-
lization processes in the open literature (Lee and Ha,
1998; He et al., 2008; Zhong et al., 2011). Sencadas
et al. (2010) studied the isothermal melt crystalliza-
tion of PVDF at different crystallization tempera-
tures. The Avrami parameters and the Hoffman-Weeks
model were discussed to obtain the equilibrium melt-
ing temperature. The crystallization and morphologi-
cal behavior of PVDF/polyhydroxybutyrate blends
were also studied by Liu et al. (2005). They de-
scribed a phase diagram by calorimetric measure-
ments and reported the Avrami exponent for pure
PVDF, which has a value of approximately three.
The miscibility behavior of poly(methyl methacry-
late) and PVDF was investigated by Fan et al
(2007). They found that the Avrami exponent de-
creases with rising crystallization temperature.
Mancarella and Martuscelli (1977) also reported that
the PVDF Avrami exponent variation was between
2.99 and 4.60 and that the half crystallization time
was increased by an increase in crystallization tem-
perature. Gradys et al. (2007) studied non-isothermal
crystallization of PVDF at ultra high cooling rates.
Their results indicated that pure B- phase of PVDF
was obtained during the melt- crystallization process
at cooling rates above 2000 K/s.

Although, there are some reports in the literature
on the crystallization behavior of PVDF, less attention
was paid to the non-isothermal crystallization kinet-
ics of PVDF/PVP blends. In this study, the effect on
PVDF crystallization of PVP with various molecular
weights as an amorphous and water soluble polymer
was investigated. The PVDF/PVP blend is a miscible
system due to the compatibility of the two polymers
(Chen and Hong, 2002; Ji et al., 2008; Freire et al.,
2012). Dynamic mechanical thermal analysis (DMTA)
was used to characterize the dynamic mechanical
properties of PVDF films. The Jeziorney, Ozawa,
Mo and Ziabicki kinetic models were applied to de-
scribe the crystallization behavior of PVDF films.
Furthermore, the activation energy of melt crystalliza-
tion for sample films was determined from the Freid-
man equation and advanced isoconversional method.

MATERIALS AND METHODS

Poly(vinylidene fluoride) (M,, = 530000 gmol™)
was purchased from Sigma-Aldrich (USA). Poly (N-
vinylpyrrolidone) (PVP) (K 17, M,, 10,000 gmol™ and
360000 gmol™) was provided by Rahavard Tamin
Chemical Co. (Iran). N, N-Dimethylformamide (DMF)
was obtained from Sigma-Aldrich (USA) and used
as solvent. All chemicals were used without further
purification.

Sample Preparation

PVDF films were prepared using the solvent cast-
ing method. Poly(vinylidene fluoride) pellets were
dissolved in DMF at 50 °C for 10 h and then poly(N-
vinylpyrrolidone) was added at a PVDF: PVP weight
ratio of 1:1. The PVDF solution was poured into a
flat dish for solvent evaporation at room temperature
within an interval of two weeks. The samples were
dried further at 50 °C for 8 h to remove the solvent
residues. The thicknesses of polymer films were
about 150-200 pm. The samples were named neat
PVDF, PVDF/PVP1 for PVP with low molecular
weight and PVDF/PVP2 for PVP with high molecu-
lar weight.

Characterizations

The crystallization kinetics of PVDF polymer and
the effects of PVP on its crystallization behavior
were evaluated using a differential scanning calo-
rimeter (DSC) (Polylabe 625, instrument, UK). The
weights of all samples were ~5 mg. The samples
were heated from room temperature to 200 °C with
a 30 °C min"' heating rate and held for 3 min to
eliminate the previous thermal history. Subse-
quently, the samples were cooled to 50 °C at prede-
termined rates. The non-isothermal process included
melt crystallization at different cooling rates: 2.5, 5,
10 and 20 °C min”, while exothermal curves of
heat flow were recorded as a function of tempera-
ture and the experiments carried out under nitrogen
atmosphere. FTIR spectra were obtained by a FTIR
instrument (Bruker, model Equinox) in the 600—
3500 cm™ wave number range. Dynamic mechani-
cal thermal analyses of the samples were carried out
using a DMA, (Tritec 2000 machin) under the
bending mode at a frequency of 0.1 Hz. The tem-
perature range was from -100 to 100 °C at a rate of
5 °C min™. The dried polymer films were cut into
approximately 2.5x1x0.15 cm’ rectangles. The am-
plitude was set to be within the linear viscoelastic
regime.
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RESULTS AND DISCUSSION
Non-isothermal Crystallization Behavior

Crystallization in miscible blends similar to pure
polymers was limited to temperatures between the
glass transition temperature and the equilibrium
melting point. In this study, PVDF as a semi-crystal-
line polymer was blended with PVP. Crystallization
rates in such blends were different from pure PVDF
due to the dilution of crystallizable chain.

Non-isothermal melt crystallization thermograms
of neat PVDF films and PVDF/PVP blends at vari-
ous cooling rates and melting behaviors at 10 °C min™
heating rate after non-isothermal crystallization are
shown in Figure 1. All experimental data for PVDF/
PVP2 are presented in Table 1. From the melting
curves of neat PVDF, PVDF/PVP1 and PVDF/PVP2
films (Fig. 1), the temperature peak position re-
mained constant during the heating process.

The melting behavior of crystallized PVDF films
showed the fusion endotherms to be around 160, 155
and 145 °C for neat PVDF, PVDF/PVP1 and PVDEF/
PVP2 films, respectively. As can be seen, there is a
single endothermal melting during the second heat-
ing run. However, the peak at the lower heating rate
(that is, 2.5 °C min") showed a small shoulder in
front of the melting. It could be related to the recrys-
tallization of PVDF during the heating process since
various cooling rate settings does not influence the
two melting peaks. Similar results were obtained by
Ma et al. (2011).

The data presented in Fig. 1 are listed in Table 1.
In this table, the total crystallization enthalpies
(AH,), the onset (7,"), peak (7.”) and end (7)) crys-

tallization temperatures are shown for PVDF films.
The results showed that 7.” shifted to lower tempera-
tures for the samples as the cooling rate increased.

It can be inferred that the PVDF molecules reor-
ganize and form stable nuclei at a slower cooling
rate. On the other hand, at high cooling rate the mo-
tion of the chain segments of PVDF could not follow
the cooling rate; so, more supercooling was needed
to initiate crystallization (Bianchi ef al., 2014; Xiong
et al., 2007). According to Fig. 1, the crystallization
temperatures (including the values of 7.”", T.” and
T/) of PVDF/PVP samples are lower than those of
neat PVDF films. The T.S values for PVDF contain-
ing higher molecular weight PVP (PVDF/PVP2)
decrease more than for PVDF/PVPI. In addition, the
presence of PVP in the PVDF film leads to a widen-
ing of the crystallization peaks.

It can be seen that the values of AH, decreased
with an increase in the cooling rate. The total crystal-
lization enthalpies of neat PVDF films were slightly
influenced by cooling rate. However, the value of
AH,. decreased significantly for PVDF/ PVP blends
in comparison with neat PVDF films. This may be
related to reduction in the amount of crystals formed
and a lower degree of perfection of the crystals.

Based on the results, PVP has a negative influ-
ence on the crystallinity of PVDF films. This can be
explained by interaction of functional groups of
PVDF and PVP through hydrogen bonding interac-
tions. The hydrogen bonding occurs between the
carbonyl group of PVP and the methylene group of
PVDF due to the acidity of PVDF hydrogen atoms
and the electronegativity of PVP oxygen atoms
(Chen and Hong, 2002). This interaction suggests
restricted movement of the PVDF chains.
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Figure 1: The DSC curves of non-isothermal crystallization at different cooling rates (a and c) and those of melting

behaviors at a heating rates of 10 °C min™ after crystallization (b and d) of neat PVDF and PVDF/PVP1 films.
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Table 1: Characteristic data of the non-isothermal crystallization behavior for neat PVDF and PVDF/PVP
films.

Sample ¢ (°C min™) T.”"/°C 1.7/°C T/rPC AT, AH,(Jg™")
PVDF 2.5 137.4 134.8 132.1 18.8 36.49
5 138 134.7 131.2 225 36.41
10 1353 132 126.8 23.5 36.11
20 131 126 119.6 27.8 35.95
PVDF/PVPI 2.5 124.8 120.4 114.2 29.7 34.1
5 121.5 115.7 109.6 34.8 30.3
10 116 109.6 100.8 36.8 33.84
20 112.4 105 94.1 40 325
PVDF/PVP2 2.5 89 102.2 113 56.5 30.92
5 83 96.9 111 60.2 27.28
10 73 93.9 108 71.8 26.64
20 60 85 104 81.5 14.67

FTIR Spectroscopy

For a better understanding of interaction between
PVDF and PVP in PVDF/PVP blends, FTIR spec-
troscopy was used. Fig. 2 shows spectra of neat
PVDF and its blends. The absorption bands at 1395
and 890 cm™ are attributed to the C—F vibration and
at 1160 cm™ assigned to the C—C bond (Fig. 2a).
From the FTIR spectra, crystalline PVDF phases can
be identified by the absorption bands (Martin et al.,
2012). The P phase is assigned at 828 and 1063 cm™,
and the absorption bands at 602 and 1225 cm™ are
characteristic of o and y phases, respectively.

From Fig. 2 it can be seen that the carbonyl
stretching absorption band of PVP assigned at 1638
cm™ in pure PVP shifted to 1662 cm™ and 1691 cm™
in PVDF/PVP1 and PVDF/PVP2 films, respectively.
This shift toward higher frequency can be explained
by the effect of the hydrogen bond formed between
the carbonyl group of PVP and the methylene group
of PVDF. The same result was reported by Chen and
Hong (2002).
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Figure 2: FT-IR spectra of neat PVDF and
PVDF/PVP films: pure PVP (a), neat PVDF (b),
PVDF/PVPI (c) and PVDF/ PVP2 (d).

Dynamic Mechanical Thermal Analysis

Viscoelastic properties of the materials could be
measured by the dynamic mechanical thermal tech-
nique. In dynamic mechanical thermal analysis
(DMTA), stiffness (E-modulus) and the damping
effect, which are two important viscoelastic proper-
ties, are evaluated as a function of temperature and
frequency. The presence of a second polymeric com-
ponent in semi-crystalline polymers changes the
mobility of the polymer chains that can be observed
by the change of the modulus and glass transition
temperature (7) of the polymer (Badia et al., 2014).
In practice, T, determines the temperature at which a
maximum in the mechanical damping parameter (tan
d) or loss modulus (E") occurs. In this study, the
effect of PVP on the amorphous region of PVDF was
determined by evaluating dynamic property changes
using DMTA. Two relaxation processes such as seg-
mental molecular motions and local motions of small
groups in the chain occurred during the PVDF heat-
ing process (Lobo and Bonilla, 2003; Osinska et al.,
2013).

Fig. 3 shows the storage modulus (E') and tan &
vs. temperature of neat PVDF, PVDF/PVP1 and
PVDF/PVP2 samples in the temperature range of T=
-150 to 100 °C at 0.1 Hz. From Fig. 3a, it is observed
that an increase in temperature caused a decrease in
the E' values of polymeric films. The storage modu-
lus of PVDF films containing PVP with high mo-
lecular weight decreased compared with neat PVDF
due to the lower crystallinity. It could be considered
that the presence of PVP in the films reduced the
intermolecular dipole bonding of PVDF chains.

Lobo and Bonilla (2003) have reported that the 7,
and relaxation process associated with the crystalline

Brazilian Journal of Chemical Engineering
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fraction molecular motions of PVDF occurred at -42
and 86 °C, respectively. The maximum value of the
tan & curve (Fig. 3b), which is defined as the T, of
neat PVDF film is -40 °C. For PVDF/PVP films, this
value is shifted to higher temperatures (-8 and 35 °C
for PVDF/PVP1 and PVDF/PVP2, respectively). The
shift of T, to higher temperatures confirmed the de-
crease in the mobility of the PVDF chains in the pres-
ence of PVP, as described previously.
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Figure 3: The tan § (a) and storage modulus (b)
versus temperature of neat PVDF and PVDF/PVP
samples.

Crystallizability of PVDF

A simple method to evaluate the crystallizability
of polymers and their sensitivity to processing condi-
tions was developed by Nadkarni et al. (1993). Ac-
cordingly, the variation in the degree of undercooling
(AT,) with cooling rate (¢ ) can be expressed as:

AT, = Pp+ AT®, (1)

where AT, is the degree of undercooling required in
the limit of zero cooling rate and the slope P is a
process sensitivity factor. AT’. is associated with the
thermodynamic driving force for nucleation and the
P factor accounts for the kinetic effects (Lorenzo et

al., 1999; Song et al., 2011). AT, was considered to
be the difference between 7.°" and T,, in the subse-
quent heating scan (Table 1). The variations of the
degree of supercooling with the cooling rate show
the ability of the polymer molecules to respond to the
changes in the thermal conditions. Thus, the slope of
the line of AT, vs. cooling rate is the process sensi-
tivity factor.

Fig. 4 shows the plots of variation of AT, with
cooling rate. The values of AT’. can be obtained from
the intercepts to evaluate the crystallizability of the
blends. The results show that the A7°. values in-
creased from 18.8 for neat PVDF to 30.5 for PVDF/
PVP1 and 53.9 for PVDF/PVP2. Such an increase
suggests that the thermodynamic driving force for
nucleation of PVDF is significant after the addition
of PVP. The values of the P factor followed the order:
PVDF/PVP2> PVDF/PVP1> neat PVDF films.
These results show that PVP reduced the crystalliza-
tion of PVDF in the blend films.

90
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ooling, ATc
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Figure 4: Variation of AT, with cooling rate for neat
PVDF and PVDF/PVP films.

Relative Crystallinity of PVDF

The relative degree of crystallinity (X(¢)) as a func-
tion of the crystallization temperature or time was
determined from the crystallization exotherms of poly-
mers by partial integration of crystallization ex-
otherms. X(¢) is defined as a function of temperature:

Jol )
TN J (2)
Jo U Jor

o \ dT

where Tj and T, are the onset and end crystallization
temperatures, respectively.

For the non-isothermal crystallization process, the
relationship between crystallization time (¢) and the

X(1)=
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corresponding temperature (7) can be expressed as
follows:

T-T.
= 3
== )

where ¢ is the cooling rate (Ji et al., 2008).The hori-

zontal temperature axis can be transformed into a
time scale. Fig. 5 shows the variations of relative
crystallinity with crystallization time for neat PVDF
and PVDF/PVP films. All these curves have the
same characteristic sigmoidal shape at various cool-
ing rates due to the spherulite impingement in the
later stage of crystallization. It can be seen that, for
crystallization completion, a shorter time requires
higher cooling rates.
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Figure 5: Relative crystallinity versus time for neat
PVDF (a) and PVDF/PVP1 (b) films at various cool-
ing rates.

Non-Isothermal Crystallization Kinetics Analysis
Modified Avrami Model (Jeziorney Equation)

Several methods have been developed to describe
the non-isothermal crystallization kinetics of poly-
mers. The Avrami equation was used to describe the
primary stages of isothermal kinetics. According to
the model, the relative crystallinity (X(¢)) changes
with crystallization time (t) as follows:

X(t)=1—exp(—kt") 4)

where k and n are the crystallization rate constant
and the Avrami exponent, respectively (Ji et al.,
2008).

In actual conditions, the temperature changes con-
stantly during non-isothermal crystallization; hence,
the parameters n and k have different physical mean-
ings. Therefore, Jeziorney considered the correction
of the crystallization rate constants by introducing
the cooling rate. The modified equation is expressed
by (Jeziorny, 1978):

_logZ,

logZ- (5)

where Z, is the modified crystallization rate constant
and Z, is the rate constant of the non-isothermal crys-
tallization process (Yu et al., 2009; Bahader et al.,
2015; Lang and Zhang, 2013). The values of Z, are
shown in Table 2. Z. is increased by increasing the
cooling rate. The modified crystallization rate con-
stant of PVP loaded PVDF films decreased to some
extent, in contrast to that of neat PVDEF, at various
cooling rates.

The crystallization half-time (¢,), is defined as
the time () at which the extent of crystallization
reaches 50%. ¢, for non-isothermal crystallization
can be obtained from Equation 6 and used to evalu-
ate non-isothermal crystallization rates. The data are
shown in Table 2. Generally, short 7, means faster
crystallization processes. The ¢, values indicate that
the higher cooling rates have shorter crystallization
completion times for both neat and PVDF/PVP
films. Moreover, the values of ¢, for neat PVDF
films are lower in comparison to those of PVDF/PVP
films.

1/n
In2
b= (7) (6)

Obviously, the data show that PVP influenced the
kinetic parameters Z. and ¢,,. Thus, the PVDF crys-
tallization rate was reduced upon blending with PVP.
As discussed earlier, this effect was caused by reduc-
ing PVDF molecular mobility due to stronger in-
teractions with PVP in the molten state. The results
show that the crystallization rate of PVDF was af-
fected more by PVP with higher molecular weight
due to more interactions of the PVDF and PVP poly-
mer chains.

Brazilian Journal of Chemical Engineering
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Table 2: Crystallization kinetic parameters of neat PVDF and PVDF/PVP films.

Sample (0} Z, t12(min) Tax (°CC) (dX(2)/dt) max D, (°C) G, G,
(°Cmin™) (°Cmin™) ™ (°C min™)

Neat PVDF 2.5 0.88 0.98 135.1 0.014 2.69 2.53 1.01
5 0.97 091 134.7 0.019 3.9 4.95 0.99

10 1.12 0.58 132.0 0.030 5.01 9.69 0.96

20 1.12 0.35 127.0 0.042 6.38 18.83 0.94

PVDF/PVP1 2.5 0.23 2.99 120.9 0.008 6.3 2.33 0.93
5 0.59 1.93 115.8 0.010 6.89 4.74 0.94

10 0.98 0.93 109.7 0.017 8.61 9.50 0.95

20 1.05 0.66 104.8 0.027 10.47 18.04 0.90

PVDF/PVP2 2.5 0.24 4.01 103.4 0.003 11.8 241 0.96
5 0.58 2.69 99.4 0.005 11.2 4.15 0.83

10 0.88 1.56 93.9 0.008 14.9 7.64 0.76

20 0.95 1.25 88.1 0.010 25.1 17.30 0.86

Ozawa Method

The Ozawa model is one of the most used kinetic
approaches for non-isothermal crystallization process,
proposed by extending the Avrami Equation (Jeziorny,
1978). This model is based on the assumption that
the non-isothermal crystallization process can be di-
vided into small isothermal steps. The Ozawa Equa-
tion is expressed as:

X()=1 —exp{_KiT)} (7
In[~In(1-X(¢)) |=In K(T)~m Ing )

where K(T) and m are the cooling function and the
Ozawa exponent, respectively. The Ozawa expo-
nent depends on the dimension of crystal growth.

Plots of ln[—ln (1 —X(t))] versus In¢ are shown in
Figure 6.

——126

132
——129

In-In(1-Xt))
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[

&
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- 115
114
—113

-8

9

Ine

Figure 6: The Ozawa plots of neat PVDF (a) and
PVDF/PVP1 (b) films.

It can be seen that these figures have poor linear
correlations. Changes in slopes indicate that m varies
with temperature. Thus, the Ozawa method was not
satisfactory for the description of the crystallization
kinetics of PVDF films. Some authors have declared
that the Ozawa model cannot be applied for model-
ing the crystallization kinetics of polymers that have
secondary crystallization (Ozawa, 1971; Yu. et al.,
2009).

Combined Avrami and Ozawa Equations (Mo
Model)

It is obvious that the Avrami analysis and its
Jeziorny modification could only describe the pri-
mary stages of non-isothermal melt crystallization.
In order to find a method to describe the non-isother-
mal crystallization process exactly, Mo and his col-
leagues suggested a new method (Liu et al., 1997;
Qiu et al., 2000). This method is the combination of
the Avrami and Ozawa Equations at a given value of
X(@):
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Ing=InF(T)-alnt 9)

]
where F(T)=[K(T)/ Zt]/" refers to the value of the

cooling rate and « is the ratio of n to m. F(7) has a
definite physical and practical meaning. At a given
degree of crystallinity, the plots of In¢ versus In¢

yield a linear relationship for a certain relative degree
of crystallinity, as shown in Fig. 7. It can be seen that
the Mo model was successful in describing the non-
isothermal process of neat PVDF, PVDF/PVP1 and
PVDEF/PVP2 films. The values of & and F(T) can
be calculated from the slope and the intercept of the
lines. The kinetic parameters are listed in Table 3.

Table 3: The Kkinetic parameters from the Mo
model.

Sample X % a F(T)
Neat PVDF 20 0.58 5.31
40 1.03 5.73

50 1.20 6.09

80 1.79 7.41

PVDEF/PVP1 20 1.31 6.75
40 1.37 9.58

50 1.38 11.0

80 1.42 17.98

PVDF/PVP2 20 1.63 12
40 1.75 22.9

50 1.65 27.32

80 1.67 47.7

€02

A0S
0.8

Int

€02

04
A05
<0.8
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Figure 7: Plots of In ¢ versus In t for neat PVDF (a)
and PVDF/PVP1 (b) films.

The values of & vary from 1.62 to 2.07 for neat
PVDF and 1.31 to 1.7 for PVDF/PVP films. The data
show that F(7) increased upon increasing the relative
crystallinity. On the other hand, PVDF films contain-
ing PVP revealed higher F(7) values as compared to
the values achieved for neat PVDF films at the same
X(¢) values. Since F(T) reflects the difficulty of the
crystallization process, at similar X(¢) values, the
higher F(7) values for PVP loaded PVDF films is in
accordance with slower crystallization rates. It is
found that F(7) values are higher for PVDF/PVP2
films. This is also in agreement with other kinetic
parameters.

Analysis Based on Ziabicki Model

Ziabicki developed another approach for non-iso-
thermal crystallization kinetics related to the crystal-
lization progress and crystallization rate-temperature
function (Ziabicki, 1996). Crystallization kinetics of
polymers in Ziabicki's model can be described by the
following equation (first order kinetics):

dX (1)
dt

=Kz (D[1-X(1)] (10)

where K,(T), the crystallization rate function, can be
expressed by:

_ 2
KZ(T):KZ,max exp{—4ln2%} (11)

where T, K.max and D are the maximum crystal-
lization rate temperature, the crystallization rate at
Tax and the width at half-height measured from the
crystallization rate function, respectively. With the
isokinetic approximation, the semi-crystalline poly-
mer crystallization ability (kinetic crystallizability
index), G, was obtained by the integration of Equa-
tion (11) over the crystallization range:

T
G, = I K,(T)dT =1.064K, ... D. (12)
Tg ’

The G, parameter expresses the ability of a semi-
crystalline polymer to crystallize. In the case of non-
isothermal crystallization studies using DSC, Kz(7)
can be replaced in Equation (12) with the derivative
function of the relative crystallinity, (dX/dT),, for
each cooling rate study as follows:

T
Grp= J’ (dX / dT),dT =1.064(dX / dT) D (13)

Tg
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where (dX/dT)yma, D, and G., are the maximum
crystallization rate, the width at half-height of the
(dX/dT), function and the kinetic crystallizability
index for an arbitrary cooling rate. The Ziabicki ki-
netic crystallizability index, G., can be obtained by
G., normalization with ¢ (i.e., G. = G.,/¢) (Su-
paphol et al., 2004). Table 2 summarizes the crystal-
lization kinetics parameters of neat PVDF and PVDF/
PVP films based on Ziabicki's model. The values of
Tmax decreased, while (dX/dT),mx, D, and G, in-
creased with increasing cooling rate. The average
values of G, for neat PVDF and PVDF/PVP1 and
PVDEFE/PVP2 films were 1.006, 0.933 and 0.835, re-
spectively. The reduction of the G, value for PVDF/
PVP films shows that PVP decreased the ability of
PVDF to crystallize under non-isothermal melt crys-
tallization conditions.

Effective Activation Energy

Several methods such as Kissinger, Vyazovkin
and Friedman methods are used to evaluate the acti-
vation energy for the crystallization process (Kissin-
ger, 1956; Vyazovkin, 2002; Friedman, 1964; Omrani
et al., 2013). In fact, the activation energy was
closely related to the relative crystallinity degree. In
order to calculate approximately reliable values of
the effective activation energy, the differential iso-
conversional method of Friedman and the advanced
integral isoconversional method of Vyazovkin were
used.

Friedman Equation

The Friedman Equation is expressed as follows
(Ma et al., 2011; Friedman, 1964):

E
ln[dX(t)] = constant ——2_ (14)
t )y X(1)

where dX(t)/dt is the instantaneous crystallization
rate as a function of time (f) for a given value of
relative crystallinity (X(¢)), R is the gas constant, and
Ex) the effective energy barrier of the process for a
given value of X(f). A straight line can be obtained
by plotting dX(¢)/dt versus 1/Tx). The slope of plot is
equal to -Exy/R. Thus, the activation energy (Ex)
can be calculated from the slope of the straight line.
Fig. 8 illustrates plots of effective activation en-
ergy as a function of relative crystallinity for neat
PVDF and PVP loaded PVDF samples. According to
the results, the activation energy increased upon
increasing the relative crystallinity, suggesting that

the crystallization becomes more difficult with an
increase in relative crystallinity. Indeed, one should
expect that transmission of the polymer segments
from the equilibrium melt to the growth front will be
slowed down as crystallization proceeds. It is also
observed that the calculated activation energy values
varied in the following manner: neat PVDF<
PVDF/PVP1<PVDF/PVP2 films, indicating that PVP
caused a delay in the crystallization process of PVDF
polymer.
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Figure 8: Plots of effective activation energy as a
function of relative crystallinity for neat PVDF and
PVDF/PVP films using the Friedman equation.

Advanced Isoconversional Method

It is noteworthy that the sole dependence of the
activation energy on relative crystallinity is sufficient
to reliably predict the behavior of a substance. The
accuracy of such predictions obviously depends on
the accuracy of calculating the activation energy.
Thus, errors in computing the activation energy must
be minimized. One of the sources of these errors are
approximations intentionally used to derive the linear
final plots yielding the activation energy. Approxi-
mations undeniably induced an error in the values of
the activation energies. To resolve this problem, a
non-linear procedure for computing the activation
energy by the isoconversional method was devel-
oped. An advanced isoconversional method (non-
linear) was described by Vyazovkin (1997). In the
present study, a non-linear isoconversional method
was applied to the dynamic DSC data of neat PVDF
system using the following equation:

D=2 Tt

i=l j#i

where ¢ is the cooling rate, T is the temperature,

E, is the activation energy, i, j are the ordinal

Brazilian Journal of Chemical Engineering Vol. 33, No. 04, pp. 945 - 956, October - December, 2016



954 A. Mashak, A. Ghaee and F. Ravari

numbers of DSC runs performed at different cooling
rates. The activation energy can be found at any
particular conversion level by finding the value of

E, at which the ®(¢) function has a minimum value.

In Equation (12) the temperature integral was deter-
mined by the Senum-Yang approximation (Senum et
al., 1977) given as:

Ta

I(E,,T)= _[exp( ]f"T)dT (16)
0
[(Ea,T)z(%jP(x) (17)

and

P(x)= exp(—x) x> +18x% +88x+96 )
x x*+200° +120x7 +240x +120

Each value of X(¢) was minimized to obtain the
E, dependence. The advanced isoconversional method

applied the same computational algorithm for iso-
thermal and non-isothermal DSC data. The isocon-
versional plot trends in Fig. 9 are similar to those
obtained from the Friedman method.
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Figure 9: Plots of effective activation energy as a
function of relative crystallinity for neat PVDF and
PVDF/PVP films using the advanced isoconversional
method.

CONCLUSIONS

The non-isothermal melt crystallization kinetics
of PVDF and its blends with PVP were studied at
various cooling rates using DSC. As compared with
neat PVDF, PVDF/PVP blends exhibit reduced crys-
tallization ability due to the tendency of PVDF to

interact with PVP through hydrogen bonding be-
tween the hydrogen atoms of PVDF and oxygen
atoms of the carbonyl groups in PVP. The effect of
PVP on the glass transition temperature of PVDF
was also evaluated by DMTA analysis. It has been
found that PVDF films containing PVP have higher
T, values in comparison to neat PVDF films. The
Jeziorny, Mo and Ziabicki models were applied to
describe the crystallization process and appeared to
be successful. The Ozawa equation was found to be
invalid for describing the crystallization kinetics.
Kinetic parameters obtained from these mathemati-
cal models showed that the crystallization rate of
PVDF decreased in the presence of PVP and was
affected by the molecular weight of PVP. The activa-
tion energies of melt crystallization for PVDF and
PVDF/PVP blends were determined according to
Freidman and advanced isoconversional methods.
The higher value of the activation energy for
PVDEF/PVP blends compared to neat PVDF was also
consistent with the lower rate of crystallization.
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