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1 | INTRODUCTION

Non-isothermal crystallization behavior of poly(e-caprolactone)/bentonite (natural and soy
lecithin-modified) nanocomposites was studied by means of differential scanning calorimetry
(DSC). In addition, a microscopic analysis of cryofracture surface was performed by scanning
electron microscopy (SEM). Experimental data show that pure bentonite (Bent) acts as retarding
agent and that soy lecithin partially counteracts this effect because it accelerates the crystalliza-
tion process. The soy lecithin was used as natural and cheap clay modifier that can be used in
food contact applications, which is the thought application for the studied materials. Kinetic
parameters, obtained by using classical methods such as Avrami and Mo models, were able to
partially describe the non-isothermal crystallization behavior of the studied materials and the
results are further supported by the effective activation energy calculations by iso-conversional
method of Friedman. The full models, which take into account the different parameters during
cooling under non-isothermal conditions, were used to construct continuous cooling transfor-
mations (CCTs) diagrams that confirm all previous results and that will be used to determine the

processing conditions of studied materials.
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properties, such as mechanical and impact properties and decrease

others such as gas permeability.>~#

The global consumption of biodegradable polymers has increased due
to their potential applications in the field of environmental benign
plastic products. Especially the push toward the bio-based economy
and greener society has impulse the development of new bio-based
materials.[*! A vast variety of biodegradable polymers have been pre-
pared and several of them have been industrialized, such as chitin,
chitosan, poly(-hidroxybutyrate), or poly(e-caprolactone) (PCL). These
materials have a great market that includes packaging materials,
hygiene products, consumer goods, and agricultural tools. In order to
improve their performance, they could be filled with different inor-

ganic synthetic and or natural compounds in order to increase several

Particularly, in recent years, PCL has been widely used in the
preparation of blends with other biodegradable polymers such as
polylactic acid and thermoplastic starch,!>¢ or as matrix for nanocom-
posites preparation using natural fillers such as starch nanoparticles,”?
carbon nanotubes,® nanoclays,””! or cellulose nanocrystals.*® Among
them, the use of nanoclay as reinforcement is highlighted thanks to
the proven improvements in relevant application properties. Such
improvements are mainly obtained with low clay content, usually
below 5 wt. %, and are related with thermomechanical and barrier
properties and also with the rate of polymer biodegradation. This

enhanced performance of nanocomposites is a result of the large
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number of interactions between both components, matrix and clay,
coming from the high surface area of nanometric-sized silicate layers,
thin and homogeneously dispersed in the polymer matrix.*! It is
interesting to note that most of the published work on PCL/clays
nanocomposites use ammonium salts to modify the clay and intro-
duces limitations for their use in food contact applications. In a previ-
ous work, we reported the chemical modification of bentonite (Bent)
with a cheap natural product, soy lecithin (SL), and the effect that this
modification produced on the final properties of PCL/clay nanocom-
posites.*?! In that work, it was found that the nanocomposites pre-
sented intercalated-exfoliated structures and those results were
supported by the decrease on the water vapor permeability by the
addition of SL-modified bentonite to the neat PCL. However, melt
rheology, differential scanning calorimetry (DSC), and mechanical ten-
sile tests yielded unexpected results suggesting the decrease in the
molecular weight of the PCL matrix being higher as a function of SL
content.

During the last decade, many studies related to the crystallization
of PCL nanocomposites have been published,**"2? and they have
shown controversial results regarding the nucleating or retarding
effect of PCL modified with several compounds: pure carbon nano-

tubes and/or functionalized with different chemical agents,[*3-1°]

(16:17] organoclays,“gl and bamboo fiber.'?! The effects have

cellulose,
been studied analyzing different experimental parameters as the
changes on the crystallization temperature (increase or decrease), the
crystallization rate (higher or lower), the effective energy barrier
(increase or reduction), or the half-crystallization time (decrease or
increase). In the previous studies, both effects (retarding or accelerat-
ing ones) were also demonstrated by the use of different theoretical
models, such as Osawa, Avrami, or Mo.

The aim of this work was to study and to model the non-
isothermal crystallization process of PCL reinforced with different
contents of SL-modified bentonite. The effect of the Bent concentra-
tion and the SL/Bent ratios on the modified clay will also be analyzed
by the application of theoretical models. The behavior of these mate-
rials during non-isothermal crystallization from the molten state is of
increasing technological importance because real industrial processes
such as extrusion and film forming usually proceed under dynamic
non-isothermal conditions. Moreover, from scientific point of view,
the study of crystallization in dynamic conditions may expand the gen-
eral understanding of crystallization behavior of polymers as many iso-
thermal methods are often restricted to a narrow temperature

range.[2021]

2 | EXPERIMENTAL

21 |

PCL, CAPA FB 100, with Mw = 100 000 g/mol was purchased from
Perstorp (Sweden). The Bent, with a cation exchange capacity of

Materials

105 mequiv/100 g, was provided by Minarmco S.A. (Argentina). SL
was supplied by Melar S.A. (Argentina). All materials were used as

received.

2.2 | Nanoclays preparation

As it has been reported in our previous work,?? three SL-modified
bentonites were prepared to be used as fillers of PCL. Briefly, a Bent
dispersion was mixed with a SL solution, heated at 75°C and stirred
for 2 hours. Nanoclays were obtained by using the SL/Bent ratios of
0.25,0.50, and 1 and were labeled as A, B, and C, respectively.

2.3 | PCL nanocomposites preparation

PCL nanocomposites reinforced with 1 and 2 wt. % of Bent, A, B, and
C nanoclays were prepared as reported in our previous work.'? In
short, nanocomposites were obtained using a two counter-rotating
roller rotors-Brabender type mixer at 100°C for 10 minutes. Then,
sheets of 1 mm thickness were obtained by hot-pressing for
10 minutes at 100°C and 75 kg/cm? Nanocomposites were labeled
indicating the clay content and type. For example, “PCL + 1%A” is the

nanocomposite from PCL and 1 wt. % of A nanoclay.

2.4 | Characterization methods

241 |
The morphology of Bent, A, B, and C clays/PCL nanocomposites on a

Morphological characterization

microscopic scale was examined using scanning electron microscopy
(SEM Philips model JEOL JSM-6460 LV). PCL and its nanocomposites
were cooled in liquid air and then broken into two pieces. Then, the
cut specimens were fixed with silicon adhesive onto small glass pieces.
Finally, cryofractured surfaces were covered with a thin layer of gold.
The scanning electron micrographs were reordered at 1000x of

magnification.

242 |

The non-isothermal crystallization process was studied by means of a

Non-isothermal crystallization process

DSC (Perkin Elmer 7). Samples of about 10 mg were accurately weighted.
A first run was done from room temperature to 110°C at a heating rate
of 10°C/min. Then, the samples were kept for 5 minutes at 110°C in
order to allow the complete melting of the crystals and to remove
the thermal history. After that, the samples were cooled to room
temperature at different cooling rates: 5, 10, 15, 20, and 30°C/min. All
DSC analyses were performed under nitrogen atmosphere.

3 | RESULTS AND DISCUSSION

3.1 | Systems characterization

The preparation and characterization of A, B, and C nanoclays were
reported in our previous work."? The obtained main results sug-
gested that the organic contents present in nanoclays were
16.2 £0.2%, 22.8 £0.2%, and 41.9 £0.4% for A, B, and C, respec-
tively, and that the SL was intercalated between clay sheets and also
adsorbed onto the platelet edges and faces. Increments in interlamel-
lar spacing were observed as SL content increases. In addition, we
found that the thermal stability of nanoclays decreases as a function
of SL content, and those nanoclays were not affected during proces-

sing of PCL nanocomposites performed at 100°C. Finally, SL-modified
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nanoclays presented an important moisture content reduction when
compared with Bent, thus improving the interaction with the highly
hydrophobic PCL matrix. Once incorporated into PCL matrix, nano-
composite characterization by X-ray diffraction analysis*?! suggested
that intercalated-exfoliated structures were obtained. Particularly,
nanocomposites with Bent, A, and B presented an intercalated struc-
ture, while those with C presented an intercalated-exfoliated one.
However, melt rheology results exhibited evidences of thermal degra-
dation of the matrix.

In order to assess the state of dispersion of different used clays
(Bent, A, B, and C) on PCL matrix, SEM micrographs of cryofractured
surfaces of nanocomposites were taken. Figure 1 shows SEM micro-
graphs of PCL and its nanocomposites with 1% and 2% of Bent, A, B,
and C. Figure 1A shows the cryofracture surface of the pure PCL. No
aggregates were present on its surface. Figure 1B,C shows the surface
of nanocomposites with Bent. In this case, the presence of clay
agglomerates can be observed, being greater when the clay content is
2%. White arrows were included in the figure to mark the agglomer-
ates. The remaining figures (Figure 1D-I) show that organoclays A, B,
and C displayed a good degree of dispersion in PCL as no aggregates
were observed with the micrometric magnification utilized. This result
suggests that the chemical modification of Bent increases the compat-
ibility with PCL matrix promoting strong interactions between the
filler and the polymeric chains. Therefore, the analysis has revealed
that Bent modification can provide a useful method to prepare nano-

composites with a fine dispersion of the reinforcement and a good

adhesion.
3.2 | Non-isothermal crystallization process
The degree of crystallinity of each material was calculated from the
following equation®®):
AH
Xer (%) f___ %100 (1)

WpcL X AH100

where AH¢ is the experimental heat of fusion, wpc is the weight frac-
tion of PCL, and AH4o is the heat of fusion of 100% crystalline PCL;
136 J/g?4

Figure 2 shows the crystallization behavior of pure polymer and
nanocomposites at a cooling rate of 10°C/min. The crystallization
temperatures and the degree of crystallinity were extracted from the
curves and the obtained values are summarized in Table 1.

It can be observed that the degree of crystallinity decreased with
the incorporation of unmodified bentonite (1% and 2%). A similar

(4251 and it was

decreasing trend was reported by other authors
attributed to the hindering of the polymer chain mobility, and effec-
tive diffusion of chains to the growing fronts of crystallites is impeded
by the nanoclay. The limited crystal growth produces crystallites with
reduced grain size and lowers the degree of crystallinity. The decrease
in crystallinity may further be attributed to the polymer-clay interac-
tions.) On one hand, the crystallinity increase with SL content,
indicating that SL acts as nucleating agent for the crystallization of
PCL.[26'27]

On the other hand, it is possible to observe that the crystallization

temperature of PCL slightly decreased with the incorporation of pure

bentonite, delaying the crystallization process. This phenomenon
could be probably related to the presence of more heterogeneous
nucleation sites to reduce the perfection of PCL crystallite in the
nanocomposite 428271

An approximation of the crystallization rate can be made by
calculating the overall crystallization rate (OCR) (t1,,°1), where ti/»
(half-crystallization time) is the time at which the relative degree of
crystallinity approaches to 0.5. This parameter is proportional to both
the primary nucleation rate and the crystal growth.>? It is important to
say that a lower value for OCR (t1,,?) indicates slower crystallization.

Figure 3 shows the experimental OCR as a function of cooling
rate for PCL and nanocomposites with 1% of each clay (Figure 3A)
and (Figure 3B) PCL and nanocomposites with 2% of each clay.

As expected, the values of OCR increased with the increased
cooling rate for all materials®**? due to a higher driving force pro-
cess. From the figure, it can be observed that, for a fixed cooling rate,
the OCR decreased when Bent (1% and 2%) was incorporated, indi-
cating that the addition of Bent makes the crystallization process
slower (retarding effect). On the other hand, the OCR increased with
the modified nanoclays (with respect to PCL/unmodified bentonite
nanocomposites) which could be related with an improved interaction
of the SL with PCL, due to higher compatibility but also with the fact
that SL acts as an accelerating agent on the crystallization process.
The effect was more notorious in Figure 3A. The greater bentonite
content in Figure 3B does not allow appreciating the differences

between the different content of SL.

3.3 | Modeling of non-isothermal crystallization
process

Avrami's equation has been widely applied for the non-isothermal
crystallization of polymers.[33'35] It assumes that the relative degree

of crystallinity develops with the crystallization time 36!

a=1-exp(-Zit") (2)

where n is the Avrami crystallization exponent dependent on the mech-
anism of nucleation, a is the relative degree of crystallinity at time t,
and Z; is a polymer or blend rate constant involving both nucleation
and growth rate parameters.[34] Considering the non-isothermal charac-
ter of the process, Jeziorny pointed out that the value of rate parameter
Z; should be adequately corrected.®”! Assuming approximately constant
the cooling rate (¢), the final form of the parameter characterizing the

kinetics of non-isothermal crystallization can be expressed as follows:

InZ, = % (3)

The parameters of Avrami equation were obtained by using a typi-
cal nonlinear Levenberg-Marquard regression method in the Origin
software, in the range of a between 0.01 and 0.4. The Avrami approach
was applied to the early stages of crystallization to avoid complications
arise from the effects of secondary crystallization process. Figure 4
shows a relative degree of crystallinity (a) as a function of time for
PCL + 1% B. Red lines show the range adjusted with the regression
method and in all analyzed materials the adjustment was adequate

(R? > 0.9900). The obtained parameters are summarized in Table 2.
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FIGURE1 SEM micrographs of A, PCL; B, PCL + 1% Bent; C, PCL + 2% Bent; D, PCL + 1% A; E, PCL + 2% A; F, PCL + 1% B; G, PCL + 2% B; H,
PCL + 1% C; and |, PCL + 2% C



MERINO ET AL.

Pol 50f8
Wl LEY Crysta(il?’zr:tei;n J_o

5] PCL¥1%C 54 PCL+2%C
—~ 4 — 44
3 PCL+ 1% B 3 PCL+2% B
KA K
B 34
33 2
bt PCL+ 1% A £ PCL+2% A
© © 24
o 24 o)
I I
9 /\
; PCL+ 1% Bent 14 PoL+2% Bent
peL ol PCL
0_
T T T T T T T T T T
0 10 20 30 40 50 60 0 10 20 30 40 50 60

Temperature (°C)

Temperature (°C)

FIGURE 2 Non-isothermal crystallization curves obtained at a cooling rate of 10 °C/min. A, PCL and nanocomposites with 1% of each clay

and B, PCL and nanocomposites with 2% of each clay

TABLE1 Parameters of non-isothermal crystallization for different
materials studied at 10°C/min

Sample T.(°C) X (%)
PCL 38.9 44.0
PCL + 1% Bent 38.6 42.3
PCL + 1% A 38.2 43.3
PCL + 1% B 37.6 45.5
PCL + 1% C 37.3 49.9
PCL + 2% Bent 38.5 43.0
PCL + 2% A 37.3 445
PCL + 2% B 37.0 46.8
PCL + 2% C 37.5 50.0

It is possible to observe that Z. increased as a function of cooling
rate.l323538] On the other hand, for a fixed cooling rate, n decreased
when Bent was incorporated to PCL matrix and that, in general,
increases with the content of SL, with some exceptions. The opposite
behavior was observed with the parameter Z,. This is concordant with
the retardant effect produced by the pure bentonite.>>3? It is impor-
tant to remark that this model does not show appreciable differences
between the different blends studied.

The overall non-isothermal crystallization kinetics of pure PCL
and nanocomposites with SL was also studied using the Mo's

[40]

formalism,"™ which is a combination of Avrami and Ozawa equations.

This is based on the following equation:

(A) 0,030
—a—PCL x
—0— PCL+1% Bent e
| —a—PCL+1% A A
0,025 A
— —o—PCL+1% B .
o % PCL+1% C
s
S 0,020
= o
2. 0,015 x//////
2 V.
=
g ///
3 0010
-
0,005 T T T T T T
5 10 15 20 25 30

Cooling rate (°C/ min)

(B) 0,030
0,025
o
c
2 0,020
©
N
K=
2 0,015
o
= —o—PCL+ 2% Bent
5] s —A—PCL+2% A
3 0,010+ g —o—PCL+2% B
/ —<—PCL+2% C
0,005 . .

In@ = InF(T)-alnt 4)

where F(T) = [K(T)*Z, 11" refers to the cooling rate, which has to be
chosen at unit crystallization time when the measured system
amounts to a certain degree of crystallinity; a is the ratio of the
Avrami exponent n to the Ozawa exponent m, (n/m).

Perfect linear relationship between In ¢ and In t can be obtained.
An example is shown in Figure 5 (PCL + 1% B). A similar behavior was
observed for all studied systems. This gives the idea that apparently,
non-isothermal crystallization analysis by Mo’s method is suitable for
studied materials.

The kinetic parameter F(T), obtained from slope, and a, from
intercept, are listed in Table 3. As it was previously indicated, values
between 20% and 40% of relative crystallinity were considered. It
can be observed, for all systems, that a and F(T) values slightly chan-
ged with the relative degree of crystallinity. On the other hand, at a
given degree of crystallinity, F(T) increases with the incorporation of
pure Bent (1% and 2%) indicating that Bent acts as retarding
agent[35'38] and then decreases for modified one, also with the SL
content, in accordance with other results that show that SL acts as
accelerating of the crystallization process. The a values are in the
range 1.4-1.7.

3.4 | Nucleation activity

Nucleation activity (¢) is a measurement of the decrease of the three

dimensional nucleation with the addition of reinforcement.* If the

T T
15 20
Cooling rate (°C/ min)

T
10

o 4

25 30

FIGURE 3 Overall crystallization as a function of cooling rate for A, PCL and nanocomposites with 1% of each clay and B, PCL and

nanocomposites with 2% of each clay
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FIGURE 4 Relative crystallization as a function of time for
crystallization of PCL + 1% B

reinforcement is extremely active, the nucleation activity will tend to
zero, while for inert reinforcement, it will be close to one.*” For
nucleation from the melt, the cooling rate is represented by Equa-
tion 5, at temperatures close to melting:

In®=A—i

an (5)

where ¢ is the cooling rate, A is a constant, AT, = T,,-T. is the degree
of under cooling, T, is the crystallization temperature, T, is the melt-
ing temperature, and B is the parameter related to the three dimen-

sional nucleation. ¢ can be calculated from the following equation:

(6)

w| R

p=

where B is the parameter for the pure polymer and B” for the nano-
composites, and they were obtained from Equation 5. Table 4 shows
the calculated values of the activity nucleation of the studied systems.
It is clear that the values are lower in the systems that contain SL
(higher nucleating effect), without appreciable difference between 1%
and 2% Bent.

As it was described above, the crystallization temperature
depends on the cooling rate. For non-isothermal crystallization, it is

also interesting to evaluate the effective energy barrier, AE. The

In ¢

T
-0,2 0,0 0,2 0,4 0,6 0,8
Int

FIGURES5 Ln ¢ versus log t from the Mo’s equation for non-
isothermal crystallization of PCL + 1% B

TABLE3 Mo’s parameters for the non-isothermal of pure PCL and

nanocomposites

Crystallinity (%) 22 30 40

Samples a F(T) a F(T) a F(T)

PCL 1.73 2.27 1.71 243 1.69 2.55
PCL + 1% Bent 1.60 2.50 1.59 2.62 1.57 2.73
PCL + 1% A 1.55 2.52 1.53 2.62 1.52 2.70
PCL + 1% B 1.54 244 1.52 2.55 1.52 2.62
PCL+ 1% C 1.60 2.26 1.59 2.38 1.59 247
PCL + 2% Bent 1.58 243 1.59 2.56 1.54 2.67
PCL + 2% A 1.40 2.51 1.42 2.62 1.45 2.70
PCL + 2% B 1.53 246 1.54 2.57 1.55 2.66
PCL-2%C 1.59 2.40 157 2.49 1.55 2.55

differential isoconversional method of Friedman
appropriate methods for evaluating the effective energy barrier:

AE,
—) = constant- —=

n da
t

[42]

is one of most

(7)

where da/odt is the instantaneous crystallization rate as a function of
time at a given conversion a. According to this method, a function

TABLE 2 Avrami’s parameters for the non-isothermal of pure PCL and nanocomposites

¢

Samples

PCL

PCL + 1% Bent
PCL + 1% A
PCL +1%B
PCL+ 1% C
PCL + 2% Bent
PCL + 2% A
PCL + 2% B
PCL + 2% C

5

n

2.6
25
2.6
3.0
34
23
35
29
3.7

Z
0.004
0.005
0.006
0.003
0.001
0.008
0.008
0.003
0.0006

10
n
2.7
24
3.2
3.2
3.6
24
3.6
3.4
3.9

20 30

Z. n Z. n Z.

0.038 2.8 0.323 25 0.549
0.109 24 0.380 2.2 0.575
0.054 3.2 0.295 2.9 0.500
0.055 3.0 0.323 3.1 0.478
0.040 3.5 0.257 3.1 0.501
0.110 24 0.389 2.3 0.575
0.036 3.7 0.229 3.1 0.501
0.044 3.0 0.275 2.8 0.524
0.031 3.9 0.234 3.8 0.407
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TABLE4 Activation energies of studied materials at three different crystallinity and nucleation activity

Crystallinity (%) 20 30
Samples Activation energy (kJ/mol)

PCL 121 98
PCL + 1% Bent 120 104
PCL + 1% A 142 116
PCL + 1% B 152 126
PCL+ 1% C 142 116
PCL + 2% Bent 148 123
PCL + 2% A 153 126
PCL + 2% B 138 117
PCL + 2% C 153 123

obtained from the integration of the experimentally measured crystal-
lization rates is initially differentiated with respect to time to obtain
the instantaneous crystallization rate. Furthermore, by selecting
appropriate degrees of crystallinity the values of da/dt at a specific a
(and measured at various cooling rate) are correlated to the corre-
sponding crystallization temperature at this a (T,). Then by plotting
Inda/dt, with respect to 1/T,, a straight line must be obtained with a
slope equal to AE,/R. Equation 7 was used only to make a qualitative
comparison of the crystallization process between the matrix and
nanocomposites. In this work, AE, was evaluated at conversions of
0.2, 0.3, and 0.4, and the values are reported in Table 4. The results
show that incorporation of bentonite to PCL matrix produced an
increase on the activation energy which is in accordance with the pre-
viously observed retarding effect. No clear tendencies were observed
as a function of SL and clay contents probably due to the different
and competitive factors that affect to this parameter. Nevertheless, all
used clays produce an increase in the activation energy and a reduc-
tion on the nucleation activity.

Figure 6 shows the continuous cooling transformations (CCTs),
plots for the nanocomposites crystallization, where the crystallinity is
related with time and temperature at constant cooling rate. This
approach allows the knowledge of the crystallization process.[43’44]
The curves for the relative degree of crystallinity (0.3) are plotted as a
function of time. Theoretically, each point on these curves has been

obtained by integration of the full model (nucleation and growth) at a

40 Nucleation activity
90 1

88 0.93

108 0.84

109 0.85

92 0.82

118 0.98

98 0.77

105 0.83

94 0.86

constant cooling rate. So, when the degree of crystallization curve is
intercepted by a constant cooling rate one, the obtained point repre-
sents the time necessary to reach a specific relative degree of crystal-
linity under specific thermal conditions. Figure 6A reveals that the
Bent retards the crystallization process of PCL (crystallize at lower
temperature and/or higher time), confirming the previously observed
effect. On the other hand, the crystallization process was accelerated
as a function of the content of SL. Similar behavior was observed in
Figure 6B (with the exception of PCL and PCL + 2% A). It can be con-
cluded that at higher contents, bentonite could affect the nucleating
effect of SL.

4 | CONCLUSIONS

The effect of the incorporation of natural and SL-modified bentonite
on the bulk crystallization of PCL was studied. Some relevant results
(experimental and models parameters) demonstrated that natural
unmodified bentonite nanoclays and bentonite modified with SL act
as retarding agents but that SL is accelerating. Another important con-
clusion is that, although Avrami models and activation energy do not
allow show appreciable differences between the different studied
nanocomposites, the Mo models, nucleation activity, and CCT dia-

grams confirmed the previous analysis effects.

44 44
(A ®)
i b i S~
42 10°C/min ~ 42 - e .
10°C/min g s
40 40 Y\
—_ —_ // - — N
e e N~
E; 384 E 38 20°C/min ;////
2 2
© ©
5 36 S 36 /
Q Q /
; ; :
344 34 4
i —e— PCL+ 1% Bent = / \
\ / —&—PCL+ 1% A —e—PCL + 2% Bent
2 ) 2 - —A—PCL+2%A
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30 T T T T T 30 T T T T T
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FIGURE 6 CCT diagrams for A, PCL and nanocomposites with 1% of each clay and B, PCL and nanocomposites with 2% of each clay
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