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ABSTRACT: Polylactide (PLA) nanocomposites with improved mechanical and barrier properties are of growing industrial interest and

therefore required green modified montmorillonites (gm-MMTs) to meet the expectation of totally biosourced material. In this study,

ulvans that are polysaccharides and glycoproteins extracted from seaweed are used as surfactants to achieve intercalated clays. The

effect of this gm-MMT (ALL350) on the crystallization kinetics of PLA was compared to Cloisite 30B, and pristine MMT was taken

as a reference. Rheology, differential scanning calorimetry, and transmission electronic microscopy experiments were performed to

better understand the effects that dominate the so-called nucleating effect observed in PLA nanocomposites. It was found that two

major driving forces explain the efficiency of the ALL350 that enhances PLA nucleation. The first one is the decrease of the interfacial

energy and the second is a reduction of the complex viscosity that acts on the induction period. Reduction of both the interfacial

energy and the surface friction forces between PLA chains and polysaccharides-treated clay platelets is assumed to facilitate the induc-

tion process. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

The dwindling of fossil resources and the protection of environ-

ment for future generations have urged the development of

materials synthesized from renewable resources with the possi-

bility of being recyclable or biodegradable.1,2

Because of its biodegradability and biocompatibility, use of pol-

ylactide (PLA) has expanded rapidly in packaging and biomedi-

cal application. However, the ultimate physical properties of

polymers, such as their resistance to mechanical impact, the de-

velopment of crazes, barrier properties, or optical properties,

are highly dependent on the morphology of the polymer and,

therefore, the crystalline size. The morphology and particularly

the degree of crystallinity also influence the hydrolytic degrada-

tion kinetics.3,4 Thus, it is of the utter importance to control

the crystallization process to reach specific end uses.

One of the main cost-efficient methods to enhance the physical

properties of polymeric materials is the addition of fillers known

to act as nucleating agents. The impact of traditional nucleating

agents as well as nanofillers used to improve the mechanical

property and permeability of polymers have been investigated for

poly(L-lactic acid) (PLLA). It turns out that talc5,6 poly(D-lactic

acid) (PDLA) or the stereocomplex crystallites formed upon the

addition of PDLA7,8 mesolactide,9 dendritic hyperbranched poly-

mer,10 can effectively promote the nucleation of PLLA. Nam

et al.11 reported that nucleation rate of PLLA is slightly enhanced

by natural clay, whereas reduced by organoclay. Moreover, the

addition of organoclays shows a tendency to reduce slightly the

growth rate and the overall crystallization rate, and it does not

affect spherulite sizes.12 Krikorian and Pochan13 claimed that the

use of two commercial organoclays, Cloisite 15A and 30B, inter-

calated with alkyl chains with a different surface tension, dictates

the extent of dispersion in the final nanocomposites. They

reported that the more compatible organoclays, Cloisite 30B

(C30B), lead to fully exfoliated nanocomposites, whereas the less

compatible Cloisite 15A leads to intercalated systems. An inter-

esting unexplained outcome is the relation between the disper-

sion and the nucleated ability of organically modified clays. In

the case of exfoliated nanocomposites, the low nucleating effi-

ciency behavior coupled with a higher spherulite radial growth

rate lead to a greater final spherulite sizes. In contrast, in the case

of intercalated nanocomposites, clay acts as an effective
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nucleating agent, resulting in a finer morphology and a higher

crystalline content compared with the fully exfoliated system.14

Commonly, low-cost natural polymers are used as additives to

reduce the overall material cost and the environmental impact.

Numerous studies have been carried out for PLLA–polysaccha-

rides blends.15–17 Interestingly, chitosan, a polysaccharide of ma-

rine origin, has been used to improve the chemical compatibil-

ity between PLLA and layered silicate clay.18 Recently, Tsuji

et al. equally reported the effects of various polysaccharides on

the overall PLLA crystallization.19 It is thus interesting to clarify

the effect involved in the enhancement of the PLLA crystalliza-

tion by polysaccharides.

To tackle this issue, we focused our attention on a complex con-

taining ulvan and glycoproteins extracted from green seaweeds, as

a potential additive of PLLA. In this article, we study the impact

of montmorillonite (MMT) clay intercalated with ulvan–glycopro-

tein complex. One of the main advantages in using this complex,

for the nanocomposites intercalation, is the use of water as a sol-

vent. Moreover, the exploitation of this marine biomass byproduct

can also represent a ‘‘green solution’’ to related environmental and

economical concerns. Furthermore, PLLA filled with C30B and

pristine MMT are used as reference nanocomposites.

BACKGROUND

Several theories were described to explain crystal growth into

polymers. The adjacent re-entry chain-folded model is the most

probable mechanism of crystalline block on crystalline lamel-

lae.20 One classical way of describing data inherited from the

crystallization of small entities and originally proposed simulta-

neously by Johnson and Melh,21 Avrami,22–24 and Kolmogorov25

and usually cited as the Avrami model. Assuming a distribution

of initial nuclei already contained in the melt state and condi-

tions for their growth, this model gives the mass crystalline

fraction, transformed with the elapsed time according to:

aðtÞ ¼ 1� expð�EÞ; (1)

where aðtÞ ¼ DHðtÞ
DH1

, DH(t) and DH1 represent the overall crystal-

line enthalpy at a given time t and at an infinite time, respectively.

E is the number of activated centers within a sphere of radius

R(t) ¼ Gt, where G and t stand for the linear growth rate and

time, respectively. In the hypothesis of a heterogeneous nucleation,

valid for our study, and for crystalline entities with an n dimen-

sional growth, Avrami’s law is usually written as follows:

aðtÞ ¼ 1� expð�KtnÞ (2)

with the parameter K depends on the growth geometry (factor

C), the growth rate G(T), and the nucleation rate N.

The half crystallization time, t1/2, for which half the crystalliza-

tion is achieved, is a characteristic time that relates the overall

crystallization to the linear growth rate according to eq. (3):

1

t1=2
¼ CN

Ln2

� �1=n

G: (3)

This relation points out that the overall crystallization rate

scales as the linear growth rate G(T) and the nucleation rate N.

Crystal nucleation and crystal growth data are equally often an-

alyzed with a classical thermodynamic approach, which defines

the critical size nucleus must have so that the reduction in

energy caused by its formation is sufficient to overcome the

excess energy associated to the creation of surfaces. The devel-

opment of this approach has led to the classical nucleation

theory of Turnbull and Fisher,26 which describes the growth of

new crystals from a preexisting surface and to the secondary

nucleation controlled crystal growth model proposed by Laurit-

zen and Hoffman27 to account for the polymer crystallization.

The nucleation rate can be expressed as follows:

NðTÞ ¼ N0 exp � U �

RðT � T0Þ
� �

exp � 16rreDrðT0
mÞ2

kDT2 DH2
m

 !
; (4)

where r and re stand for the lateral and the folded surface

energy, respectively; Dr the interfacial energy; and DHm and T0
m

are the melting enthalpy and the melting temperature of a crys-

tal of an infinite size, respectively. U* is the transport activation

energy and T0 a reference temperature lower than the glass tran-

sition temperature by 30–40 K, below which any motions

ceases.

The general form of the growth rate equation is as follows:

G ¼ G0 exp
�U �

RðT � T0Þ
� �

exp � Kg

TDT

� �
; (5)

where Kg is the nucleation constant defined as Kg ¼ nb0rreT0
m

kDHm
, n

is an integer that reflects the relative rate of two competing

processes: secondary nucleation and surface spreading, and b0
represents the thickness of a monomolecular nuclei.

Three regimes of crystal growth can be distinguished as a func-

tion of the crystallization temperature. Regimes I and II were

proposed in 197528 and regime III in 1983.20 Regimes I (low

undercoolings) and III (high undercoolings) correspond to

kinetics controlled by the secondary germination (n ¼ 4),

whereas regime II corresponds to competition between second-

ary and tertiary germination (n ¼ 2).

It is interesting to note that each exponential term in the for-

mer expressions gives the probability to overcome an energy

barrier in a Boltzmann statistics either to bring a chain from

the melt to the growth front or to create stable nuclei and indu-

ces a time lag before the crystallization starts. This time lag or

induction time reflects the probability to create and grow a new

crystal and increases when this event becomes unlikely. Experi-

mentally, one can expect for the aforementioned reasons a U-

shaped temperature dependence of the induction time and a

bell-shaped temperature dependence for the overall crystalliza-

tion kinetics and the nucleation rate.

Assuming the concentration of heterogeneities is constant over

the temperature interval comprised between the initial melt

temperature and the crystallization temperature, Ishida and

Bussi29 easily showed that the product of the nucleation rate,

N(T) times the induction time is constant. This result confirms

the intuitive idea that the induction time is inversely propor-

tional to the nucleation rate. For undercoolings such that the
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critical size of stable nuclei is around unity or lower, the induc-

tion time is controlled by the nucleation step of the first row

and is given by:

sind ¼ s01 exp
U �

RðT � T0Þ
� �

exp
16rreDrðT0

mÞ2
kDT2DH2

m

 !
; (6)

which is equivalent to the expression derived by Ishida and

Bussi.29

From the crystallization kinetics, we will calculate the interfacial

free energy Dr. The temperature dependence of the induction

time will be fitted with eq. (6) to calculate U*, s01, and Dr.
From eq. (3), N will be calculated with the measured values of

t1/2 and G for different isothermal temperatures. Then, the tem-

perature dependence of the nucleation rate N(T) will be ana-

lyzed with eq. (4).

EXPERIMENTAL

Materials

A commercial grade of PLLA (Biomer L9000) with a weight-av-

erage molecular weight (Mw) of 220 � 103 g mol�1, a number-

average molecular weight (Mn) of 122 � 103 g mol�1, and a

polydispersity index (Mw/Mn) of 1.95 was purchased from

Biomer, Krailling, Deutschland.

The alkylammonium-modified MMT and C30B were purchased

from Southern Clay Product and used as received.

The pristine MMT, MMT, and MMT intercalated with selected

seaweeds, named ALL350 in this study, were kindly supplied by

Professor Jocelyne Miehe-Brendle from Ecole Nationale

Sup�erieure de Chimie de Mulhouse.

The main organic modifier of ALL350 is a complex containing a

polysaccharide, called ulvan, and glycoproteins extracted from the

marine green alga Ulva sp. better known as sea lettuce. A review

article, recently published by Lahaye and Robic,30 documented

the structure and the functional properties of Ulvan. Ulvan is a

water-soluble anionic polysaccharide structurally heterogeneous

containing sulfate, xylose, rhamnose, and glucuronic acid.31,32

The dosage of sugars for the polysaccharide and the glycopro-

tein expressed in percentage of dried matter carried out by Dr.

Benjamin Saulnier from Institut National de la Recherche

Agronomique (France) (Nantes) are resumed in Table I. The

composites were obtained by mixing a water solution of clay

with a water solution of polysaccharide–glycoprotein complex

for 24 h at ambient temperature. The mixture was then centri-

fuged at 20,000 rpm for 10 min, and the solid was washed three

times to remove the excess of organic matter physically

adsorbed on the clay surface before being air dried. Keller

et al.33 determined the expansion of the (001) basal plane of the

phillosilicate by X-ray diffraction. These authors showed that

intercalation is partially obtained with a polysaccharide–glyco-

protein complex: clay ratio of 5 : 1 (w/w) when the composites

are air dried.

Preparation of PLA Nanocomposites

Natural clay and organomodified clays (powder form) and PLA

(pellets) were dried under vacuum at 60�C for 48 h. The

mixture containing 3% nanoclays was then melt extruded using

a Brabender twin-screw extruder DSK 42/6 with three different

zones operated, respectively, at 160, 180, and 180�C in the die.

The screw speed was set at 60 rpm to obtain nanocomposite

strands. Unfilled PLA was equally processed to obtain an

unfilled reference with the same thermal processing history.

Rheological specimens were prepared by hot pressing at 180�C
for 4 min.

Transmission Electronic Microscopy

The nanoscale structure was investigated by means of transmis-

sion electron microscopy (TEM) (Philips XL300) operated at an

acceleration voltage of 100 kV. The ultrathin section with a thick-

ness of 100 nm was cut using a Richert cryoultramicrotome.

Polarized Optical Microscopy

Cross-polarization optical microscopy measurements were car-

ried out on a LEICA apparatus equipped with a METTLER

TOLEDO FP82HT hot stage and a video camera (JVC-

TKC1381) and driven by Lida software. Specimens with a typi-

cal thickness of 100 lm were prepared by melt quenching

between thin glass slides and further crystallized in the hot stage

at the desired isothermal crystallization temperature.

Thermal Analysis

Isothermal crystallization studies and the glass transition tem-

perature determination were performed on a Perkin-Elmer Pyris 1

Differential Scanning Calorimeter (DSC) under constant nitro-

gen flow. Temperature and heat of fusion were calibrated with

an indium and zinc standards, respectively. Samples were

heated from 25 to 190�C with a heating rate of 10�C min�1

and held for 5 min to eliminate any possible crystallinity or

residual stress. Then, the specimens were rapidly quenched at

70�C min�1 to a desired isothermal crystallization temperature

and held there until complete crystallization. Thus, samples

were heated to 190�C at 10�C min�1 to probe the melting of

the polymer and checked that no degradation occurred during

the long-lasting crystallization kinetics.

Rheological Measurements

Rheological measurements were carried out on a Bohlin Gemini

rheometer under a nitrogen atmosphere to avoid any thermal oxi-

dation. Dynamic rheological measurements were performed at a

fixed temperature of 180�C in oscillatory shear mode using a set

of parallel plate geometry with a diameter of 25 and 2 mm thick

samples. Frequency sweeps between 0.01 and 10 Hz were per-

formed at low strain (5%), which was previously checked to be

within the linear viscosity range. The time sweep tests at working

temperature were also carried out to ensure no significant ther-

mal degradation occurred within the experimental time.

Table I. Composition of ALL350, Ulvan, and Glycoprotein Containing

Sulfate, Xylose, Rhamnose, Glucuronic Acid, and Uronic Acid

Rhamnose
Glucuronic
acid Xylose

Uronic
acid

ALL350 3.3 4.8 0.7 4.7

Ulv 4.4 4.2 1.8 4.7

Prot 0.4 7.5 1.2 0.7
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RESULTS AND DISCUSSION

The main incentive of this work is to study the nucleating effect

of a MMT intercalated with a green algae biopolymer on the

crystallization behavior of PLLA. The nucleating ability of green

modified MMT (ALL350) is compared to those of C30B and

pristine MMT. The properties of composites containing 3%

(w/w) nanoclay were compared. Indeed, C30B and ALL350 are

intercalated MMT and contain about 20% of organic material,

quaternary ammonium for C30B and ulvan for ALL350.

In a first step, the exfoliation is followed both by TEM and

rheological measurements that are highly sensitive to the disper-

sion state in the PLA matrix. Then, the cross-polarized optical

microscopy is used to characterize the crystal morphology at

several stages of crystallization. Subsequently, the overall isother-

mal crystallization rate and the induction time followed by DSC

are analyzed and discussed to further gain insight on the pro-

moting effect of the used fillers.

TEM micrographs of PLLA nanocomposites are shown in Figure 1.

PLLA with natural MMT clearly exhibits large micrometric

aggregates that demonstrate that no exfoliation takes place

without any pretreatment of the filler before melt blending.

ALL350 yields a more complex nanostructure for which some

individual scattered platelets are observed, while large aggre-

gates are evidenced as well. C30B yields the same nanostruc-

ture with quantitatively more individual platelets and less

aggregates than for ALL350 systems.

To understand the effects of the organomodifier on the interfa-

cial interactions between clay layers and polymer chains, the

rheological behavior of neat PLLA and corresponding nanocom-

posites was compared. Dynamic frequency sweep tests were car-

ried out to probe the extent of exfoliation of the different fillers.

Figure 2 shows the frequency dependence of the storage modu-

lus (G0) for neat PLLA, PLLA/C30B, PLLA/MMT, and PLLA/

ALL350.

Neat PLLA exhibits the classical rheological polymer melt

behavior with a slope of G0 versus frequency in a double loga-

rithmic scale equals to 2. For PLLA/MMT, no modification of

G0 was observed especially at low frequencies compared with

neat PLLA. These results evidence the poor cohesion of these

systems and therefore underline a state of dispersion at a micro-

metric rather than a nanometric scale. This low dispersion is

consistent with the observation on the TEM images. In the case

of PLLA/C30B, G0 is the highest in the entire range of frequen-

cies studied. Especially at low frequencies, G0 becomes less fre-

quency dependent, which is characteristic of materials showing

pseudo-solid-like behavior.34 This behavior due to the forma-

tion of a physical network of clay layers at relatively low clay

fractions has already been observed in nanocomposites35 and is

a proof of a partial or total exfoliation. The evolution of G0 for
PLLA/ALL350 is quite similar to PLLA/C30B but shifted down

to lower values. This behavior will be discussed in the following

sections.

It is thus possible to rank qualitatively the filler in terms of

their dispersion in the matrix from a higher to a poorer disper-

sion: C30B, ALL 350, and natural MMT.

The evolutions of the dynamic viscosity, obtained from the fre-

quency sweep tests, are shown in Figure 3. Neat PLLA shows, at

low frequency, a Newtonian plateau, whereas PLLA/MMT

presents only a slight increase compared with neat PLLA. This

last point shows that the dynamic viscosity of the PLLA is not

affected by 3% of natural clay without a compatibilizer. The

highest complex viscosity is achieved with the C30B. It can be

Figure 1. TEM images of PLLA/MMT, PLLA/ALL350, and PLLA/C30B (from left to right).

Figure 2. Frequency dependence of storage modulus (G0) for neat PLLA,

PLLA/C30B, PLLA/MMT, and PLLA/ALL350.
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observed that g* increases slightly at low frequency showing a

shear thinning behavior. We assign this increase to a better dis-

persion of the filler and a possible compatibilizing effect of the

Cloisite intercalated with the PLLA matrix. PLLA/ALL350

presents a behavior quite similar to PLLA/C30B but shifted to

lower g*, which is rather unexpected. As already mentioned in

the Experimental section, we have checked, by gel permeation

chromatography measurements, that no chain scissions occurs

so that any degradation mechanism can be excluded to account

for a decrease of g*. This decrease of viscosity could be attrib-

uted to a plasticizing effect of sugar-like small molecules, which

is commonly arising from degradation of the polysaccharide

and the glycoprotein. This plasticizing effect of glucose (or

other sugar-like small molecules) on PLLA has already been

reported in literature.36 However, no shift of neither the glass

transition, Tg, nor the melting temperature, Tm, was registered

in those systems. A possible explanation to account for this dis-

crepancy is the small amount of sugar-like small molecules pres-

ent in the system (around 18% of the organic content, thus

Figure 3. Frequency dependence on complex viscosity for neat PLLA,

PLLA/C30B, PLLA/MMT, and PLLA/ALL350.

Figure 4. Cross-polarization optical microscope images of neat PLLA and corresponding nanocomposites at time zero and other two different stages.

(The red scale bar indicates 50 lm). Tc ¼ 130�C. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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<0.5% of the total weight). What remains unclear is whether

the drop of viscosity is due to an excess of ulvan or glycopro-

tein adsorbed on the surface of MMT that can desorb in the

PLA melt.

Figure 4 represents the cross-polarization optical microscope

images of neat PLLA and respective nanocomposites at two dif-

ferent stages (t ¼ 260 and 520 s). At an early crystallization

stage (Figure 4: t0 s) and an intermediate crystallization stage

(Figure 4: t260 s), the crystal morphology of the neat PLLA,

PLLA-MMT, PLLA-C30B, and PLLA-ALL350, respectively, is

presented. For the neat PLLA and PLLA filled with natural

MMT or C30B, it can be clearly seen that morphology appears

circular, suggesting a three-dimensional spherulitic morphology.

In the presence of ALL350, the crystal morphology is hard to

determine because of the small spherulite size.

The presence of microaggregates of clay can be distinguished

before the beginning of crystallization. The interesting feature is

that for all the composite systems, the nucleation is not pro-

moted at the vicinity of the aggregates but somewhere else in

the matrix, where no trace of filler is detectable with the resolu-

tion of the optical microscope. This last point might be a clue

to the dispersion of bundles of layers or of individual sheets

and will be further discussed. In the case of neat PLLA, PLLA/

MMT, and PLLA/C30B, the spherulite size, at the same elapsed

time (t ¼ 520 s) after the induction period, is similar, suggest-

ing that crystal growth is not affected by the presence of the fil-

ler. This last point is better seen by measuring the growth rate

of spherulites for the PLLA, PLLA-MMT, PLLA-C30B, and

PLLA-ALL350 composites at 145�C. For each system, a linear

crystal growth rate of 0.026 lm s�1 is measured for all the sam-

ples confirming the independence of the crystal growth rate on

the filler presence.

To confirm and further understand the hypothesis concerning

the heterogeneous nucleation mechanism and the lamellar mor-

phology, isothermal crystallization kinetics for different under-

coolings were realized by DSC. Samples were heated from 25 to

190�C with a heating rate of 10�C min�1 (stage 1) and held for

5 min to eliminate any possible crystallinity or residual stress.

Then, the specimens were rapidly quenched at 70�C min�1 to a

desired isothermal crystallization temperature and held there

until complete crystallization. Thus, samples were heated to

190�C at 10�C min�1 to probe the melting of the polymer and

checked that no degradation occurred during the long-lasting

crystallization kinetics. Plotting eq. (3) as log(�ln(1 � a)) ver-

sus log(t) allows to determine that n (from the slope) and

log(K) (from the intercept) witch are the Avrami exponent and

the temperature-dependent rate constant, respectively. Avrami’s

law is rarely obeyed over the whole range of crystalline fractions

but can fit the data pretty well over a limited range. Thus, limi-

tation induces an experimental uncertainty on the Avrami expo-

nent determination. The values of the Avrami exponent, n, for

all the systems studied are reported in Table II. The n values

close to 3 indicate three-dimensional crystalline entities and a

heterogeneous nucleation mechanism that is in agreement with

the microscopic analysis.

The half-time crystallization, for the different PLLA systems,

shows a U-shaped temperature dependence (Figure 5). At

higher undercoolings, two observations can be made. First, the

maximum of the overall crystallization rate is reached at higher

temperature in the case of PLLA–ALL350 compared with the

neat PLLA and the other composite systems. Second, the overall

crystallization time of PLLA is lowered when filler is added

whatever its nature. This decrease of the crystallization kinetics

is consistent with an increase of the dynamic viscosity, as noted

in Figure 3, for the PLLA-MMT and PLLA-C30B systems. Fol-

lowing the same line of thought, we should observe a higher

rate for PLLA–ALL350 system that is not the case. Thus, to

account for this discrepancy, we have to infer that a decrease of

the nucleation rate is at stake in this last case.

At low undercooling, the crystallization kinetics is controlled by

the thermodynamic conditions to create a stable nucleus,

whereas for higher undercooling, the transport of the chains

from the melt to the growth front is the dominant mechanism.

The nucleation and crystal growth are the result of these two

competing antagonist mechanisms and go through a maximum

when the crystallization temperature varies from the onset crys-

tallization temperature to the glass transition temperature. In

the thermodynamically controlled regime, it can be noted a

strong enhancement of the overall crystallization kinetics by a

factor 10 at 140�C when the ALL350 filler is added and an

Table II. Avrami Exponent, n Values, at Different Crystallization

Temperatures Obtained for Neat PLLA and Corresponding

Nanocomposites

Tc (�C) Neat PLLA PLLA/ALL350 PLLA/MMT PLLA/C30B

110 3.01 3.11 3.48 2.86

120 2.81 3.12 2.99 2.74

130 2.57 3.14 2.78 2.54

140 2.68 2.79 2.77 2.65

Figure 5. Half-time crystallization rate as a function of isothermal crystal-

lization temperature for neat PLLA and corresponding nanocomposites.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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increase by a factor 2.8 at 140�C for the natural MMT. No sig-

nificant modification of the overall crystallization rate is

observed in the case of C30B. These results are consistent, on

one hand, with an increase of the nucleation for a poor disper-

sion of natural clay in PLLA and with the absence of any effect

of C30B on the crystallization of PLLA, on the other hand.14

Moreover, a discontinuity in the bell curve is observed in Figure

5 for neat PLA and MMT, C30B-filled PLA, as well at tempera-

tures close to 95�C, whereas this discontinuity is not observed

for ALL350 samples. Several workers37–41 pointed out this effect

for neat PLA just below 120�C. This phenomenon was ascribed

to differences in polymorphic crystalline (a and a0) form

kinetics of crystallization. The difference in the discontinuity

temperature for the PLLA used for our study is ascribed to its

microstructure and molecular weight. There is a possible influ-

ence of the nanofiller nature on polymorphism of PLLA.

Indeed, ALL350 suppresses the discontinuity in Figure 5 that

could therefore yield an homogeneous crystalline phase.

As already concluded from the optical microscopy analysis, the

addition of clay filler does not affect the linear growth rate (G).

Thus, it is very likely that the strong modification of the crystal-

lization kinetics is related to a change of the nucleation rate.

Equation (3) can be derived by assuming a perfect three-dimen-

sional growth (n ¼ 3) of the temperature dependence of the

nucleation rate N(T) according to:

NðTÞ ¼ 3Lnð2Þ
4p

1=t1=2
GðTÞ

� �3

: (3)

To calculate N(T), the determination of the temperature de-

pendence of the linear growth rate (G), G values for the neat

PLLA were measured by optical microscopy. After data treat-

ment using eq. (5), Kg and G0 can be calculated and give values

of 274,500 K2 and 365 cm s�1, respectively.

N(T) values for the different systems applying the eq. (30) were
calculated using 1/t1/2 values and are plotted in Figure 6. The

results are completely in agreement with the conclusion inferred

from the analysis of the overall crystallization rate and the opti-

cal analysis. In the case of neat PLLA, the values found have the

same order of magnitude of those reported by Nam et al. for a

PLLA of a similar grade.11

To verify if the method used allows determining a correct order

of magnitude of N, we have estimated N by direct observation

from the polarized microscopy images. The number of spheru-

lites in the PLLA/MMT and the PLLA/ALL350 was counted

using the images reported in Figure 7. The results, reported in

Table III, are in agreement with the calculated values.

Information on the nucleation rate can also be gained from the

analysis of the temperature dependence of the induction period

as shown in Figure 8. It appears clearly that the addition of

ALL350 strongly shortens the induction period for isothermal

crystallization temperatures higher than 94�C (the induction pe-

riod represents the time when 5% of the total crystallinity is

achieved). For the other fillers, their influence can be better

Figure 6. Influence of nanoclays on the overall nucleation rate of PLLA.

Figure 7. Cross-polarization optical microscope images of PLLA/MMT (left) and PLLA/ALL350 (right) at 145�C. (The red scale bar indicates 50 lm).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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visualized by plotting the induction time normalized with

respect to the PLLA induction time as shown in the insert of

Figure 8. This result let us suppose that when the crystallization

is obtained from the melt (with high mobility of PLA chains),

the first crystals of PLA on ALL350 nanoparticles have stability

better than with the other fillers. The U-shaped temperature de-

pendence is well obeyed.

One interesting finding in this work is the diversity of the

observed behaviors compared with the statement reported by

Pochan and coworker14 concerning the poor nucleation ability

of clay nanofiller when it is well dispersed in a PLLA matrix.

This experimental observation seems to be contradicted by the

intercalation of an ulvan–glycoprotein complex in a natural

MMT. Several experimental evidences suggest that some layers

of ALL350 are dispersed in the PLLA matrix although it is

undeniable from the presence of the macroaggregates that the

dispersion is rather incomplete. The presence of some scattered

platelets on TEM images is confirmed by the increase of the

storage modulus in the low frequency region advocating for

the creation of a physical network. Moreover, the decrease

of the complex viscosity that has been related to the dispersion

of the ulvan–glycoprotein complex in PLLA matrix shows that

some exfoliation occurs.

In relation to the modification of the viscosity, one can wonder if

the promoting effect of ALL 350 on the nucleation rate is due to

the dispersion in the matrix of the ulvan–glycoprotein complex,

or if some layers embedded in the biopolymers are exfoliated and

act as a nucleating agent. A partial answer to this issue can be

found by analyzing the induction time of PLLA when the neat

ulvan or glycoprotein contained in the green algae is added sepa-

rately or intercalated in the MMT clay. From the results presented

in Figure 8, it can be concluded that the addition of neither ulvan

nor glycoprotein enhanced the nucleation rate. On the other

hand, at low undercoolings, the induction time is shortened by a

factor of three to four in the presence of MMT intercalated either

with ulvan or the glycoprotein. In the diffusion-controlled re-

gime, the differences are not significant enough according to the

dispersion of the results to draw any conclusion on the impact of

the biomontmorillonite on the diffusion.

Concerning the nucleation ability, a determinant parameter

seems to be the interfacial energy difference Dr that governs the

height of the thermodynamic energy barrier as shown in eq.

(4). We determine hereafter this parameter from the crystalliza-

tion kinetics by one of the methods presented in the back-

ground part. The temperature dependence of the induction

time shown in Figure 8 is fitted with eq. (6) to calculate the

thermodynamic activation energy K1 ¼ 16rreDrðT0
mÞ2

kDH2
m

� �
.

Using the value obtained for Kg, the lateral surface free energy, r,
and the free energy of folding, re, can be calculated. The values of

rre are calculated from the parameters given above assuming a

growth regime II and rre ¼ 8.5 � 10�4 J2 m�4, which agrees well

with other results given in the literature.42 Using rre value, we
reported the obtained values of Dr in Table IV.

The values of Dr are on the order of magnitude of 10�4 J m�2

and are comparable with Dr values found for other systems.43

In a first time, it can be observed similar values of Dr for

PLLA, C30B, and MMT. A decrease about 20% is observed for

ALL350. These results seem to indicate a better nucleation rate

when the interfacial tension decreases.

To estimate the single free surface energies r and re, the empiri-

cal Thomas–Staveley equation can be used44:

r ¼ aðDH0
mÞða0b0Þ1=2; (7)

where a is an empirical constant calculated by Hoffman et al.45

and Di Lorenzo and Righetti46 for polyester of 0.23. The unit

parameter cell, a0 ¼ 1.08 nm and b0 ¼ 0.62 nm, was determined

by Miyata and Masuko47 and Wasanasuk and Tashiro48 for PLLA

in orthorhombic form (a form) and DH0
m ¼ 174 � 106 J m�3.47

Table III. Comparison of N(T) Values Obtained by Directed Estimation on Optical Microscopy Images and

from Calculation Through eq. (30)

Spherulite
number

Volume
(lm3)

N(145�C)
estimated

N(145�C) calculated
from eq. (30)

PLLA/MMT 2 31.6 � 103 6.3 � 10�8 7.7 � 10�8

PLLA/ALL350 72 14.3 � 103 5.0 � 10�3 4.7 � 10�8

Figure 8. Induction time as a function of Tc for neat PLLA and corre-

sponding nanocomposites.

Table IV. Influence of Nanoclays on the Interfacial Energy

Neat
PLLA

PLLA/
C30B

PLLA/
MMT

PLLA/
ALL350

KI � 10�4 (K3) 1158 1168 1106 961

Dr � 10�4 (J m�2) 6.4 6.5 6.1 5.3
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r value was then calculated as 24 � 10�3 J m�2 and re as

35 � 10�3 J m�2. These results are comparable to those obtained

for PLA.42,47,49

CONCLUSIONS

We showed that the intercalation of MMT with an ulvan–glyco-

protein complex extracted from a green alga turns out to be an

effective nucleating agent of PLLA. It was also showed that this

bioorganic modifier decreases the complex viscosity. We ascribe

this behavior to a plasticizing effect due to the glucose con-

tained in the ulvan and the glycoprotein.

The comparison of the ALL 350 nucleation ability with that of

the polysaccharide or the glycoprotein clearly showed that the

crystals are nucleated at the surface of exfoliated layers. When

added to the PLLA matrix, the overall crystallization kinetics is

faster because of a shortening of the induction time and a dra-

matic enhancement of the nucleation rate. We ascribed this

nucleation effect to the lowering of the interfacial energy. More-

over, ALL350 suppresses the discontinuity in the bell curve that

yields a more homogeneous resulting crystalline phase. Similar

effects, but to a lower extent, were observed with natural clay,

whereas no significant change was noted when C30B is added.
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