
Enzymatic Degradation of Polylactide/Layered Silicate
Nanocomposites: Effect of Organic Modifiers

Narendra K. Singh,1 Biswa Pratim Das Purkayastha,2 Muktikanta Panigrahi,1 Rajeev K. Gautam,1

Rathindra M. Banik,3 Pralay Maiti1
1School of Materials Science and Technology, Institute of Technology, Banaras Hindu University, Varanasi 221 005, India
2Department of Zoology, Banaras Hindu University, Varanasi 221 005, India
3School of Biochemical Engineering, Institute of Technology, Banaras Hindu University, Varanasi 221 005, India

Correspondence to: P. Maiti (E-mail: pmaiti.mst@itbhu.ac.in)

ABSTRACT: Biodegradable polylactide (PLA)/layered silicate nanocomposites have been prepared via solution route using two different

kinds of organically modified nanoclays. The nanostructure as observed from wide-angle X-ray diffraction indicates intercalated

hybrids and the extent of intercalation depends on the type of organic modifiers used. Melt-quenched PLA and its nanocomposites

are predominantly amorphous but, after annealing, they are fairly crystalline. The nanohybrids show significant improvement in ther-

mal properties as compared to neat polymer. The nature of interaction between nanoclays and matrix polymer depends on the or-

ganic modifiers used, as evident from varying heat of fusion and shifting of Fourier transform infrared peaks. The nanoclays act as

nucleating agent, and thereby, control the spherulite dimension of the matrix. The comparison of biodegradation of PLA and its

nanocomposites has been studied in enzyme, compost, and buffer solution. Biodegradability of PLA has significantly been enhanced

in the presence of nanoclays and the rate varies on organic modifications. The surface morphology, before and after enzymatic degra-

dation, confirms the relative rate of degradation through laser scanning confocal images, scanning electron microscope, and atomic

force microscope. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

Polylactide (PLA) is a biocompatible1,2 and biodegradable poly-

mer that has drawn significant interest in recent years because

of its unique physical and mechanical properties, synthesized

from renewable resources and readily biodegradable.3–8 Biomed-

ical and pharmaceutical applications of PLA range from sutures

and tissue engineering to biologically active controlled release

devices.9,10 PLA can be synthesized via ring-opening polymer-

ization of lactides or condensation polymerization of all stereo-

isomers of lactic acid monomer, which has three enantiomers,

D, L, and meso forms, which are produced by fermentation of

corn, potato, sugar, cane, and sugar beat among other plant

resources.11 However, slow crystallization and sluggish degrada-

tion rate have limited its wide applications that necessitate the

use of polymer nanotechnology to improve the properties.

To overcome the aforementioned problems, the preparation of

nanocomposites with organically modified layered silicate has

come into picture by dispersing few weight percentages of nano-

clays in polymer matrix.12–20 The nanoparticles have advantages

over its micrometer size counterpart as better interactions can

be achieved through higher specific surface area of nanopar-

ticles. In addition to the fact that organically modified surface

can further induce the compatibility with polymer matrix. The

main reason for these improved properties is interfacial interac-

tion between polymer matrix and organically modified layered

silicates. Okamoto’s group first prepared PLA nanocomposites

(PLACNs) via melt extrusion, which exhibit remarkable

improvement of material properties such as dynamic mechani-

cal properties (G0 increases by 230% at 100�C as compared to

pure PLA), crystallization behavior (faster crystallization kinetics

in nanocomposites with respect to pyre PLA), gas permeability

(oxygen gas permeability of nanocomposite becomes 144 from

its value for pure PLA of 200 mL lm m�2 day�1 MPa�1) and

improved biodegradation in nanocomposites as compared to

pristine PLA through CO2 evaluation, molecular mass, and

Additional Supporting Information may be found in the online version of this article.
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residual weight measurement in compost media.21–25 The melt

intercalation kinetics and morphological evolution as well as

linear viscoelastic properties of PLACNs have been studied by

Masuko’s groups.26,27 The effect of nanoclay on spherulitic tex-

ture,26 biodegradation of PLA, and its nanocomposites with

C18 nanoclay have been reported in detail.28 In addition to

these properties, the work on shape memory effect,29 implants

system, and drug delivery have also been reported.30,31 Doi

et al. reported the enzymatic degradation of pure PLA. The en-

zymatic degradation, its mechanism, as well as the effect of

chain stereochemistry and material properties on degradation

have been reported by Gross and coworkers.32 Moreover, many

other properties of PLACNs, such as the thermal stability, rheol-

ogy, melting behavior, and mechanical properties have also been

reported in the literature.33–35 But, the effect of organic modi-

fier on thermal and biodegradation behavior has not been stud-

ied. Moreover, the enzymatic degradation of polymer in the

presence of nanoclay is still unexplored.

In this study, we report the preparation of PLA/layered silicate

nanocomposites, with varying organic modification (15A and

30B nanoclay) and detailed studies about the nanostructure,

crystal structure, morphology, and thermal properties. The bio-

degradation of PLA and its nanocomposites in different media

such as compost and buffer solution has been studied. Finally,

we report the enzymatic degradation of PLA nanocomposites

and analyze the surface and bulk morphology of as prepared

and degraded samples. The relative rate of biodegradation of

PLA has been studied in the presence of different nanoclays. In

addition, the effect of organic modification on biodegradation

has been illustrated and compared with the possible reason

through interactions between matrix polymer and nanoclay.

EXPERIMENTAL

Nanocomposite Preparation

PLA (MW ¼ 1.7 � 105, PDI ¼ 1.76) from Dow-Cargill, Minne-

sota, USA was used as received for this study. Two different types

of organically modified nanoclays were used based on montmo-

rillonite (Southern Clay, USA, CEC 110 meq/100 g), ion

exchanged with methyl tallow bis-hydroxyethyl quaternary ammo-

nium (Cloisite 30B) and dimethyl dihydrogenated tallow quater-

nary ammonium (Cloisite 15A). The chemical structures of PLA

and organic modifiers are shown in Scheme 1. The organically

modified nanoclay was sonicated in chloroform to achieve a good

dispersion. The nanocomposites of PLA were prepared through

solution route34 by dissolving PLA (1 g) in the dispersion of

nanoclay (40 mg) in chloroform, followed by removing the sol-

vent by evaporation at a fast rate. The solution was stirred for 40

min to ensure proper mixing. Henceforth, we will term the pure

organically modified clays as 15A and 30B and their correspond-

ing nanocomposites as PLA-15A and PLA-30B, respectively. In

both the cases, 4 wt % of nanoclays were used to prepare the

nanocomposites. The films were dried over vacuum for 24 h.

Characterization Techniques

X-Ray Diffraction. X-ray diffraction (XRD) experiments were

performed using a Bruker AXS D8 Advance wide-angle X-ray

diffractometer with Cu Ka radiation (wavelength, k ¼ 0.154

nm) and a graphite monochromator. The generator was oper-

ated at 40 kV and 20 mA. The thin sheet of the samples was

placed on a quartz sample holder at room temperature and was

scanned at diffraction angle 2h from 1 to 40� at the scanning

rate of 1�/min.

Thermal Characterization. Thermal behavior of freshly pre-

pared nanocomposites and pure PLA films was investigated

using a Mettler 832 DSC instrument. The samples were heated

from 10 to 185�C at the scan rate of 10�C/min. The differential

scanning calorimetry (DSC) was calibrated with indium and

zinc before use. Thermogravimetric analyses were carried out

using Mettler TGA, at a heating rate of 10�C/min from room

temperature to 1000�C in nitrogen atmosphere both for pure

polymer and for nanocomposites. PLA and its nanocomposites

have been annealed in hot stage at 130�C for 2 h for DSC and

XRD characterization.

Hardness Measurement. The shore A hardness tests were

performed using a analog Shore A Hardness Tester, as per

ASTM D2240 with rectangular thick sample sheet of 74.0 �
25.0 � 3.2 mm3.

Morphological Investigation. The surface morphology of pure

PLA and its nanocomposites was investigated by using both

scanning electron microscope (SEM) and atomic force micro-

scope (AFM). The surface morphology of the samples was

examined with a LEO 435VP instrument operated at 10 kV. All

the samples were gold coated by means of a sputtering appara-

tus before observation. AFM was performed using a NT-MDT

multimode AFM, Russia, controlled by Solver scanning probe

microscope controller. Tapping mode was used for surface mor-

phology. The roughness of the surfaces caused by biodegrada-

tion was also examined by AFM measuring the height profile of

the surface. The spherulitic morphology was examined by using

Scheme 1. The chemical structures of PLA and organic modifiers used in

30B and 15A nanoclays.
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a polarizing optical microscope (Leica) after crystallizing the

samples at 130�C for 24 h on a Mettler hot stage. To observe

the morphology of the PLA sheet and its nanocomposites in

Z-section before and after enzymatic degradation, the samples

were stained with Rhodamine B and scanned under Zeiss LSM

510 Meta laser scanning confocal microscope (LSCM). The

stained samples were also observed under phase contrast micro-

scope (Nikon eclipse E800).

Biodegradation Studies

Biodegradability of PLA and its nanocomposites was studied in a

sealed chamber at constant humidity of �85% and at 35�C.5,22

Enzyme (Proteinase-k and Pseudomonas lipase type XIII), com-

posted manure, and buffer solution were used as the biodegrada-

tion media. The initial dimensions of the samples were �10 �
10 � 1 mm3 for compost experiment and �10 � 10 � 0.01

mm3 for enzymatic studies. Comparative enzyme degradation

was carried out in phosphate buffer medium (pH ¼ 7.4).

Interactions Through Fourier Transform Infrared

Spectroscopy

IR spectroscopy (Shimadzu, Japan) was employed to character-

ize the pure PLA and its nanocomposites. A thin film of the

sample was characterized in transmittance mode. Fourier trans-

form infrared (FTIR) spectra were obtained at wavenumber

ranging from 400 to 4000 cm�1.

RESULT AND DISCUSSION

Nanostructure

Figure 1 compares the XRD patterns of pure organoclays (15A

and 30B) and their corresponding nanocomposites (PLA-15A

and PLA-30B). A shift in the diffraction peak toward lower

angle has been observed for nanocomposites as compared to

pure nanoclays, suggesting intercalated nanostructure owing to

the inclusion of polymer molecules inside the clay galleries.22

Mean interplanar spacings, as calculated from Bragg’s equation,

of 15A and PLA-15A are 3.3 and 3.6 nm, respectively. On the

other hand, the interplanar spacing of 30B nanoclay increases

from 1.83 to 3.48 nm in nanocomposite, indicating intercalation

of polymer chains within 30B-layered silicates. Two distinct lev-

els of intercalation are evident from different organoclays and

the extent of intercalation strongly depends on the nature of or-

ganic modifications. The favorable interactions between organic

modifier and PLA chains dictate the degree of intercalation in

two different types of organoclays. The hydroxyl group present

in 30B organoclay interacts with carbonyl group in PLA chain

which is mainly responsible for enhanced interaction, causing

more intercalation of polymer chains in the gallery against the

tallow and methyl groups present in 15A nanoclay. The crystal-

lite size calculated from the Scherrer equation, Dhkl ¼ jk/bcosh,
where j is constant, k is the wavelength of X-ray used, b is full-

width at half-maxima, and h is peak angle of (001) reflection

which increases for nanocomposites (Table I), indicating inter-

action of polymer chain inside silicate galleries. The higher

interaction in PLA-30B is also reflected in greater increase of

Dhkl for PLA-30B as compared to PLA-15A.22,16

Structure

Figure 2(a) shows the XRD patterns of neat PLA and its nano-

composites after annealing. Quenched samples of PLA and its

nanocomposites are predominantly amorphous [inset of Figure

2(a)] but after annealing PLA and nanocomposites become

crystalline, showing four intense peaks at 2h ¼ 14.4, 16, 18.2,

and 28.4� corresponding to (010), (110)/(200), (203), and (105)

planes, respectively. But, those peaks are slightly shifted to lower

angle in nanocomposites as compared to pristine PLA owing to

the formation of imperfect crystals in the presence of nanoclay.

However, orthorhombic crystalline structure of PLA is retained

in the presence of nanoclay in nanocomposites but the peak

Figure 1. Wide-angle XRD patterns of organically modified nanoclays and

PLA nanocomposites as indicated. The numbers in nanometer indicate

the corresponding d-spacings.[Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Table I. The Characteristics of Pure PLA, Nanoclays, and Their Nanocomposites

Sample MW � 10�5
d001
(nm)

Dhkl

(nm)
Td (�C)
(5% wt. loss)

Tma
a

(�C)
DHfb

b

(J g�1)
DHfa

c

(J g�1)
Tc

(�C)
Tg

(�C)
DHc

(J g�1)

PLA 1.7 – – 340 150 6 1 1.2 28 6 2 63 57 7.2 6 1

15A – 3.34 14 – – – – – –

PLA-15A 1.7 3.68 19 345 151 6 0.5 1.1 27 6 1 64 58 2.5 6 2

30B – 1.83 18 – – – – – –

PLA-30B 1.7 3.7 29 350 152 6 1 1.0 25 6 0.5 64 58 2.5 6 1

aTma, melting temperature after annealing., bDHfb, heat of fusion before annealing., cDHfa, heat of fusion after annealing.
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intensities have reduced vis-�a-vis pristine PLA, indicating less

crystallinity in nanocomposites owing to the above-mentioned

interactions between nanoclay and polymer matrix.25

Thermal Properties

Thermal behavior of nanocomposites with the addition of two

different types of organically modified nanoclays into polymer

matrix is one of our interests. Figure 2(b) shows the DSC ther-

mograms of pristine PLA and its nanocomposites after

annealing [inset of Figure 2(b) shows the patterns before

annealing]. The quenched samples exhibit distinct glass transi-

tion temperatures at �58�C but the heats of fusion are mini-

mal, indicating predominantly amorphous nature of quenched

sample which was also evident from XRD patterns [Figure

2(a)]. After annealing, the double melting endotherms are

prominent and heats of fusion become 28.5, 27.8, and 25.0 J

g�1 for PLA, PLA-15A, and PLA-30B, respectively. The double-

melting phenomena might be owing to melt recrystallization.21

The Heat of fusion is a measure of interaction between the two

components present in any composite/blend. The extent of

interaction is more in PLA-30B as compared to PLA-15A nano-

composite as revealed from the lowest heat of fusion in PLA-

30B owing to dipolar interaction between AOH group of or-

ganic modifier and ester group of PLA. However, crystallinity of

PLA and its nanocomposites increases considerably after anneal-

ing as a result of crystallization during annealing above their

glass transition temperature. The appearance of glass transition

temperature for pure PLA and nanocomposites is also seen after

annealing. Slight increase of crystallization temperatures for

nanocomposites suggests the nucleating nature of nanoclays.

Further, heats of crystallization also show a lower values (7.2,

2.5, and 2.5 J g�1 for PLA, PLA-15A, and PLA-30B, respec-

tively) for nanocomposites. The nucleating phenomena have

also been confirmed from the spherulite size of the crystallized

samples (Tc ¼ 130�C). The average spherulitic diameters are

180 6 7, 175 6 8, and 80 6 5 lm for PLA, PLA-15A, and

PLA-30B, respectively (Figure 3). The strong interaction restricts

the spherulitic growth in nanocomposites as compared to pure

PLA. Moreover, pristine PLA formed highly ordered and com-

pact spherulites, whereas the nanocomposites exhibit less order-

ing and coarse spherulites owing to obstruction by the nanoclay

in the crystal growth front during the growth of spherulites.25

Figure 2. (a) XRD patterns of pure PLA and its indicated nanocompo-

sites. The inset figures represent the XRD patterns for quenched samples,

and (b) DSC thermograms of PLA and its indicated nanocomposites. The

numbers indicate the heat of fusion in J/g and the inset figures there rep-

resent the DSC thermograms of quenched samples. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 3. Polarizing optical micrographs of pure PLA and its indicated nanocomposites. The samples were crystallized at 130�C for 12 h. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

4 J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.37954 WILEYONLINELIBRARY.COM/APP

ARTICLE



Thermogravimetric analyses for PLA and its nanocomposites

(Supporting Information Figure S1) show that the decomposi-

tion temperature increases by 10�C with the addition of 4 wt %

organically modified nanoclay (Table I). The inorganic nanoclay

enhances the thermal performance by acting as a better mass

transport barrier in the presence of disk-like inorganic nanoclay

distributed uniformly in the polymer matrix.36,37

Mechanical Properties

Hardness Test. The hardness of pure PLA and its nanocompo-

sites has been measured by using Shore A hardness tester. The

hardness values are 90 6 1, 92 6 0.5, and 95 6 2 for pure

PLA, PLA-15A, and PLA-30B, respectively. Hence, the hardness

of nanocomposites increases in the presence of nanoclays in

nanocomposites and the increment is slightly more in PLA-30B

as compared to PLA-15A as a result of better distribution of

nanoclay owing to enhanced interaction. Similar enhancement

of hardness in the presence of nanoclay has been observed for

other polymers.38,39

Interaction in Nanocomposites. In the previous sections, we

have noticed that the enhancement of properties strongly

depends on the type of organic modifications used. FTIR stud-

ies have been performed to know the type of interactions

occurred between matrix polymer and organically modified

nanoclays (Figure 4). The shift of >CAO stretching frequency

of PLA nanocomposites toward lower wave number (PLA-30B

at 1746 cm�1 and for PLA-15A at 1748 cm�1) against pure PLA

at 1761 cm�1 has been observed. Further, the relative shifting is

more for PLA-30B as compared to PLA-15A, indicating stronger

interaction with 30B nanoclay.

The quantitative estimation of interaction parameter has been

carried out through melting point depression technique. The

extrapolation technique of Tm � Tc plot to the Tm ¼ Tc line

(Hoffman–Weeks plot) has been used to measure the equilib-

rium melting point. Figure 5(a) shows the representative plot of

melting point against heat of fusion of pure PLA crystallized at

different temperatures mentioned for various time. The melting

temperature correspond to 5% heat of fusion (DH) has been

taken into account to calculate the Tm in that particular crystal-

lization temperature (Tc). The melting point increases with

increasing crystallization temperature (Tc) and this phenom-

enon is also followed for nanocomposites. The Tm � Tc plot is

shown in Figure 5(b) in which the melting points of the nano-

composites are slightly lower than that of pure PLA for any par-

ticular Tc.
40 The equilibrium melting points, T0

m of pure PLA

and its nanocomposite (representative PLA-30B) have been cal-

culated after extrapolation of Tm � Tc plot to Tm ¼ Tc line and

the values are 172 and 162�C for neat PLA and PLA-30B,

respectively. The equilibrium melting temperature of the nano-

composites decreases as a result of interaction between matrix

polymer and organically modified clays.40 The sufficient nega-

tive value of the interaction parameter (v) ¼ �2.35 � 10�5 (as

calculated from the equation below of Nishi and Wang)
Figure 4. FTIR spectra of pure PLA and its indicated nanocomposites.

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

wileyonlinelibrary.com.]

Figure 5. (a) Representative plot of melting temperatures (Tm) versus.

heat of fusion (DH) of pure PLA at the indicated crystallization tempera-

tures (Tc). (b) Tm � Tc plot at 5% DH for indicated specimens. The num-

bers show the corresponding equilibrium melting temperatures in �C.
[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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indicates strong interaction between 30B nanoclay and

PLA matrix.40,41

1

To
NC

� 1

To
PLA

¼ � RVPLA

DHuVclay

/2
clayv

where To
NC and TPLA are the equilibrium melting points of the

nanocomposite and that of the pure PLA, respectively. VPLA and

Vclay are the molar volumes of the repeating unit of PLA and

the molar volume organoclay, respectively, /clay is the volume

fraction of clay, and DHu is the enthalpy of fusion per mole of

repeating unit of PLA. The similar measurement of calculating

interaction parameter was adopted for polymer blend sys-

tems41,42 using melting point depression technique. Hence, both

the FTIR and the v-measurements confirm the strong interac-

tion in nanocomposites and relatively PLA-30B system exhibits

stronger interaction as evident from lowering of FTIR peak.

Biodegradation. The enzymatic degradation rates of nanocom-

posites are much faster than that of pure PLA [Figure 6(a,b)]

and among the nanocomposites, PLA-30B exhibits higher degra-

dation rate as compared to PLA-15A. The matrix polymer

degrades at a higher rate in the presence of organically modified

nanoclay raising a clay dependency phenomenon. Figure 6(a,b)

also shows that the enzymatic degradation is higher with Pro-

teinase-k as compared to Lipase: type XIII from Pseudomonas

sp. Hence, it is concluded that Proteinase-k is more effective for

PLA degradation as compared to Lipase: type XIII from Pseudo-

monas sp. Several reports of enzymatic degradation of pure

PLA by Proteinase-k have been accounted and the report is in

agreement with our experimental results.43,44 The bulk mor-

phology in Z-section as observed in scanning confocal images

before and after degradation exhibits highest enzymatic degra-

dation in PLA-30B and lowest in pure PLA [(Figure 7(a)].

Smooth bulk morphologies have been observed before enzy-

matic degradation, whereas distinct pittings have been noticed

after degradation whose relative measure shows maxima in

PLA-30B.

The phase contrast images of the surface of pristine PLA and its

nanocomposites (before and after enzymatic degradation) also

indicate the relative degradation rate PLA-30B > PLA-15A >

PLA of pure polymer and different nanocomposites [Figure

7(b)]. Hence, both the surface and the bulk morphologies con-

firm the varying degradation rates of pure polymer and nano-

composites with two different nanoclays. The changes in

weight loss owing to biodegradation in compost manure are

shown in Figure 6(c). The rate of biodegradation is quite slow

for pristine PLA (maximum 17% weight loss in 240 days). On

the other hand, the biodegradation rate has enhanced signifi-

cantly in nanocomposites in the presence of nanoclays with 27

and 31 wt % loss observed in the same time for PLA-15A and

PLA-30B, respectively. Biodegradation/weight loss of matrix

PLA is a result of hydrolytic cleavage of ester bond by specific

enzyme.45 However, biodegradation rate is quite slow in com-

post as compared to pure enzyme (Proteinase-k, Lipase from

Pseudomonas sp., type XIII), presumably owing to lower con-

centration of specific enzyme necessary to hydrolyze PLA pres-

ent in compost. Hence, the biodegradation rate is highly

dependent on the media used. The presence of specific micro-

organism which secretes particular depolymerase is necessary

for biodegradation of PLA and its nanocomposites. Higher

biodegradation rate of PLA-30B is primarily owing to the

greater interaction between PLA and 30B nanoclay and better

dispersion of nanoparticles in matrix polymer, as evident from

the lower heat of fusion and XRD analysis. Better interaction

lead to an increase of amorphous zone. Higher the amorphous

zone, more susceptible is the hydrolysis by microorganism for

degradation of the polymer. In addition, the presence of excess

hydroxyl groups in the organic modifier of 30B nanoclay

and the presence of terminal hydroxylated edge groups of the

silicate28 may accelerate the hydrolytic decomposition respon-

sible for higher biodegradation of PLA in the presence of

30B clay.

Higher biodegradation rate of PLA-30B nanocomposites as

compared to PLA-15A is presumably owing to the greater inter-

action between PLA and 30B nanoclay and better dispersion of

nanoparticles in matrix, as evident from the lower heat of

fusion and XRD analysis as compared to PLA-15A nanocompo-

sites.46,47 In addition, the presence of excess hydroxyl groups in

the organic modifier of 30B nanoclay may accelerate the hydro-

lytic decomposition against 15A nanoclay, where methyl and

hydrogenated tallow groups are at hand in organic modifier.

The surface roughening owing to biodegradation in compost

media has been shown by using SEM micrographs of pure PLA

and its nanocomposites (PLA-15A and PLA-30B) in compost

manure [Figure 8(a)].

Figure 6. Percentage weight loss of PLA and its indicated nanocomposites during enzymatic ((a) in Proteinase-k (b) in Lipase from Pseudomonas sp.,

Type XIII) degradation at 37�C. (c) In compost media. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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The greater loss of samples from the surfaces occurred in

nanocomposites as bigger pits are observed as compared to

pristine PLA. Furthermore, the pitting appeared in excess in

PLA-30B than that of PLA-15A nanocomposite for the same

time of exposure (240 days). Both PLA and its nanocompo-

sites do not exhibit any pitting before biodegradation.

Hence, surface roughening occurred in greater extent in

nanocomposites owing to enhanced biodegradation with

respect to pristine PLA. Figure 8(b) shows the AFM images

of samples before and after biodegradation.16,40 The granular

morphology of PLA and its nanocomposites is evident before

soil burial, whereas roughening is observed after biodegrada-

tion. The nanocomposites experience greater coarsening as

compared to pristine PLA. Height profiles obtained from the

AFM topographs show comparatively smooth surface before

degradation for both pure PLA and nanocomposites, whereas

roughening of surface has been noticed quantitatively after

biodegradation (Figure 9). In addition, the relative roughness

for PLA-30B is more in comparison to PLA-15A as evident

from the right-side height profiles. To show the biodegrada-

tion mechanism, we conducted the DSC experiment before

and after biodegradation. Figure 10 shows the heat of fusion

of pristine PLA and its nanocomposites as a function of

biodegradation time. Before starting biodegradation, the sam-

ples reveal almost same and very low DH, whereas with

increasing biodegradation time DH has significantly been

enhanced. With biodegradation time, the amorphous content

of the samples has gradually been consumed up by the

microorganism, keeping more the crystalline component in

the remaining samples which exhibit higher heat of fusion.

Moreover, PLA-30B system shows higher DH as compared to

PLA-15A system as the extent of biodegradation is more in

PLA-30B, causing greater loss of amorphous part from the

sample during biodegradation.

Figure 7. (a) LSCM image (b) phase contrast images of PLA and its indicated nanocomposites. The numbers after the specimens name represent the

biodegradation time in hours. The number ‘‘0’’ indicates the sample before starting enzymatic degradation. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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Figure 8. (a) FE-SEM images (b) AFM images of representative pristine PLA and its nanocomposite before and after compost degradation. The numbers

after the specimens name represent the biodegradation time in day for compost degradation. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 9. Height profile of PLA and its indicated nanocomposites (a) before (left side) and (b) after (right side) degradation in compost media. The

number after the sample indicates the degradation time in days. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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CONCLUSIONS

PLA/layered silicate nanocomposites have been prepared through

solution route using two different types of organoclays. The na-

ture of organic modifiers present in layered silicate has markedly

influenced the properties of the nanocomposites. Both organically

modified nanoclays 15A and 30B form intercalated nanocompo-

sites and the extent of intercalation is much higher in PLA-30B

nanocomposites because of greater interaction between the com-

ponents. The orthorhombic crystal structure of PLA is retained

in the presence of nanoclays. Melt-quenched PLA and its nano-

composites are predominantly amorphous, whereas annealing

improves their crystallinity. Nanoclays act as nucleating agents as

evident from lowering of spherulitic dimension for nanocompo-

sites as compared to neat PLA. The presence of nanoclay has

increased the rate of biodegradation in PLA and its extent

depends on the type of nanoclays used. The rate of biodegrada-

tion is high again in enzymatic media as compared to compost

for similar set of samples. Morphologies confirm the extent of

biodegradation rate is higher in nanocomposites as compared to

pure PLA and relative rate is higher in PLA-30B nanocomposite

as compared to PLA-15A system. The amorphous zones are bio-

degraded first vis-�a-vis the crystalline region as evident from the

steep increase of heat of fusion with biodegradation time.
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