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ABSTRACT: This work aims at preparing and characterizing poly(butyl acrylate) (PBA)—laponite (LRD) nanocomposite nanoparticles

and nanocomposite core (PBA-LRD)-shell poly(methyl methacrylate) (PMMA) nanoparticles, on the one hand, and the morphology

and properties of poly(lactic acid) (PLA)-based blends containing PBA-LRD nanocomposite nanoparticles or (PBA-LRD)/PMMA

core–shell nanoparticles as the dispersed phase, on the other hand. The PBA and (PBA-LRD)/PMMA nanoparticles were synthesized

by miniemulsion or emulsion polymerization using LRD platelets modified by 3-methacryloxypropyltrimethoxysilane (MPTMS). The

grafting of MPTMS onto the LRD surfaces was characterized qualitatively using FTIR and quantitatively using thermogravimetric

analysis (TGA). The amounts of LRD in the PBA-LRD nanocomposites were characterized by TGA. The PBA/PMMA core–shell par-

ticles were analyzed by 1H-NMR. Their morphology was confirmed by SEM and TEM. Mechanical properties of (PBA-LRD)/PLA

blends and (PBA-LRD)/PMMA/PLA ones were tested and compared with those of the pure PLA, showing that core–shell particles

allowed increasing impact strength of the PLA while minimizing loss in Young modulus and tensile strength. VC 2013 Wiley Periodicals,

Inc. J. Appl. Polym. Sci. 129: 2580–2590, 2013
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INTRODUCTION

In the past decade, poly(lactic acid) (PLA) has attracted much

attention because it is biodegradable and is produced from

renewable resources. Unfortunately, its impact-strengthened heat

resistance are often not satisfactory for many applications.1–5

Mineral fillers such as hydroxyapatite, calcium carbonate, cal-

cium phosphate, bamboo fiber, some low molecular weight

esters, and plasticizers or rubbers have already been used in

combination with PLA to improve its impact strength. Normally

impact strength is increased, whereas tensile strength is

decreased.3,5–7

This work aims at improving the impact strength of PLA while

retaining its tensile properties. A classical strategy consists of

incorporating both soft elastomers and rigid fillers such as inor-

ganic particulates or glass fibers.8 Polymer/layered silicate nano-

composites have attracted much attention because they exhibit

remarkable enhancement in certain physical and chemical prop-

erties compared to conventional composites. It is often neces-

sary to modify pristine clay fillers of hydrophilic nature to

increase their compatibility with hydrophobic organic polymers

and diminish the tendency of surface-to-surface stacking.9,10

Several researchers11–13 have used conventional emulsion poly-

merization in the presence of hydrophobic agent modified clay

platelets to prepare polymer-clay hybrid latex particles. How-

ever, clay platelets are only attached on the surfaces of the par-

ticles—an armored morphology. By conventional emulsion po-

lymerization procedure, the hydrophobic agent modified-clay

particles cannot be incorporated inside polymer particles

because they have to go through the water, which is thermody-

namically favorable. Miniemulsion polymerization meets the

requirements for the encapsulation of hydrophobic clay par-

ticles. However, miniemulsions with droplet sizes above 300 nm

are often unstable, even in the presence of a sufficient amount

of an efficient surfactant. Laponite clay (25 nm in diameter) has

been incorporated with monomers via emulison or miniemul-

sion polymerisation. Generally, synthesis with laponite by emul-

sion polymerization would also form an armored morphol-

ogy.14–16 Besides functionalization by initiators, researches also

explored the synthesis of edge modified laponite clay using
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alkoxy silane possessing additional reactive groups such as pri-

mary amines, methacrylates, benzophenones, monofunctional

MPDES, and trifunctional MPTMS. Nanocomposites latexes

were then synthesized with laponite functionalized by such

silanes,17–20 and the tensile properties of the resulting nanocom-

posites were improved with a relatively low solid content.16

Wang et al.21 prepared a core–shell structured complex by

seeded emulsion polymerization. The elastomeric core was

made of poly(butyl acrylate) (PBA) and the intercalated or

exfoliated organophilic montmorillonite (OMMT), and the shell

was made of polystyrene (PS). When the core (PBA/OMMT)–

shell (PS) structured complex was incorporated in the PS ma-

trix, the impact strength of the PS was improved and its tensile

strength retained.

PBA and PLA being immiscible, incorporation of PBA in PLA

by simple mixing may likely not be able to improve the impact

strength of the latter.22 On the other hand, it is reported that

poly(methyl methacrylate) (PMMA) is partially miscible with

and has a higher Young’s modulus than PLA, and that its pres-

ence in PLA improves the Young’s modulus of the latter.23–25

The approach developed in this study for improving the impact

strength of PLA while retaining as much as possible its tensile

strength is to incorporate PBA/laponite nanocomposite latexes

in PLA. The laponite particles are functionalized by ion

exchange in order to promote polymer formation on their

surfaces and create colloidal nanocomposite particles by minie-

mulsion polymerization. Figure 1 shows the strategy and the

reaction steps for the preparation of nanocomposite particles.

EXPERIMENTAL PART

Materials

The PLA used was obtained from NaturePLAST (France) in

the form of pellets. It had a density of 1.2 g/cm3 and a melt

flow index of 2.0–10 g/10 min (190�C/2.16 kg). Its glass tran-

sition temperature (Tg) and melting temperature (Tm) were

48–50�C and 145–155�C, respectively. It was dried in a vac-

uum oven at 80�C for 3 h before use. Laponite RDVR (LRD)

was given by Rockwood Additives Ltd. and MPTMS was pur-

chased from ABCR (Germany). All other chemicals were pur-

chased from Sigma-Aldrich and Fluka. Table I shows the mate-

rials used for the treatment of laponite particles and the

preparation of various polymer particles to be incorporated in

the PLA.

Functionalization

The silylation of the LRD was carried out in toluene. The LRD

(6 g) was dried at 60�C for 12 h in a vacuum oven and was

added to a flask containing 200 mL of anhydrous toluene. The

silylation agent, MPTMS (4.4 g), corresponding to 3 mequiv. of

the silylation agent per g of the LRD, was charged to the reac-

tion flask and stirred for several days at 60�C. The resulting

LRD (LRD-Si) was extensively washed with toluene to remove

the non-grafted silane and dried at 40�C in a vacuum oven

overnight for subsequent use.

Latex Preparation

Two types of particles were prepared, PBA particles and PBA/

PMMA core–shell ones.

Figure 1. Schematic representation of (a) silylation of clay platelets with a

tri-functional silane; (b) preparation of PBA/clay composite particles via

miniemulsion polymerization; (c) preparation of core (PBA)-shell

(PMMA) particles via seeded emulsion polymerization.
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Synthesis of the PBA Latex Particles. The PBA latex particles

were prepared by miniemulsion polymerization. Table II and

Figure 2 show the basic recipes and the miniemulsion polymer-

ization procedure, respectively. The latter was composed of two

consecutive steps: preparation of the miniemulsion and

polymerization.

Preparation of the miniemulsion. Mixtures A and B were

charged to two glass beakers, respectively, under the action of a

magnetic bar. After 1 h of magnetic stirring in an ice bath, mix-

ture A was immediately subjected to ultrasonication for 3 min

using a sonicator of type Hielscher (0.5 s of cycle time, 70% of

amplitude; samples being cooled in an ice bath). Mixture B was

prepared with magnetic stirring at room temperature for 1 h,

and then cooled in an ice bath. At last, mixtures A and B were

mixed together in a glass beaker with magnetic stirring in the

ice bath for 30 min and further homogenized with the sonicator

in the ice bath for another 3 min. The resulting mixture was

ready for the subsequent polymerization.

Polymerization. The as-prepared miniemulsion was first

degassed by bubbling with pure nitrogen for 30 min under

magnetic stirring in a stainless steel reactor at 20�C. The tem-

perature of the reactor was then raised to 75�C. The polymer-

ization was undertaken at that temperature for more than 3 h

with continuous stirring and was terminated by adding hydro-

quinone to the system. Polymer yields were determined by

gravimetry.

Synthesis of the PBA/PMMA Core–Shell Latex Particles. The

PBA/PMMA core–shell latex particles were prepared by a con-

ventional two-stage emulsion polymerization process. The PBA

elastomer core was synthesized according to the recipe shown in

Table II. The PMMA rigid shell was synthesized using LRD-PBA

latexes or (LRD-Si)-PBA latexes as seeds. Table III shows the

recipes for preparing the core–shell composite particles.

The PBA cores prepared by miniemulsion polymerization were

further purged with pure nitrogen and under stirring in the

stainless steel reactor at 60�C. A mixture of MMA, deionized

water, surfactant and AMBN was added to the reactor under

starved conditions (0.25 mL/min). After the addition of the

monomer mixture, the temperature was raised to 85�C. The

reaction proceeded for 3 h under continuous stirring and

Table I. Details of the Materials Used for the Treatment of Laponite Particles and the Preparation of Various Types of Polymer Particles

Material Formula Purity Description Supplier

n-Butyl acrylate (BA) CH2ACHCOO(CH2)3CH3 �99% Monomer Aldrich

Methyl methacrylate (MMA) CH2AC(CH3)COOCH3 �99% Monomer Fluka

2,20-Azobis (2-methylbutyronitrile)
(AMBN)

C10H16N4 �98% Initiator Fluka

Hexadecane (HD) CH3(CH2)14CH3 Anhydrous, �99% Co-stabilizer Aldrich

Laponite RDVR (LRD) Naþ0.7[(Si8Mg5.5Li0.3)
O20(OH)4]�0.7

�2% water Clay Rockwood
Additives Ltd.

3-methacryloxypropyltrimethoxysilane
(MPTMS)

C10H20O5Si >98% Trifunctional
silylation agent

ABCR

Toluene C6H5CH3 �99.8% Solvent Aldrich

Sodium dodecyl sulfate (SDS) CH3(CH2)11OSO3Na �98.5% Surfactant Aldrich

Brij 700VR C18H37(OCH2CH2)100OH �1% water Surfactant Aldrich

Brij 78VR C18H37(OCH2CH2)20OH 100% Surfactant Aldrich

Cetyltrimethylammonium bromide
(CTAB)

CH3(CH2)15N(Br)(CH3)3 �99% Cationic surfactant Aldrich

Octadecyltrimethylammonium
bromide (OTAB)

CH3(CH2)17N(Br)(CH3)3 �98% Cationic surfactant Aldrich

Dimethyldioctadecylammonium
chloride (DDAC)

[CH3(CH2)17]2N(Cl)(CH3)2 �97.0% Cationic surfactant Aldrich

2-Butanol CH3CH2CH(OH)CH3 �99.5% Solvent Aldrich

Table II. Basic Recipes for the Preparation of PBA Latex Particles

Latex PBA

Mixture A Mixture B

BA (g) LRD (g) LRD-Si (g) CTAB (g) HD (g) AMBN (g) Brij700 or Brij78(g) H2O (g)

PBA 20 – – – 0.8 0.4 4 74

LRD-PBA 20 0.4–1 – 0.8 0.8 0.4 4 74

(LRD-Si)-PBA 20 – 0.4–1 0.8 0.8 0.4 4 74
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terminated by the addition of hydroquinone. Polymer yields

were determined by gravimetry.

Preparation of PLA/LRD, PLA/PBA, and PLA/Core–Shell

Blends

PBA latexes and PBA/PMMA core–shell ones were demulsified

by ethanol and washed with deionized water, then dried at 60�C
for 24 h in a vacuum oven before melt blending. The blends of

the PLA with dried latexes or with dried LRD particles were

prepared in a micro-compounder (DSM Xplore) at a screw

speed of 60 rpm for 10 min at 180�C. The neat PLA was sub-

jected to the same mixing treatment so as to have the same

thermo-mechanical history as the blends.

Characterizations

Infrared, Thermogravimetric, Particle Size, and NMR

Analyses. Infrared spectra were recorded using a Bruker Tensor

27 spectrometer on powder-pressed KBr pellets.

Thermogravimetric analysis (TGA) of the treated clays was per-

formed on a SETRAM Setsys 1200 balance (SETARAM) under

nitrogen at a flow rate of 25 cm3/min. Before TGA, the samples

were purged with nitrogen. A scanning rate of 10�C/min was

used.

The average particle size and particle size distribution were

determined by Malvern mastersizer 2000.

NMR spectra were recorded on a Bruker Avance 300 spectrome-

ter equipped at 300 MHz using deuterated chloroform (CDCl3)

as a solvent.

Morphological Observation by Electron Microscopy. The

morphology of the pure PLA and the PLA blends was revealed

using scanning electron microscopy of type SEM, JEOL 6490LV.

The samples were broken into pieces in liquid nitrogen,

sputtered with gold and observed under a working voltage of 8

kV with 800 magnifications.

The morphology of latexes was observed by transmission elec-

tron microscopy (TEM) of type Philips CM20 at an acceleration

voltage of 200 KV. All latex samples were diluted to 2% solids

and treated with negative stain uranyl acetate (2% aqueous so-

lution) in a filtration cell (carbon) with a pore size of 0.2 lm.

Mechanical Properties. Izod impact tests were performed at

room temperature with an instrument CEAST Resil Impactor

6967. The specimens (80.5-mm long, 10.5-mm thick, and 4.0-

mm wide) were prepared in a hot press at 180�C for 15 min

under load.

Tensile properties of the blend samples were measured with a

tensile testing machine of type MTS 810 equipped with a video-

traction system.26 The specimens of the PLA with or without

LRD, PBA(with or without LRD or LRD-Si)/PLA and (PBA-

PMMA)/PLA (with or without LRD or LRD-Si in PBA) were

dog bone-like. Their dimensions were 45 mm in length, 5 mm

in width, and 4 mm in thickness. The applied crosshead speed

was 10 mm/min. Five specimens were tested for each material.

The evolution of seven spots laid on the specimen was moni-

tored in real time by a camera. A computer system recorded the

data. An image-software analyzed the variations in distance

between the spots and gave access to deformations. The true

strain was obtained by summing the deformations in all three

directions.

RESULTS AND DISCUSSION

Selection of an Adequate Surfactant for Miniemulsion

Polymerization

SDS is a classical and efficient anionic surfactant for emulsion

as well as miniemulsion polymerization processes. Nevertheless,

Figure 2. Procedure for the preparation of the miniemulsion and its polymerization to obtain PBA latexes.

Table III. Recipes in Weight for the Preparation of PBA/PMMA Latexes

Latex core-shell Seed MMA (g) MMA/PBA (w/w) AMBN (g) Brij700 (g) H2O (g)

PBA/PMMA Latex PBA 20 1 : 1 0.2 0.9 10

LRD-PBA/PMMA Latex LRD-PBA 20 1 : 1 0.2 0.9 10

(LRD-Si)-PBA/PMMA Latex (LRD-Si)-PBA 20 1 : 1 0.2 0.9 10
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preliminary experiments showed that it was not suitable for

miniemulsion polymerization in the presence of LRD or LRD-

Si. When it was added to the miniemulsion of BA with LRD or

LRD-Si, the latex became unstable and exhibited a large amount

of sediments (>80 wt % of the initial monomer) after the

polymerization.

Unlike SDS, nonionic surfactants like Brij 78 and Brij 700 effi-

ciently stabilized miniemulsions. In addition, their polar head

groups containing poly(ethylene oxide) moieties were miscible

with PLA.27 As a result, the latex particles obtained with these

two surfactants might have better compatibility with PLA. For

the aforementioned reasons, Brij 78 and Brij 700 were chosen as

surfactants for the preparation of PBA-LRD composites by min-

iemulsion polymerization.

Figures 3 and 4 show the change in the size of the PBA latex

particles and the corresponding amount of precipitates after the

miniemulsion polymerization, respectively, as a function of Brij

700 or Brij 78 content. From Figure 3, the diameter of PBA par-

ticles is around 100 nm and the efficiency of the two surfactants

is similar. These two figures suggest that both surfactants are

effective when their concentrations exceed 4 wt % (weight frac-

tion in the system) and the latexes are stable after the

polymerization.

Hydrophobic Modification of the Laponite

Laponite, a relatively uniform disc-shaped synthetic clay with a

diameter of 25 nm and a thickness of 1 nm, appeared to be

suitable for being encapsulated by miniemulsion polymeriza-

tion. The surfaces of the laponite are of hydrophilic in nature

and need to be modified to be hydropholic before its dispersion

in the BA monomer prior to the miniemulsion polymerization.

This step called upon a silylation reaction in toluene (‘‘Experi-

mental’’ Section). After extensive washing with toluene to elimi-

nate the nonreacted MPTMS coupling agent and drying at 40�C
in a vacuum oven overnight, the LRD and LRD-Si powders

were characterized by FTIR and TGA.

Figure 5 shows the FTIR spectrum of the bare LRD and that of

MPTMS grafted LRD denoted as LRD-Si. The bare LRD spec-

trum exhibits a band at around 3453 cm�1, indicating the pres-

ence of physisorbed water. This is corroborated by the presence

of a band at 1640 cm�1 characteristic of the tOH and dOH
deformations. A small shoulder at around 3680 cm�1 is due to

hydroxyls on the LRD surfaces.

After the grafting of MPTMS onto the LRD, the spectra shows

a characteristic vibration of the carbonyl (tC¼¼O, 1703 cm�1);

the small shoulder at around 3680 cm�1 corresponding to the

hydroxyl moieties on the LRD surfaces (Mgs-OH) is shifted to

3687 cm�1. Moreover, it becomes sharper and increases in in-

tensity. At the same time, the area under the broad band at

3450 cm�1 decreases. The existence of residual Mgs-OH in the

LRD-Si IR spectra indicates that they are not accessible to the

MPTMS silane coupling molecules. The increase in the Mgs-OH

band intensity results from a decrease in the amount of physi-

sorbed water after the MPTMS grafting.

Figure 3. Average diameter of final PBA nanoparticles as a function of

the amount of Brij 700 or Brij 78 in the feed. The initial amount of BA

monomer is 20 g.

Figure 4. Amount of the recovered precipitate after miniemulsion poly-

merization as a function of the surfactant amount (Brij 700 or Brij 78) in

the feed. The amount of BA monomer in the feed is 20 g.

Figure 5. FTIR spectra of the bar LRD and MPTMS grafted LRD (LRD-Si)
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TGA is used to evaluate the amount of the silane molecules

chemically bonded on the clay edges. Figure 6 shows the TGA

curves before and after the grafting of the MPTMS onto the

LRD. The region between 200 and 600�C corresponds to the

thermal decomposition of the silane moiety.17 From the TGA

curves, the LRD-Si contains approximately 15 wt % MPTMS

grafted onto the LRD. For comparison, the reaction feed con-

tained 42 wt % MPTMS. Therefore approximately 24% of

MPTMS had reacted.

Contribution of Cationic Surfactants to Dispersion of the

Laponite in BA

More than 95% of the LRD-grafted (LRD-Si) was precipitated

out after the polymerization in the absence of CTAB, OTAB, or

DDAC. This is because in the as-prepared mixture prior to min-

iemulsion polymerization, the dispersion of LRD-Si was not sta-

ble without those cationic surfactants. Table IV shows that

among those three cationic surfactants, CTAB was the most

effective at promoting the dispersion of LRD-Si in BA mono-

mer and avoiding massive sedimentation during miniemulsion

polymerization.

Characterization of PBA Latexes

After the miniemulsion polymerization, TEM was used to

examine the latex particle morphology in the wet state. Figure 7

shows representative images of the PBA latexes with LRD or

LRD-Si. All the PBA particles remain spherical after the poly-

merization and their diameter is around 100 nm which is con-

sistent with the average diameters determined by dynamic light

scattering (Figure 3). The black line and black disk in Figure

Figure 6. TGA traces of the bare LRD and MPTMS-grafted LRD.

Table IV. Amounts of Precipitates After the Polymerization Without or

With a Cationic Surfactant in the Miniemulsion of PBA-3%LRD-Si

Cationic surfactant (0.8 g) Without DDAC OTAB CTAB

Amount of precipitates (g) 18.3 2.2 2.1 0.5

Initial amounts of BA: 20 g.

Figure 7. TEM images of (a) PBA-3%LRD latexes, (b) PBA-3%LRD-Si latexes and two enlarged images of b. The laponite content in the latexes is 3 wt %.
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7(b) correspond to LRD-Si platelets. Individual LRD platelets

are disk-like, with a lateral diameter of 13–30 nm and a thick-

ness of about 1 nm. From these images, one may infer that

some of the latex particles could be exempt of laponite platelets.

Nonetheless, the fact that a latex particle appears without black

lines or disks cannot necessarily ascertain that it does not con-

tain laponite platelets. This is because the visibility of the lapon-

ite under TEM strongly depends on its basal plane orientation.

If the latter is perpendicular to the electron beam, the diffrac-

tion contrast of the platelet is reduced.

TGA was used to investigate the contents of LRD or LRD-Si in

the precipitates after the miniemulsion polymerization. As

shown in Table II, the initial amount of BA monomer is 20 g

and that of LRD or LRD-Si added is 0.6 g for the preparation

of PBA nanocomposite latex. Figures 8 and 9 show the TGA of

the PBA latex and that of the precipitates, respectively. Accord-

ing to Figure 8, the amount of the LRD in the precipitate after

the miniemulsion polymerization is about 0.3 g. This means

that only 50% of the LRD is incorporated in the PBA latex,

even though CTAB is used as a surfactant. Conversely, according

to Figure 9, 85% of LRD-Si is incorporated in the PBA latex.

The above results show that the use of a cationic surfactant

such as CTAB allows obtaining PBA-LRD and PBA-LRD-Si

latexes. As a matter of fact, the silane-grafted LRD-Si nanopar-

ticles are well suspended in the miniemulsion of BA monomer

and a high percentage of them are incorporated in the PBA la-

tex particles after the polymerization. This is because the silane

molecules on the LRD-Si nanoparticles can react with the BA

monomer during the polymerization.

Synthesis and Characterization of Core PBA-shell

PMMA Latexes

Considering that PBA and PLA are immiscible, PBA-MMA

core–shell latexes with or without LRD (or LRD-Si) were pre-

pared by seeded emulsion polymerization in order to improve

compatibility between nanoparticles and matrix (The PMMA

shell, is miscible with PLA matrix). Core–shell nanoparticles

were characterized by 1H-NMR and TEM. PBA latexes with or

without LRD (or LRD-Si) were used as seeds (‘‘Experimental’’

Section). MMA was polymerized in the presence of these seeds

in order to obtain PBA-PMMA core–shell particles. The feed

rate of the MMA monomer was kept constant and under

starved conditions so that the seed latex particles had enough

time to polymerize with MMA, thus preventing the second gen-

eration of PMMA particles. The BA/MMA ratio was about 50/

50 (w/w) to obtain well-defined core–shell structures.28

Figure 10 shows the 1H-NMR spectra of PBA-PMMA latexes.

The peak at 3.6 ppm (c) and multiple peaks at 4.0 ppm (3) cor-

respond to the OACH2 of the PBA and OACH3 of the PMMA,

respectively. The peaks between 0.8 and 2.0 ppm can be ascribed

to the overlapping between protons. The composition of the

PBA and PMMA was calculated by integrating the OCH2 pro-

tons of PBA (3) and the OCH3 protons of PMMA (c), giving a

PBA/PMMA weight composition equal to 51/49 (w/w).29

Figure 8. TGA traces of the bare LRD, pure PBA and PBA-3%LRD pre-

cipitate obtained from the miniemulsion polymerization. The initial

amount of LRD is 0.6 g and that of the precipitate after the polymeriza-

tion is 0.9 g.

Figure 9. TGA traces of the bare LRD-Si, pure PBA and PBA-3%LRD-Si

precipitate after miniemulsion polymerization. The initial amount of

LRD-Si is 0.6 g and that of the precipitate after polymerization is 0.5 g.

Figure 10. 1H-NMR spectrum of PBA-PMMA core–shell particles.
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Figure 11. TEM images of PBA-PMMA core–shell particles. (a) PBA-PMMA, (b) (PBA-3%LRD)-PMMA, and (c) (PBA-3%LRD-Si)-PMMA.

Figure 12. SEM images of (a) PBA/PLA (10/90) blend, (b) PBA/PLA (20/80) blend, (c) PBA-3%LRD/PLA (20/80) blend, (d) PBA-2%LRD-Si/PLA

(20/80) blend, (e) PBA-3%LRD-Si/PLA (20/80) blend, (f) PBA-5%LRD-Si/PLA (20/80) blend, and (g) pure PLA.
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Figure 11 shows the TEM images of the PBA-PMMA core–shell

particles. The soft core in PBA and the hard shell in PMMA are

clearly seen. The former covers the latter sufficiently well and

uniformly. The thickness of the shell and the diameter of the

core are 10–20 and 90–130 nm, respectively. This is also consist-

ent with the compositions of PBA and PMMA in the core–shell

particles.

Morphology of PBA/PLA and (PBA-PMMA)/PLA Blends

Figure 12 shows the SEM images of the PBA/PLA (10/90), PBA/

PLA (20/80), PBA-3%LRD/PLA (20/80), PBA-2%LRD-Si/PLA

(20/80), PBA-3%LRD-Si/PLA (20/80), and PBA-5%LRD-Si/PLA

(20/80) blends together with that of the pure PLA. Prior to the

SEM analyses, the surfaces of these materials are etched with 2-

butanol, a good solvent of PBA and a nonsolvent for the PLA.

The surfaces of the PBA/PLA (10/90), PBA/PLA (20/80), and

PBA-3%LRD/PLA (20/80) blends exhibit holes while the surfa-

ces of the three PBA-LRD-Si/PLA (20/80) blends (d)–(f) trend

to be smooth. Concerning the average diameter of the holes in

these blends which corresponds to the etched PBA domains, it

is about 1, 1.8, 1.8, 1.6, and 1.4 lm for blends (a), (b), (c), (d),

and (e), respectively. As for blend (f) which contains 5%LRD-

Si, there are almost no holes on the surface after etching, con-

firming that the PBA-LRD-Si particles are crosslinked during

the miniemulsion polymerization by the MPTMS grafted LRD-

Si. The degree of crosslinking is enhanced with increasing LRD-

Si content. Meanwhile, the values of these holes in the blends

are significantly higher than the average diameter of the PBA

nanoparticles recovered from miniemulsion polymerization.

This implies that they are likely agglomerated during the drying

stage of the latexes before blending with the PLA. Agglomera-

tion during the melt blending could also be possible.

Figure 13 shows the SEM images of (PBA-PMMA)/PLA (10/10/

80), (PBA-3%LRD-PMMA)/PLA (10/10/80), and (PBA-

3%LRD-Si-PMMA)/PLA (10/10/80) blends. Their surfaces are

etched with 2-butanol prior to the SEM analyses. Holes of

about 350 nm in diameter are observed on the surfaces of the

first two blends, keeping in mind that the diameter of the origi-

nal PBA-PMMA core–shell particles is around 125 nm after the

emulsion polymerization. The fact that these holes are much

smaller than those in the PBA/PLA blends implies that the

PMMA shell does play a role of compatibilization between PBA

and PLA. This strongly improves the dispersion of nanoparticles

Figure 13. SEM micrographs of freeze-fractured surfaces of (a) (PBA-PMMA)/PLA, (b) (PBA-3%LRD-PMMA)/PLA, and (c) (PBA-3%LRD-Si-PMMA)/

PLA blends.

Figure 14. Effects of the incorporation of the LRD on the tensile strength

and Young’s modulus of the PLA.

Figure 15. Effect of the incorporation of the LRD on the impact strength

of the PLA.
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in the PLA matrix. There are no holes on the surface of the

(PBA-3%LRD-Si-PMMA)/PLA (10/10/80) blend. This is because

in this blend, the PBA core is crosslinked by the silane grafted

LRD (LRD-Si) and cannot be etched by 2-butanol.

Mechanical Properties

PLA/LRD Blends. PLA/LRD blends were prepared for the sake

of comparison with the other PLA blends prepared in this

work. Figure 14 shows that the Young’s modulus of the PLA

increases with increasing LRD load. However its tensile strength

decreases significantly. From Figure 15, the impact strength of

the PLA is very low and is not affected much by the incorpora-

tion of the LRD.

PBA/PLA and (PBA-PMMA)/PLA Blends. Table V shows the

Izod impact strength and the tensile properties of the PBA/PLA

and (PBA-PMMA)/PLA blends.

As expected, the incorporation of the PBA to the PLA decreases

its tensile strength and Young’s modulus by about 50 and 36%,

respectively. Nevertheless, the type of the PBA composite does

not affect much their tensile properties. Its impact strength is

improved to a noticeable extent.

When PBA-LRD or PBA-LRD-Si nanocomposite nanoparticles

are incorporated in the PLA, its impact strength is increased by

55–88% with respect to the pure PBA nanoparticles without

LRD or LRD-Si. The effect of the PBA-LRD-Si is even slightly

stronger than that of the LRD.

When PBA-PMMA core–shell particles with or without LRD or

LRD-Si are incorporated in the PLA, both the tensile properties

and impact strength are largely improved with respect to their

PBA analogues. This further confirms the importance of the

PMMA shell which not only has a higher Young’s modulus than

PBA but also ensures better compatibility with the PLA.

CONCLUSIONS

This work developed a miniemulsion polymerization methodol-

ogy to synthesize PBA-PMMA core–shell latexes which were

subsequently incorporated in PLA in order to improve its

impact strength without significantly reducing its tensile proper-

ties. The incorporation of the PBA nanoparticles in the PLA

increased the impact strength of the PLA while significantly

reducing its tensile strength and Young’s modulus. When lapon-

ite was incorporated in the PBA nanoparticles, the Young’s

modulus of the PLA blends was further improved. When the

PBA-laponite nanocomposite nanoparticles were encapsulated

by PMMA shell which not only had better tensile properties

than but also better compatibility with the PLA, the impact

strength of the resulting (PBA-LRD-PMMA)/PLA blends was

significantly higher than that of the PLA, with a minimum

decrease in tensile strength and their Young’s modulus. With

the improved impact strength obtained, the modified PLA can

be used for packaging applications including containers, over-

wrap and bags.
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