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Current progress in the production of PLA–ZnO nanocomposites:
Beneficial effects of chain extender addition on key properties

Marius Murariu, Yoann Paint, Oltea Murariu, Jean-Marie Raquez, Leila Bonnaud, Philippe Dubois
Center of Innovation and Research in Materials and Polymers (CIRMAP), Laboratory of Polymeric and Composite Materials (LPCM),
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ABSTRACT: Poly(lactic acid) (PLA) nanocomposites characterized by multifunctional end-use properties are of high interest as new

biosourced materials for the production of smart films, fibers, and injection-molded components. In this work, PLA–ZnO nanocom-

posites designed for the extrusion of films were obtained by melt-compounding PLA with up to 5 wt % ZnO rod-like nanoparticles,

nanofiller previously surface-treated with a specific silane (triethoxycaprylylsilane). To improve the processing and performances of

nanocomposites such as their stability at high temperature, the addition of a selected chain-extender (CE) was considered. It was

revealed that the co-addition of nanofiller (ZnO) and epoxy functional styrene-acrylate oligomeric CE (Joncryl
VR

ADR 4300F) leads to

a very significant enhancement of the properties (molecular, rheological, thermal, etc.) of PLA–ZnO nanocomposites. After addition

of 1% CE into nanocomposites, the PLA molecular weights were found to be nearly twofold higher, while the isothermal tests (at

220 and 2408C) confirmed a significant increase in thermal stability. Because the CE plays a key role in limiting the degrading effects

of ZnO, due to a gain in melt viscosity and increased molecular mass, a better ability to process nanocomposites by extrusion was

found. The good nanofiller dispersion and specific end-use characteristics owing to the presence of ZnO nanoparticles (such as UV

shielding) were again confirmed on extruded films. These developments are being viewed as a promising approach that can open new

perspectives in the application of PLA–ZnO nanocomposites with specific end-use properties (UV protection, antibacterial, gas-

barrier, and self-cleaning) at larger scale. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42480.

KEYWORDS: biopolymers and renewable polymers; degradation; extrusion; films; nanoparticles
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INTRODUCTION

The extraordinary interest and growth in the global production

of biopolymers is connected to a big number of factors includ-

ing consumer demand for more environmentally sustainable

products, the development of bio-based feed-stocks, increase of

restrictions for the use of polymers with high “carbon footprint”

of petrochemical origin, particularly in such applications as

packaging, automotive, electrical and electronics industry, and

so on.1–6

In competition with petroleum-based polymers, poly(lactic

acid) or polylactide (PLA) is one of the most promising candi-

dates for future developments; it not only is (bio)degradable

under controlled composting conditions, but also produced

from renewable natural resources by fermentation of polysac-

charides or sugar, e.g., extracted from corn or sugar beet, and

corresponding wastes.3,7–10

PLA is currently receiving a considerable attention for tradi-

tional applications such as packaging, as well as production of

textile fibers, and interestingly enough, it also finds higher

added value for technical applications.6,11–13 Nowadays, the

addition into PLA of selected nanofillers (e.g., organomodified

layered silicates (OMLS), silver, zinc oxide, graphite derivatives,

carbon nanotubes (CNT), silica, etc.) is considered as a modern

approach that can lead to major improvements of PLA charac-

teristic features (mechanical, thermal, barrier, etc.). Further-

more, these nanocomposites are characterized by specific end-

use properties such as anti-UV and anti-bacterial, antistatic to

conductive electrical characteristics, enhanced wear resistance,

higher crystallization speed, and fire retardancy.1,5,8,14–21

Zinc oxide (ZnO) is a well-known environmentally friendly and

multifunctional inorganic nanofiller, with an optical band gap

in the UV region that makes it useful as an efficient UV-light

absorber. ZnO nanofillers can be mixed with different polymers

Additional Supporting Information may be found in the online version of this article.
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(polyamide 6, epoxy and acrylic resins, poly(methyl methacry-

late), polystyrene, polypropylene, etc.) to produce nanocompo-

sites characterized by a large array of properties such as effective

antibacterial protection, intensive ultraviolet absorption, or

other characteristic features.22–24

Interestingly, ZnO nanoparticles and Zn derivatives are known

as very efficient catalysts in the synthesis of PLA through ring-

opening polymerization of lactide as well as in “unzipping”

depolymerization of PLA.25,26 Indeed, some of us have reported

that the addition of untreated ZnO nanoparticles into PLA at

melt-processing or at higher temperature led to the severe deg-

radation of the polyester matrix.27 However, by considering the

high propensity of Zn-based products (such as untreated ZnO)

to trigger PLA degradation, other researchers have preferred to

use the solvent casting method for the production of PLA–ZnO

nanocomposites.18 On the other hand, following the surface

treatment of ZnO nanoparticles with specific silanes, it was

reported by us the possibility to produce PLA-based nanocom-

posites via melt-compounding in internal mixers or using twin-

screw extruders, an approach which is creating new opportuni-

ties for their application at larger scale.27–29 These nanocompo-

sites at various loading of nanofiller have been tested in the

production of fibers, films, or other materials, showing multi-

functional end-use properties (anti-UV, antibacterial, barrier,

etc.).27,28 In our opinion, the melt-blending manufacturing

method has larger applicability with respect to other techniques,

such as the solvent casting.

It is also worth recalling that PLA is very sensitive to tempera-

ture, shear, and hydrolysis during melt-processing. To overcome

the results of PLA degradation (during production and process-

ing), like other condensation polymers (polyethylene terephtha-

late, polyamides, polycarbonates, etc.),30 the addition of

multifunctional chain extenders (CE) into PLA is seen as an

attractive low-cost method which could counterbalance the

molecular weight degradation. However, among the CEs

recently reported for PLA (polycarbodiimide (PCDI),31 tris(no-

nylphenyl) phosphite (TNPP),32 diisocyanate derivatives,33 etc.),

it is worth pointing out the utilization of styrene-acrylic multi-

functional-epoxide oligomeric CEs such as Joncryl
VR

products.

These additives are commercialized with different characteristic

features (glass transition temperature, molecular weight, epoxide

concentration, etc.). They possess epoxy groups as primary reac-

tive functionalities, which preferentially react with PLA end

groups to generate esters or ethers of increased weight-average

molecular weight and viscosity.34–40

PLA end groups (i.e., carboxylic acid and hydroxyl end-groups),

which are additionally formed due to thermal and oxidative

degradation or especially when PLA is heated in the presence of

water, can react with epoxy functional groups creating covalent

bonds.40–42 These additives are also considered as good compa-

tibilizers for the production of PLA-based blends. They are also

of high effectiveness in the increasing of PLA hydrolytic stability

and melt strength, processing output, etc., all at very low load-

ing levels.43

Besides, in many cases, the mixing of PLA with additives and

nanofillers is followed by the important drop of molecular

weights, together with the loss of thermal, rheological, and

mechanical properties. However, it is often stated out in litera-

ture that addition of nanofillers (e.g., OMLS) into PLA can

intensify its rate of degradation and molecular weight reduction.

To limit the degrading effect of OMLS, Najafi et al. have studied

the effects of incorporation of CEs (from the category of

multifunctional-epoxide oligomers) into PLA nanocomposites.

It was reported that addition of CE at an appropriate loading

had a profound effect not only on the control of polymer deg-

radation but also on the increase of molecular weights and con-

sequently, on the polymer viscosity.37,38

Regarding the utilization of ZnO as nanofiller for PLA, it is

noteworthy mentioning that the silanization of nanoparticles is

a perquisite to limit the degradation of the polyester matrix.

Furthermore, the extent of thermal degradation of PLA

increases in direct correlation to ZnO loading.27 Unfortunately,

in the real case of industrial applications and especially at high

processing temperature and/or long residence time, these nano-

composites do not show the advanced stability that can be

required by end users to produce films, fibers, injection molded

parts, etc., since the decrease of molecular parameters strongly

affects their thermal, melt-fluidity, and mechanical properties.

Therefore, the control of thermal degradation of these nano-

composites represents a major challenge and this study is an

answer to this demand.

In this work, tailored epoxy-functional styrene-acrylic oligomers

have been evaluated as CEs to improve the properties (molecu-

lar, thermal, rheological, etc.) of PLA–ZnO nanocomposites

while maintaining their specific end-use characteristics. PLA–

ZnO nanocomposites (with or without CE) were produced by

melt-compounding using twin-screw extruders, step followed by

their processing by extrusion as films. Furthermore, the compar-

ative evaluation of properties has been performed to highlight

the improvements in the performances of so-produced nano-

composites, their specific end-use characteristics and to attire

the interest for a potential application at larger scale.

EXPERIMENTAL

Materials

Poly(L,L-lactide)—hereafter called PLA—supplier NatureWorks

LLC, was a grade designed for the extrusion of films (4032D)

with Mn 5 133,000, dispersity (D), Mw/Mn 5 1.94 (Mw and Mn

being, respectively, weight- and number-average molar mass

expressed in polystyrene equivalent), whereas according to the

producer, the other characteristics are as follows: D isomer-

5 1.4%; relative viscosity 5 3.94; and residual

monomer 5 0.14%.

Silane-treated ZnO nanofiller was supplied by Umicore Zinc

Chemicals (Belgium) as Zano 20 Plus (surface treated with trie-

thoxycaprylylsilane, ZnO content about 96%). According to

supplier and our transmission electron microscopy (TEM)

investigation, these nanoparticles are characterized by a rod-like

morphology, having diameters of 15–30 nm and a maximum

length of 100 nm.28

Joncryl
VR

ADR-4300F was kindly supplied by BASF and used

here as PLA chain extender with mild-epoxy functionality.
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According to the technical sheet, this product (supplied in flakes

form) has Mw 5 5500, epoxy-equivalent by weight 445 g/mol

and a glass transition temperature of about 568C.44 It will be

mentioned hereinafter as “Joncryl” or it will be abbreviated as

“CE”.

Ultranox 626A (Bis (2,4-di-t-butylphenyl) Pentraerythritol

Diphosphite) supplied by Brenntag NV (called below as U626)

was selected as thermal stabilizer and used at a preferred per-

centage of 0.3 wt % in all PLA compositions. Throughout this

contribution, all percentages are given as weight percent (wt

%).

Preparation of Nanocomposites

Before processing, PLA was dried at 708C overnight using a dry-

ing oven with recirculating hot air. To minimize the water con-

tent for melt-blending with PLA, the ZnO nanofiller was

previously dried using similar conditions. PLA granules were

dry-mixed with the nanofiller and additives (CE and U626)

using a Zeppelin Henschel intensive mixer. Then, PLA nano-

composites (with 1, 3, and 5% ZnO) and having up to 1% CE

were prepared by melt-compounding using a twin-screw

extruder Leistritz ZSE 18 HP-40D (screw diameter

(D) 5 18 mm, L (length)/D ratio 5 40) and the following proc-

essing conditions: throughput of 2 kg/h, screw

speed 5 150 rpm, temperatures of extrusion on the heating

zones adapted to the rheological characteristics of PLA blends

(e.g., extrusion temperatures on heating zones: Z1 5 1858C;

Z2 5 1958C; Z35 2058C; Z4–Z6 5 2008C; Z7 5 1958C in the

case of nanocomposites with CE), while the temperature of the

molten polymer before the extrusion of strands was kept

around 1958C. For the sake of comparison, PLA–ZnO nano-

composites without CE were produced under similar melt-

compounding conditions, except that the extrusion tempera-

tures which were with about 108C lower than in the case of the

blends containing CE. The composition and codification of

nanocomposite samples produced by melt-compounding is

shown in Table I.

Then, the previously dried pellets (drying under vacuum at

708C overnight) from selected nanocomposites were extruded as

films of 100 and 300 lm thickness with a Brabender single-

screw extruder (D 5 19 mm, L/D 5 25) adapted with a extru-

sion die head (ribbon die of 100 mm wide, gap of 0.5 mm) and

using for drawing a Univex flat film take-off with the nip rolls

heated at about 608C as downstream equipment.

Characterization

Size Exclusion Chromatography. Molecular weight determina-

tion of PLA was carried out on samples dissolved in chloroform

(10 mg polymer/5 mL solvent). Size exclusion chromatography

(SEC) measurements on previous filtered samples were per-

formed at 308C using an Agilent liquid chromatograph

equipped with an Agilent degasser, an isocratic HPLC pump

(flow rate 5 1 mL/min), an Agilent autosampler (loop vol-

ume 5 100 lL), an Agilent-DRI refractive index detector and

three columns: a PL gel 5 lm guard column and two PL gel

Mixed-B 5 lm columns (linear columns for separation of

molecular weights (PS standards) ranging from 200 to 43105 g/

mol). The experimental errors in the case of SEC measurements

are estimated to be about 10%. Molecular weights and molecu-

lar distributions were calculated by reference to a universal cali-

bration curve relative to polystyrene standards.

Thermogravimetric Analysis. Thermogravimetric analysis (TGA)

was performed by using a TGA Q50 (TA Instruments) at a heating

ramp of 208C/min under air flow, from room temperature up to

6008C (platinum pan, 60 cm3/min air flow rate). Isothermal tests

as simulated by TGA were performed by using HiRes TGA 2950

(TA Instruments) (platinum pans, air flow rate of 110 cm3/min).

Procedure: heating ramp of 208C/min from room temperature up

to the desired temperature (e.g., 220 or 2408C), followed by an iso-

therm for up to 60 min.

Differential Scanning Calorimetry. Differential scanning calo-

rimetry (DSC) measurements were performed by using a DSC

Q200 from TA Instruments under nitrogen flow. The procedure

was as follows: first heating scan at 108C/min from 08C up to

2008C, isotherm at this temperature for 2 min, then cooling

down at 108C/min to 2208C and finally, second heating scan

from 220 to 2008C at 108C/min. The first scan was used to

erase the prior thermal history of the samples. The events of

interest, i.e., the glass transition temperature (Tg), cold crystalli-

zation temperature (Tc), enthalpy of cold crystallization (DHc),

melting temperature (Tm), and melting enthalpy (DHm) were

typically determined from the second scan. Noteworthy, for all

samples, only the fraction of PLA was considered. The degree of

crystallinity was determined by subtracting DHc from DHm and

by considering a melting enthalpy of 93 J/g for 100% crystalline

PLA.

Rheological Measurements. The melt flow index (MFI) of

selected samples was determined using an automatic Davenport

10 melt flow indexer and the measurements were performed at

the temperature of 1908C following the procedure described in

ASTM D1238 (standard die 2.095 3 8 mm and using a 2.16 kg

load).

To get information about the behavior of nanocomposites in

the molten state at selected temperatures, a rheometer ARES-LS

(TA Instruments) equipped with 25 mm parallel plates was

used for rheological measurements. The testing was conducted

Table I. Composition and Codification of PLA Nanocomposite Samples

Considered in This Study

Entry Sample code Composition (wt %)

PLA ZnO CE

1 1ZnO 99 1 –

2 1ZnO/0.5J 98.5 1 0.5

3 1ZnO/1J 98 1 1

4 3ZnO 97 3 –

5 3ZnO/0.5J 96.5 3 0.5

6 3ZnO/1J 96 3 1

7 5ZnO 95 5 –

8 5ZnO/0.5J 94.5 5 0.5

9 5ZnO/1J 94 5 1
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on previously dried samples under controlled deformation con-

ditions: gap of 1.2 mm, strain 5 10%, the dynamic frequency

sweeps were carried out over an angular frequency range of 0.01

up to 700 rad/s.

Mechanical Testing. Tensile testing measurements were per-

formed on dog-bone specimens (type V, ASTM D 638-02a)

obtained by cutting from the extruded films (100 mm thickness)

using a Lloyd LR 10K tensile bench at a tensile rate of 1 mm/

min, with a distance of 25.4 mm between grips. All mechanical

tests were carried out by using specimens previously condi-

tioned for at least 48 h at 20 6 28C under a relative humidity of

50 6 3% and the values were averaged out over minimum five

measurements.

Transmission Electron Microscopy. Transmission electron

micrographs were obtained with a Philips CM200 apparatus

using an accelerator voltage of up to 120 kV. The samples (70–

80 nm thick) were prepared with a Leica Ultracut UCT ultra-

cryomicrotome by cutting them at 21008C. Reported micro-

photographs represent typical morphologies as observed at, at

least, three different locations.

UV Absorption Properties. UV–visible absorption spectra were

measured on films of about 100 mm thickness using an UV–vis

Varian Cary 5G spectrophotometer. The blank reference was air.

Transmittance spectra were recorded in the 200–800 nm wave-

length range and the average of three samples was considered.

RESULTS AND DISCUSSION

Preliminary Considerations

PLA has very interesting physicomechanical properties but it

also exhibits some limitations when compared to currently engi-

neering or traditional polymers (degradation by hydrolysis, lim-

ited mechanical resistance at high temperature, moisture

sensitivity, and consequently, degradation during processing,

etc.). To overcome some of these drawbacks and to diminish

the degradation effects of both moisture and temperature, the

addition of CEs into PLA has been recently considered. In this

context, it is important to mention that some PLA-Joncryl com-

positions are already commercialized as masterbatches.41,45–47

These CEs are styrene-acrylic multifunctional epoxide oligomers

having the general structure shown in Figure 1, while the epox-

ide coupling reactions with PLA end groups are presented in

Figure 2. More information and details about their features and

the mechanisms of reaction with different polymers (including

PLA) can be found in the scientific literature and patents, but it

is far away from the scope of this article to develop some typi-

cal aspects already treated previously.37,38,45,48–50

The CE can be used in a single processing step to substantially

increase the molecular weight, mechanical and rheological prop-

erties of PLA without the need to fully dry it.43,44 However, for

PLA blends, it is essential to promote branching while avoiding

cross-linking and gel formation. It is also important to know

that these CEs are tailored with high or mid epoxy functional-

ity, respectively, to maximize the increase of molecular weights

through PLA chains branching for high PLA melt-strength, or

to lead to moderate branching and to allow high processing

speed.43,51 Because the efficiency of epoxide-oligomeric CEs has

already been reported for PLA or its blends with other poly-

mers,34 the first objective of this study is to show how much

the co-addition of CE and ZnO nanofillers (surface-treated by

silane) into PLA affects the molecular, rheological, thermal, and

mechanical properties, or is changing the morphology of PLA–

ZnO nanocomposites. Accordingly, the comparison of nano-

composites (with and without CE) will be principally concerned

hereafter. The second objective is to produce nanocomposites

loaded with up to 1% CE exhibiting enhanced performances in

the production of films, while maintaining specific end-use

properties such as UV screening.

Key Role of CE Addition on Molecular Properties

The modification of molecular weights of PLA matrix in nano-

composites was first studied by SEC analyses. Generally speak-

ing, the degradation of PLA is primarily attributed to hydrolysis

triggered by trace amounts of water, zipper-like depolymeriza-

tion (catalyzed by residual polymerization catalysts), thermo-

oxidative reactions, and random main-chain scission during

processing, interchain transesterification and depolymerization

by back-biting (intramolecular transesterification) resulting in

the formation of monomer and cyclic oligomers, residual acid-

ity and presence of different impurities as metals, etc.52 How-

ever, in the specific case of PLA–ZnO nanocomposites, the

degradation of PLA matrix during melt-compounding and

processing can be even more advanced due to the presence of

Zn ions with effective prodegrading role, especially at high tem-

perature.26 To counterbalance this undesirable effect, the utiliza-

tion of ZnO nanoparticles surface-treated with silanes such as

Figure 1. General structure of the styrene–acrylic multifunctional epoxyde

oligomeric chain extenders. Where R1–R5 are H, CH3, a higher alkyl

group, or combinations of them; R6 is an alkyl group, and x, y, and z are

each between 1 and 20. Reprinted with Elsevier permission from the refer-

ence Villalobos et al.30

Figure 2. Epoxide coupling reactions with PLA: reaction with (a) carbox-

ylic acid and (b) hydroxyl end-groups (adapted and reprinted with the

permission of Springer-Verlag from the reference Corre et al.47)
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triethoxycaprylylsilane is preferred to allow the better preserva-

tion of PLA molecular weights with respect to untreated ZnO.27

Table II shows the comparative evaluation of PLA molecular

characteristics (Mn and dispersity) of neat PLA (before and after

melt-mixing in twin-screw extruder) and of PLA–ZnO nano-

composites (with/without CE). First, for the sake of compari-

son, it is noteworthy mentioning that under similar conditions

of extrusion, the Mn of neat PLA only slightly decreased to

about 115,000, which is proving once more PLA sensitivity to

temperature, shear, and hydrolysis during melt-processing. In

the absence of CE, in the nanocomposites filled with 3–5%

ZnO, PLA shows the highest decrease of Mn (�25%), i.e., pass-

ing from 133,000 (unprocessed PLA) to about 99,000, after

melt-compounding.

On the contrary, a dramatical increase of molecular weights is

observed following the addition of CE into the corresponding

nanocomposites. By adding 1% CE, the Mn is nearly two times

higher (than those of PLA from nanocomposites without CE),

results which clearly attest for CE effectiveness and for the

branching of PLA macromolecular chains. Moreover, some

larger dispersity and presence of shoulders or multimodal peaks

on SEC traces (not shown here) are noticeable. These aspects

are usually mentioned for PLA blends with these specific CEs40

and are generally attributed to the presence of branched chain

populations and to the changes in the polymer topology.41 As

an illustration of CE reactivity, from data shown in Table II, it

comes out that addition of 0.5 and 1% CE into PLA filled with

3% ZnO is leading to the increase of Mn, respectively, of about

34 and 104%. This can be a very promising result, in terms of

processing ability, stability, and performances.

Thermal Properties

To examine the effects of CE addition on the thermal stability

of nanocomposites, TG measurements of PLA–ZnO samples

(containing or not CE) have been compared using nonisother-

mal or isothermal tests. First, it is worth pointing out that the

nanofiller has a good thermal stability, thus at the exception of

some traces of water, TG curves evidenced only a weight loss of

2.5% up to the temperature of 5008C, which is mainly ascribed

to the degradation of alkyl part of triethoxycaprylylsilane used

for the ZnO surface treatment.

For simplification and easier interpretation, Table III shows the

temperature of 5% weight loss (T5%), which is often considered

as the initial decomposition temperature, and the temperature

corresponding to the maximum rate of thermal degradation

(Td—from d-TG) of nanocomposites with respect to the neat

PLA (as received and after processing with twin-screw

extruders). From these results, it comes out that in the absence

of CE, addition of ZnO nanofiller leads to nanocomposites that

show lower values for T5% and Td. Moreover, it is observed that

the reduction in thermal stability is directly correlated with the

percentage of nanofiller, a higher loading with ZnO (e.g., 5%)

leading to the most advanced decrease in PLA thermal stability.

Again this is not surprising by considering the catalytic role of

zinc compounds/products at high temperature in promoting

PLA degradation (vide supra) leading to the selective formation

of lactide and related oligomers.26 On another hand, it is inter-

esting to observe that all nanocomposites containing CE are

characterized by better thermal performances (higher T5% or Td

with respect to the corresponding nanocomposites deprived

from any CE). Such improvements, e.g., increasing T5% by

more than 108C by adding 1% CE, can be readily ascribed to

higher PLA molecular weights, and can be considered of real

interest in the perspective of nanocomposites application in the

production of films and fibers.

In addition, it was also of interest to check the thermal stability

of nanocomposites at high temperature and long residence

time. To better evidence the CE effect, isothermal TGA was per-

formed at 220 and even 2408C (up to 60 min) for PLA filled

with 1 and 5% ZnO.

Figure 3(a,b) shows, respectively, the comparative TG measure-

ments performed under isothermal conditions at 220 and 2408C

of PLA filled with 1 and 5% ZnO. A higher thermal stability is

observed for the nanocomposites containing CE, while the

Table II. Comparative Molecular Parameters of Neat PLA and PLA–(Sur-

face-Treated) ZnO Nanocomposites (With/Without CE) as Obtained after

Melt-Compounding

Sample Mn(PS) D (Mw/Mn)

PLA (as received) 133,000 1.9

PLA processed 115,000 2.0

1ZnO 103,200 2.2

1ZnO/0.5J 135,000 2.8

1ZnO/1J 187,100 2.5

3ZnO 99,200 2.1

3ZnO/0.5J 132,800 2.8

3ZnO/1J 202,100 2.4

5ZnO 99,700 2.1

5ZnO/0.5J 103,200 2.9

5ZnO/1J 197,500 2.3

Table III. Initial Decomposition Temperature (T5%) and Max. Decompo-

sition Temperature (Td) of PLA–(Surface-Treated) ZnO Nanocomposites

(With/Without CE) and of Neat PLA as Determined by TGA (Under Air

Flow, 208C/min)

Sample

Temperature of
5% weight
loss, T5% (8C)

Temperature of
max. rate of
degradation, Td (8C)

PLA (as received) 342 381

PLA (processed) 332 379

1ZnO 325 361

1ZnO/0.5J 330 367

1ZnO/1J 336 365

3ZnO 313 354

3ZnO/0.5J 317 360

3ZnO/1J 325 361

5ZnO 307 353

5ZnO/1J 318 357
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weight loss percentage is related to the nanofiller content. As

illustration, the weight loss recorded after 60 min residence

time at 2208C for 1ZnO and 5ZnO samples containing 1 and

5% ZnO reached values as high as 3.8 and 8.6%, respectively.

Contrarily, the nanocomposites containing 1% CE and similar

loadings of ZnO (i.e., 1 and 5%) proved to be more thermally

stable, with weight loss limited to only 2.2 and 4.6%, respec-

tively. These differences in favor of PLA nanocomposites con-

taining CE are more impressive at higher temperature (2408C)

and high loading (i.e., at 5% ZnO, see Figure 3b).

Regarding the DSC results (data summarized in Table IV), it

comes out that there are no significant changes for the values of

Tg of PLA which can be connected to the differences of ZnO

loading or to the presence or absence of CE. On the other

hand, by considering the nanocomposites with similar amount

of ZnO, one can observe that the presence of CE (1%) clearly

affects the crystallization properties because a delay in PLA crys-

tallization is observed during the second DSC heating (Figure

4). However, these nanocomposites show typically cold crystalli-

zation (Tc) at higher temperature, whereas the degree of crystal-

linity and the Tm are considerably lower than those of the

nanocomposites without CE. Interestingly, similar results were

reported by Najafi et al. for PLA and another CE from the same

family.53 The decrease of both degree of crystallinity and rate of

crystallization and the increase of Tc were explained by forma-

tion of a long-chain branched structure which disrupted the

chain packing. Again, the influence of other factors is not totally

excluded knowing the difficulty of PLA of high molecular

weight to crystallize. Also, it is important to remind that it was

previously reported that the silanized ZnO has no significant

nucleating effects on PLA.27,28

Rheological Investigations

MFI investigations were first carried out to determine the apti-

tude of PLA nanocomposites for melt-processing by extrusion.

From the values of MFI (Figure 5), it is evident that the addi-

tion of increasing amounts of ZnO strongly affects the PLA

melt flowing/rheology, a higher fluidity being noticeable for the

samples filled with 3 and 5% ZnO in the absence of CE (MFI

of, respectively, 13 and 21 g/10 min). This important modifica-

tion of MFI, observed especially at high percentage of ZnO, is

practically associated with the loss in the ability of processing

by extrusion due to the higher fluidity and can be mainly

explained by the presence of PLA chains of low molecular

weight. However, one cannot exclude an additional effect due to

presence of alkyl-silane ZnO nanoparticles that can give some

lubricating properties. On the other hand, all nanocomposites

containing 1% CE show lower MFI (0.5–0.7 g/10 min), which

can be interpreted as a better aptitude for processing by extru-

sion. In addition, the nanocomposites loaded with 1–3% ZnO,

but lower amount of CE (0.5%), also remain of interest, the

MFI being up to 6 g/10min.

The comparative evolution of complex viscosity of PLA nano-

composites filled with up to 5% ZnO (without/with 1% CE) is

plotted as a function of frequency in Figure 6. The complex

Figure 3. TGA in isothermal conditions (under air) at 220 and 2408C of

PLA–ZnO nanocomposites (with/without CE) having different loadings of

surface-treated ZnO: (a) 1% and (b) 5%. [Color figure can be viewed in

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

Table IV. .Comparative DSC Data of Neat PLA and PLA–(Surface-Treated) ZnO Nanocomposites With/Without CE (Second DSC Heating, 108C/min)

Sample Tg (8C) Tc (8C) DHc (J g21) Tm (8C) DHm (J g21) vc (%)

PLA 63 112 29.4 169 33.5 4.4

1ZnO 63 110 23.7 168 31.9 8.8

1ZnO/1J 63 126 24.2 163 28.2 4.3

3ZnO 63 113 28.9 163; 169 35.1 6.7

3ZnO/1J 63 124 26.1 163 28.2 2.3

5ZnO 63 106 26.3 168 32.5 6.7

5ZnO/1J 63 114 25.5 160; 165 26.0 0.5
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viscosity of PLA nanocomposites that do not contain CE is

clearly lower than those of nanocomposites containing CE.

These results are not surprising by considering the other obser-

vations made here about, e.g., the molecular weights and MFI

values. However, for both categories of nanocomposites (i.e.,

with and without CE), the increase in ZnO loading has effect

the reduction in viscosity in all frequency range, while a shear-

thinning behavior is typically more evident in the case of nano-

composites of higher viscosity (PLA–ZnO/1J samples). On the

other hand, by considering the differences in viscosity, lower

than 1000 Pa s (PLA–ZnO) and much higher than this value

for PLA–ZnO/1J nanocomposites (at frequencies up to about

100 rad/s), it is presumed that different conditions of extrusion

must be used for adequate processing. Once more, when the

comparative processing ability/stability is considered, PLA–

ZnO/1J nanocomposites, due to their higher viscosity, show evi-

dent advantages and will offer further flexibility.

According to literature, the rheological characterization of PLA

blends containing CEs can reveal the influence of different fac-

tors (loading and functionality of CE, effects of chain exten-

sion/branching on melt-strength, changes in the PLA

rheological behavior linked to the contribution of shear, tem-

perature, residence time, etc.).35,36,41 Thus, the studies dealing

with the reactions between polyesters (such as PLA) and epoxies

have considered that under different experimental conditions, a

variety of polymer topologies may be obtained, going from lin-

ear, branched, and hyperbranched structures to cross-linked

structures. Interestingly, for similar PLA and CE grades, but in

the absence of ZnO which leads also to the decrease of PLA

molecular weights, Cailloux et al. have assumed a competition

between PLA degradation and chain extension, as well as the

evidence of chain branching reactions during processing.41 For

sake of clarity, the specific aspects regarding the rheological

characterizations will be developed in a further contribution.

Morphology of PLA–ZnO Nanocomposites Containing CE

It was formerly reported that the surface coating of ZnO by

alkyl-silane provides finer distribution and dispersion of the

nanoparticles through PLA as matrix.27,28

Figure 7(a–d) shows selected TEM images of PLA–3% ZnO

nanocomposites produced in the presence of 0.5 and 1% CE. It

is obvious from the TEM images that even by increasing the

viscosity of PLA in the molten state due to the addition of CE

(see the section entitled “Rheological Investigations”) in the

nanocomposites filled with 3% ZnO, the nanoparticles are quite

well distributed and dispersed through PLA matrix [Figure

7(a,c)]. Moreover, TEM images performed at higher magnifica-

tion [Figure 7(b,d)] show the limited presence of some remain-

ing ZnO clusters.

PLA–ZnO Nanocomposites for Films with Specific End-Use

Properties

In the second experimental step, selected PLA–ZnO nanocom-

posites (with/without CE) have been tested by extrusion to pro-

duce films. First of all, on one hand, a better processing ability

and stability was typically observed in the case of nanocompo-

sites containing 1% CE and this behavior (up to twofold higher

torque, evident improvements in melt strength, etc.) was practi-

cally ascribed to the higher viscosity of the molten polymer and

to the better preservation of PLA molecular weights during

extrusion (Table V).

Figure 4. Comparative DSC traces of PLA–(surface-treated) ZnO nano-

composites with and without CE (second DSC heating, 108C/min). [Color

figure can be viewed in the online issue, which is available at wileyonline-

library.com.]

Figure 5. Comparative evaluation of MFI (at 1908C, 2.16 kg) of PLA–

(surface-treated) ZnO nanocomposites (with/without CE). [Color figure

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

com.]

Figure 6. Complex viscosity of PLA–(surface-treated) ZnO nanocompo-

sites (without/with 1% CE) as function of frequency at the temperature of

2008C. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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On the other hand, especially in the case of PLA–5% ZnO

nanocomposites without CE (5ZnO sample), it was evident the

advanced decrease of melt viscosity (in agreement with MFI val-

ues). Furthermore, for PLA-based nanocomposites of high fluid-

ity, i.e., without CE, it was more difficult to control the

extrusion process to produce films.

On the contrary, PLA–ZnO/J nanocomposites have shown in all

cases improved processing. However, this progress can be of fur-

ther interest by considering the industrial extrusion process

(i.e., low to high residence time and large temperature interval),

allowing to obtain extruded products of better quality. Never-

theless, it is considered that the selected CE provides a flexible

method for introducing a tunable amount of branching on PLA

chains without the evident risk of forming cross-linked

structures. Additionally, the comparative TGA of nanocomposite

films proved evident improvements in thermal stability in the

favor of PLA–ZnO/1J nanocomposites, i.e., the onset of thermal

degradation (T5%) was higher with 10 and even 208C for load-

ings of 1 and 5% nanofiller, respectively.

Mechanical parameters were evaluated on dog-bone specimens

obtained by cutting from 100-mm-thick films (neat PLA, PLA–

ZnO, and PLA–ZnO/1J samples). As shown in Table VI, the

increase of ZnO loading up to 5% leads for both families of

nanocomposites (having/or not CE) to a slight increase of rigid-

ity (Young’s modulus, E) in quite good correlation with the per-

centage of nanofiller. On the other hand, the rise of ZnO

loading leads, more or less, to the reduction of the maximum

tensile strength for both types of nanocomposites, i.e., with/

Figure 7. TEM pictures at different magnifications of PLA–3% (surface-treated) ZnO nanocomposites containing (a,b) 0.5% and (c,d) 1% CE.
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without CE. Furthermore, somewhat unexpected by considering

the initial molecular parameters of nanocomposites, tensile

stress at both yield (ry) and break (rb) on the thin films of 100

mm thickness were found slightly higher in the absence of CE.

For instance, these differences are ascribed to the low degree of

crystallinity of the nanocomposites containing CE, but the

influence of other factors cannot be totally excluded. Last, inter-

estingly enough, the PLA–ZnO/J nanocomposite films show in

all cases significantly better elongation at yield (ey) and break

(eb) with respect to the nanocomposites without CE.

It is noteworthy reminding that the PLA–ZnO nanocomposites

have already been tested in the production of fibers, films, or

other materials, showing multifunctional properties (anti-UV,

antibacterial, barrier, etc.) which had been proved to be depend-

ent on ZnO loading.27,28 The anti-UV and antibacterial properties

were confirmed, respectively, at 1 and 3% loading, while addi-

tional features (such as self-cleaning) are expected at higher ZnO

amount, i.e., at 5% ZnO. Likewise, it is assumed that the co-

addition of up to 1% CE and similar ZnO amounts will not neg-

atively affect the specific end-use properties of nanocomposites.

It is also important to point out some key aspects concerning

the degradation of these nanocomposites under different condi-

tions of utilization. Using high loadings of nanoparticles, but

without a previous treatment, it was reported by Qu Meng

et al. that ZnO can catalyze rapidly the hydrolytic degradation

of PLA at temperatures well below its Tg.54 Thus, it was

assumed that limiting the decrease of PLA molecular weights

trough the surface treatments of ZnO nanoparticles could be a

promising technique leading to nanocomposites with improved

resistance to the hydrolytic degradation. In this context, it has

recently been reported by us the results of another study con-

cerning the hydrolytic degradation of thin films of PLA–(sur-

face-treated) ZnO nanocomposites in phosphate buffer solution

even for more than 10 months.55 Following the conclusion of

this study, the delayed degradation of nanocomposites with

respect to neat PLA was ascribed to a slowdown of the water

diffusion into PLA matrix, thanks to significant increase of the

crystallinity and especially to the hydrophobic properties of

ZnO nanofiller treated with triethoxycaprylylsilane. Additionally,

it was examined the effect of light on PLA–(surface-treated)

ZnO nanocomposites films produced by extrusion and the

attention was focused on the discrimination between the photo-

catalytic degradation of PLA provoked by ZnO and UV screen-

ing effect of ZnO nanoparticles.29 The results indicated that the

photocatalytic activity of ZnO nanoparticles induces the oxida-

tion of PLA. Interestingly, because ZnO limits the penetration

of light inside the films, this effect mainly concerns only the

first microns at the surface of the exposed samples.

Compared to PLA–ZnO nanocomposites, the neat PLA films do

not offer any UV protection at wavelength in the range 240–

380 nm.27 Figure 8 shows the UV–vis spectra of PLA–ZnO/1J

Table V. Comparative Molecular Parameters of PLA–(Surface-Treated)

ZnO Nanocomposites (With/Without CE) as Extruded Films

Sample Mn(PS) D (Mw/Mn)

1ZnO 70,000 2.2

1ZnO/0.5J 99,000 3.2

1ZnO/1J 133,000 2.7

3ZnO 55,000 2.1

3ZnO/0.5J 63,000 3.3

3ZnO/1J 98,000 3.1

5ZnO 48,000 2.1

5ZnO/0.5J 54,000 3.5

5ZnO/1J 116,000 3.0

Table VI. Comparative Mechanical Properties of Neat PLA and PLA–(Surface-Treated) ZnO Nanocomposite Films (100 mm Thickness) Having or Not

CE (Standard Deviations are Given in Brackets)

Sample E (MPa) ry (MPa) rb (MPa) ey* (%) eb* (%)

neat PLA 3500 (6150) 44 (63) 38 (63) 1.5 (60.1) 9.8 (62.2)

1ZnO 3450 (6100) 52 (62) 45 (62) 1.5 (60.1) 4.9 (61.2)

1ZnO/1J 3150 (6100) 46 (63) 42 (63) 2.1 (60.5) 12.9 (63.1)

3ZnO 3500 (6100) 46 (62) 41 (62) 1.5 (60.1) 2.6 (60.7)

3ZnO/1J 3300 (6200) 43 (65) 39 (65) 1.8 (60.4) 7.5 (62.4)

5ZnO 3850 (6300) 43 (64) 39 (64) 1.3 (60.1) 1.8 (60.2)

5ZnO/1J 4100 (6250) 36 (62) 32 (64) 1.5 (60.2) 8.9 (61.7)

Figure 8. UV–vis spectra on selected samples of PLA–(1–5)% ZnO/1J

nanocomposite films (thickness of ca 100 mm). [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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nanocomposites (films of about 100 mm) at different loadings

of nanofiller. From these results, it comes out that addition of

1% ZnO leads to PLA nanocomposites showing almost a perfect

UV-shielding effect while maintaining rather a good transmit-

tance in the visible range of the spectra for films containing up

to 3% nanofiller (however, a good contact clarity was qualita-

tively evidenced for films at lower ZnO loading, please consider

the Supporting Information, Figure S1(a,b)). It clearly appears

that the resulting films are characterized by effective UV protec-

tion, whereas the light transmittance in the visible range is only

affected by the loading of nanofiller, because an important

decrease is seen especially for films loaded with 5% ZnO.

CONCLUSIONS

PLA nanocomposites characterized by multifunctional end-use

properties (anti-UV, antibacterial, gas barrier, self-cleaning, etc.)

are of high interest as biomaterials for the production of films,

fibers, and injection-molded items. Following an original

approach, new PLA–ZnO nanocomposites filled with up to 5%

nanofiller were produced via melt-blending technology and

using specifically silane-treated nanoparticles to limit the ZnO

degrading effects on polyester matrix.

This study reveals the beneficial effects of a selected CE from the

category of epoxy functional styrene-acrylate oligomers on the

properties of PLA–ZnO nanocomposites. Indeed, it was possible to

melt-compound PLA, ZnO nanofiller, and 0.5 or 1% CE to pro-

duce nanocomposites with specific end-use properties. More pre-

cisely, by addition of 1% CE, the PLA molecular weights (Mn) were

found to increase nearly twofold with respect to those of PLA from

nanocomposites without CE. These results attest for the effective-

ness of CE in presence of ZnO. Moreover, the samples containing

CE were characterized by a higher T5% (the onset of thermal degra-

dation) while the isothermal tests at high temperature (220 and

2408C) proved a very significant gain in thermal stability at longer

residence time. CE addition also plays a key role refining the proc-

essability by extrusion of relatively highly filled nanocomposites

(3–5% ZnO) to produce films. This is ascribed to the rheological

improvements, i.e., better preserving of low MFI, increased viscos-

ity, and melt strength in the molten state. The good dispersion/dis-

tribution of ZnO nanoparticles at nanoscale level was evidenced

once more by TEM, whereas the tensile tests have shown that the

tensile strength and rigidity are mainly determined by the loading

of nanofiller. Furthermore, the specific end-use properties follow-

ing ZnO addition are maintained (e.g., UV protection), whereas

additional features (antibacterial, barrier, and self-cleaning, etc.)

are expected. Finally, the association of ZnO and CE is regarded as

an innovative and promising approach that can pave the way to

high-performance products (showing better processing, improved

molecular and thermomechanical parameters, multifunctional

end-use properties, etc.) and to the larger application of PLA–ZnO

nanocomposites.
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