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ABSTRACT: Nanostructured lanthanum (III)-oxide (La2O3) particles were prepared by a polymer complex solution method and fur-

ther used for the preparation of lanthanum hydroxide (La(OH)3) nanoparticles. The La(OH)3 nanopowder was mixed with glycerol-

plasticized maize starch and the effect of the filler on the thermal, mechanical, and viscoelastic properties of the matrix was investi-

gated. It was expected that this nanofiller, which shows an affinity toward OH groups, would strongly affect the physical properties of

thermoplastic starch (TPS). The pure TPS and the TPS-La(OH)3 nanocomposite films (with 1, 2, and 3 wt % filler) were conditioned

at various relative humidities (RHs) (35, 57, 75, and 99% RH). After conditioning at 99% RH, the pure TPS films exhibited higher

affinity toward water than the nanocomposites. Differential scanning calorimetric measurements showed that, due to retrogradation

effects, the melting enthalpies of the films increased with increasing RH. Dynamic mechanical analysis revealed that the mechanical

properties in the linear range strongly depend on both the humidity conditions and the concentration of the filler. The results also

show that La(OH)3 nanoparticles are good reinforcement for TPS films. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

Polymers from renewable resources are becoming a subject of

increasing interest in current macromolecular science and tech-

nology.1 Dwindling supplies of petroleum and its increasing

price together with rising environmental concerns triggered a

burst of research activity in this field. To date, various natural

polymers have been investigated, but the polysaccharides, espe-

cially cellulose, chitosan, and starch, are still the most studied

systems.1,2 Besides potentially useful physical properties of these

materials, the investigations are also motivated by their shear

abundance and low cost. Starch, a major form of stored carbo-

hydrate in plants, is a renewable biodegradable polymer that

appears as a mixture of two main components; amylose, essen-

tially linear O-(1!4)-a-D-glucan, and amylopectin, a highly

branched macromolecule consisting of O-(1!4)-a short D-glu-

copyranose chains linked by O-a-(1!6) glycoside bonds. The

physical properties of starches such as gelatinization, solubility,

viscosity, and retrogradation strongly depend on the amylose-

amylopectin ratio as well as the material conditioning. The

amylose content in typical starches is usually in the range from

15 to 30%.

In the last two decades, starch has attracted a lot of attention as

a thermoplastic material.3 The addition of polyol-type plasticiz-

ers reduces the glass transition temperature of starch below its

decomposition temperature and makes it more flexible.4 How-

ever, despite good mechanical properties, its high hydrophilicity

is a major drawback for the successful application of thermo-

plastic starch (TPS). Blending with some other polymers or

introduction of micron-sized and nanosized fillers has been

usually used to improve its thermomechanical properties and

sensitivity to water.5 Cellulose fibrils and whiskers are typical

fillers used in the preparation of TPS microcomposites and

nanocomposites.6–13 The other approach suggested was the

modification of TPS by solution or melt mixing with nano-

clays.14–24 Recently, nanostructured inorganic particles such as

SiO2,
25 ZnO,26 and Zr(OH)4

27 were successfully used as fillers

VC 2012 Wiley Periodicals, Inc.
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for starch. For example, it was found that the tensile strength

and water vapor permeability properties of TPS were signifi-

cantly improved in the presence of zirconium hydroxide nano-

particles stabilized by carboxymethylcellulose (CMC) sodium.27

In this study, we decided to consider a novel filler and report

on the effects of lanthanum hydroxide (La(OH)3) nanoparticles

on the physical properties of maize TPS. The La(OH)3 nanopar-

ticles were chosen because they show an affinity for OH groups,

and it was expected that they will strongly interact with starch

macromolecules, even without the surface modification used,

for example, in Refs. 26 and 27. Because of the potential appli-

cation as ceramics, sorbent, hydrogen storage, and electrode ma-

terial,28,29 the preparation of nanostructured La(OH)3 particles,

that is, nanospheres, nanorods, and nanowires has received sig-

nificant attention.30–35 Here, we applied the polymer complex

solution (PCS) method to synthesize the La(OH)3 nanoparticles

and investigate their effects on the thermal, mechanical, and

viscoelastic properties of the TPS matrix conditioned at various

relative humidities (RHs). In addition, we examined the struc-

ture and morphology of the obtained nanoparticles.

EXPERIMENTAL

Materials

Lanthanum (III)-oxide powder (99.9%), polyethylene glycol

(PEG) with an average molecular weight of 200, and nitric acid

were purchased from Alfa Aesar (Karlsruhe, Germany) and used

as received. Maize starch (Meritena 100) with an amylose–

amylopectin ratio of 25 : 75 is a product of Hungrana, Szabade-

gyh�aza, Hungary, whereas glycerol (99%) was supplied by Merck

(Pty) Ltd South Africa, Modderfontein, South Africa.

Preparation of La2O3 and La(OH)3 Nanopowders

A modified combustion procedure,36 known as the PCS

method, was used for the synthesis of the La2O3 nanopowder.

As obtained lanthanum (III)-oxide (9 g) was dissolved in hot

nitric acid. PEG was added in 1 : 1 mass ratio with respect to

La2O3 to the obtained solution. After a few hours of stirring at

80�C, a resin-like solid complex was formed. The complex was

fired at 800�C in air, which resulted in the formation of nano-

structured La2O3 particles. To remove the traces of PEG and ni-

trate ions, as well as to get the pure crystalline phase, the

obtained nanopowder was annealed at 800�C for 2 h. Finally,

the La2O3 nanopowder was left for 24 h in a humid atmosphere

(75% RH), which resulted in the formation of La(OH)3
nanoparticles.

Preparation of TPS and TPS-La(OH)3 Nanocomposite Films

The plasticization of the maize starch was performed in two

steps. The first step was performed at the Department of Poly-

mer Engineering, Budapest University of Technology and Eco-

nomics, according to a procedure explained in Ref. 37. The

maize starch was dried at 85�C for 72 h at a maximum starch

layer thickness of 60 mm. After that, the glycerol (16 wt % rela-

tive to dry starch), water (14 wt %), and magnesium stearate (1

wt %) were added and mixed manually. The mixture was fed

into a twin screw extruder (90–130–120–90�C from hopper to

die). The extrudate was pelletized and stored at 30�C and 65%

RH. In the second step, the starch pellets (1.5 g) were dissolved

in 20 mL of deionized water by heating at 65�C for 4 h

under constant stirring. To that solution, glycerol was added

(27.5 wt % relative to the content of pelletized starch) and the

heating continued at 70�C using the same stirring speed for

another 75 min. TPS films were obtained by casting the

obtained solution into plastic Petri dishes and drying at 45�C
for 18 h in a still-air glass incubator.

Prior to the preparation of the nanocomposite, an appropriate

amount of La(OH)3 nanopowder was dispersed in 15 mL of

water and sonicated using a Cole Parmer CP505 ultrasonic

processor. The operating frequency was 20 kHz, with 3 s ‘‘pulse

on’’ and 1 s ‘‘pulse off ’’ resonating cycle. At the end of the soni-

cation, the resulting La(OH)3 water dispersion was immediately

added into the glycerol/starch mixture with continuous heating

and stirring for another 45 min. The nanocomposite films were

obtained by casting the solution onto Petri dishes and drying

under the same conditions as in the case of the pure TPS films.

The content of the La(OH)3 nanoparticles in the nanocomposite

films was chosen to be 1, 2, and 3 wt % relative to the initial

amount of starch pellets (1.5 g).

Film Conditioning

TPS is a hygroscopic material and its properties depend on the

water content. To investigate the effect of moisture content on

the physical properties of the pure TPS and TPS-La(OH)3
nanocomposites, the films were preconditioned for 7 days at

room temperature in desiccators with constant humidities of

35, 57, 75, and 98%. The chosen RHs were controlled using sat-

urated solutions of CaCl2�6H2O, NaBr�2H2O, NaCl, and

CuSO4�5H2O, respectively.

Characterization

Transmission Electron Microscopy. Transmission electron mi-

croscopy (TEM) and high resolution TEM (HRTEM) measure-

ments were performed on a Philips (FEI) CM100 transmission

electron microscope (Eindhoven, The Netherlands) at 100 kV. A

water suspension of the La(OH)3 nanoparticles was deposited

onto carbon-coated copper grids of 400 mesh, left to dry in air,

and investigated with the microscopes. For comparison, TEM

analysis was also performed on the initially prepared La2O3

nanopowder, immediately after its preparation.

X-ray Diffractometry. X-ray diffraction analysis of the La2O3

and La(OH)3 nanopowders, as well as the TPS-La(OH)3 nano-

composites, was performed on a Philips PW1710 diffractometer

with a Cu-Ka source (k ¼ 1.54 Å).

Scanning Electron Microscopy. The dispersion of the La(OH)3
filler in the TPS matrix was investigated by scanning electron mi-

croscopy (SEM) using a Shimadzu SSX-550 scanning electron

microscope (Kyoto, Japan) at an operating voltage of 15 kV. The

pure TPS and the nanocomposite films with 2 wt % of La(OH)3
were immersed in liquid nitrogen and then broken. The images

of the fracture surfaces were obtained in the back-scattered elec-

trons (BSE) imaging mode. The composition was checked by

energy-dispersive X-ray spectroscopy (EDX) using an X-ray

microanalysis unit (Shimadzu) attached to the microscope.

Water Absorption. For the water absorption measurements, the

pure TPS and the TPS-La(OH)3 nanocomposite films were cut

into square samples of 10 � 10 mm2. The samples were left to
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dry in an oven at 100�C for 12 h. Once taken out from the

oven, the films were immediately weighed and subsequently

conditioned in a desiccator at 98% RH. The samples were

removed at specific time intervals (1, 2, 5, 6, 7, 11, and 14

days) and weighed. The water content K was calculated accord-

ing to the formula:

K ¼ w2 � w1

w1

100%; (1)

where w1 and w2 are, respectively, the weights of the sample

before and after exposure to 98% RH for a specific time. The

reported values are the averages of the measurement of at least

three identically prepared samples.

Thermal Analysis. Differential scanning calorimetric (DSC)

measurements were performed on a PerkinElmer DSC7 differen-

tial scanning calorimeter in a nitrogen atmosphere. Samples

conditioned at various RHs in sealed DSC pans were heated

from 20 to 250�C at a rate of 20�C min�1. From the DSC

curves, the melting temperatures (Tm) and melting enthalpies

(DHm) were determined as the maxima and areas of the corre-

sponding fusion peaks. The reported values are averages of the

measurements of four identically prepared samples.

Thermogravimetric analysis (TGA) of the pure TPS and the

TPS-La(OH)3 nanocomposite films conditioned at 57% RH was

performed in a PerkinElmer TGA7 thermal analyzer from 30 to

600�C at a rate of 10�C min�1.

Tensile Testing. The tensile properties were investigated using a

Hounsfield H5KS tensile tester at room temperature at a cross-

head speed of 50 mm min�1. Prior to conditioning (at 35, 57,

and 75% RH), the pure TPS and the TPS-La(OH)3 nanocom-

posite samples were cut into dumbbells with an approximate

cross-sectional area of 5 mm � 0.2 mm (which varied slightly

depending on the thickness of the film) and a gauge length of

25 mm. At least four specimens were tested for each set of sam-

ples, and the mean values were reported. The humidity was

closely monitored using a humidity tester, while the laboratory

temperature is kept constant using powerful air conditioners.

The temperature was monitored with a digital thermometer.

Dynamic Mechanical Analysis. Dynamic mechanical analysis

(DMA) curves of the pure TPS and the TPS-La(OH)3 nanocom-

posites (with 1 and 3 wt % of inorganic content) conditioned at

35, 57, and 75% RHs were recorded in the temperature range

from �120 to 150�C on a Perkin Elmer Diamond DMA in

stretching mode. Analyses were performed at a frequency of 1 Hz

and the heating rate was 2�C min�1. For the DMA measure-

ments, rectangular specimens 20 � 10 � 0.2 mm3 were used.

RESULTS AND DISCUSSION

Structural and Morphological Analysis

Figure 1 shows the X-ray diffractometry (XRD) patterns of the

La2O3 and La(OH)3 nanopowders as well as the TPS-La(OH)3
nanocomposite film. The XRD analysis reveals that the initially

synthesized powder is monophased, while the peaks correspond

to the hexagonal crystal system of La2O3 (JCPDS card No. 05-

0602). After being held for 24 h in a humid atmosphere, the

La2O3 nanopowder spontaneously recrystallizes into La(OH)3.
35

The XRD spectrum of the obtained powder (Figure 1) corre-

sponds to the spectrum of the pure hexagonal phase of lantha-

num hydroxide (JCPDS card No. 36-1481). Finally, except for

the strong reflections at 15.7, 19.7, and 22� that originate from

the starch crystals, the XRD pattern of the nanocomposite film

(Figure 1) is basically identical to that of the La(OH)3, suggest-

ing that the nanoparticles maintain their crystal structure after

mixing with the polymer.

Figure 2 shows the TEM micrograph of the as-prepared La2O3

and La(OH)3 nanoparticles. It can be seen that both the initial

La2O3 [Figure 2(a)] and the corresponding La(OH)3 [Figure

2(b)] particles have irregular shapes, which is a result of the

combustion process. Their sizes are in the range between 50

and 100 nm and they exhibit pronounced agglomeration. In the

HRTEM image of the single La(OH)3 particle [Figure 2(b)

inset], one can recognize crystal domains with different orienta-

tion of crystallographic planes suggesting that the particle is

actually polycrystalline.

Preliminary SEM investigations of the gold-coated fractured

surfaces of the TPS and the TPS-La(OH)3 nanocomposite films

did not provide information about the dispersion of the nano-

particles within the matrix. For this reason, the uncoated frac-

tured surfaces were investigated in BSE mode where the image

contrast strongly depends on the atomic number of the ele-

ments in the sample. Figure 3 shows the BSE micrograph of the

pure TPS and the TPS-La(OH)3 nanocomposite. The BSE

micrograph of the pure TPS film [Figure 3(a)] does not provide

more information than the image obtained using standard

SEM. On the other hand, the BSE micrograph of the nanocom-

posite sample depicts a large number of nanosized bright for-

mations suggesting that they contain heavier atoms than the

surrounding matrix. The nanoparticles are well dispersed in the

TPS matrix, but the dispersion is not completely uniform due

to clustering. Finally, the EDX spectrum (not shown) revealed

Figure 1. XRD patterns of the TPS-La(OH)3 nanocomposite film, La2O3,

and La(OH)3 nanopowders. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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that the observed bright formations contain lanthanum atoms,

that is, that they indeed originate from the La(OH)3
nanoparticles.

Water Absorption

In Figure 4, the weight percentage of the water absorbed by the

pure TPS and the TPS-La(OH)3 nanocomposites is plotted ver-

sus time of exposure to 98% RH. It can be seen that all four

materials show similar functional dependence of water absorp-

tion on time. There is a rapid water uptake at short times (t <

100 h), while at longer exposure, it reaches a plateau that corre-

sponds to the equilibrium swelling. The mentioned behavior is

typical for the pure TPS and its nanocomposites and micro-

composites.7,9,12,20 It should be noticed in Figure 4 that all three

nanocomposites show lower values of water uptake than that of

the pure TPS along the whole interval of measuring times. This

effect might have been the result of the strong interaction of the

filler with the matrix chains via OH groups. However, as the

observed changes are small (�5–6%) and as the water uptake

was measured with respect to the mass of the whole sample and

not only with respect to that of the matrix, the former conclu-

sion should be taken with caution. It should also be noticed

that the lowest water absorption is observed for the TPS-

La(OH)3 nanocomposite with 2 wt % of inorganic content. As

the filler loading increases, the effect is reversed, probably due

to more pronounced agglomeration of the particles, which

affects their interactions with the starch chains.

Thermal Analysis

Differential Scanning Calorimetry. The DSC melting curves of

the pure TPS conditioned at various humidities are shown in

Figure 5. To enable easier comparison, the curves were baseline

corrected (using Pyris software) and shifted along the y-axis.

The melting enthalpies and melting temperatures that corre-

spond to these curves are given in Table I. It can be seen in

Figure 5 that the intensity of the melting peak increases with

increasing RH, while at the same time, the position of the peak

shifts to lower temperatures. The increase in the melting

Figure 2. TEM image of the (a) La2O3 and (b) La(OH)3 nanoparticles.

Inset shows an HRTEM image of a single La(OH)3 particle.

Figure 3. SEM micrograph of the fracture surface of the (a) pure TPS and

(b) TPS-La(OH)3 nanocomposite (2 wt % of filler) films obtained in the

BSE imaging mode.
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enthalpies (i.e., crystallinity) of the samples at higher RH values

is a consequence of the well-known retrogradation effect

induced by water.38 It should also be mentioned that evapora-

tion of water during these tests might have affected the obtained

results for high humidity samples. The shift of the endothermic

peak toward lower temperatures with increasing RH suggests

that at lower water contents, the crystals grow into larger

domains, while at higher water contents, the crystallization cen-

ters are more evenly distributed along the sample, resulting in

thinner but more uniformly sized crystals (as the sharpening of

melting peak shows). The nanocomposite samples (for one spe-

cific La(OH)3 content) showed similar melting behavior with

respect to the humidity conditions as the pure TPS. For this

reason, we decided to present separately the melting endo-

Figure 4. Water uptake versus time for the pure TPS and the TPS-nano-

composite films with 1, 2, and 3 wt % of La(OH)3 nanoparticles. [Color

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

wileyonlinelibrary.com.]

Figure 5. DSC heating curves of the pure TPS films conditioned for 7

days at various RHs (the RH values are given above the corresponding

curves). [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.] T
ab
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therms of the materials at different nanoparticle contents and at

fixed RH values. The results are shown in Figure 6. A shift of

the melting peak toward higher temperature with increasing

nanofiller content can be noticed. The melting peak tempera-

tures (Table I) of the samples conditioned at 35% RH are scat-

tered, but in the case of the other humidities, the peak tempera-

tures clearly increase as the La(OH)3 content increases. The

La(OH)3 nanoparticles probably act as nucleating agents for the

starch crystallization. This nucleation is probably driven by a

pronounced interaction between the OH groups of amylopectin

and the nanoparticles.12 Similar behavior, that is, a shift of the

endothermic peak toward higher temperature with increasing

filler content, was also observed in the case of TPS-tunicin

whiskers nanocomposites.7 The melting enthalpy results in Table

I show that, at a particular RH, the nanoparticles may promote

retrogradation. However, this conclusion should be taken with

caveat as in some cases the observed changes are within experi-

mental error.

Thermogravimetric Analysis. Figure 7 shows the TGA curves

of the pure TPS film and the TPS-La(OH)3 nanocomposites

(with 1 and 3 wt % of inorganic content). The two mass loss

steps, at around 100 and �170�C, observed before the onset

temperature of TPS degradation, were related to the evaporation

of water and glycerol, respectively.13 It can be also seen in Fig-

ure 7 that the process at �170�C and the main decomposition

process at 300�C are affected by the introduction of the filler.

Figure 6. DSC heating curves of the pure TPS and TPS-La(OH)3 nanocomposite films conditioned at (a) 35% RH, (b) 57% RH, (c) 75% RH, and (d)

98% RH. The numbers above the curves indicate the weight content of La(OH)3 in the films. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 7. TGA curves of the pure TPS and the TPS-La(OH)3 nanocompo-

site films with 1 and 3 wt % of filler conditioned at 57% RH (heating

rate 10�C min�1). [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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The onset of thermal degradation of the nanocomposite is

shifted toward lower temperatures compared to that of the pure

TPS film. Also, the decomposition of the nanocomposite yields

a high ash content at the end of the measurement (�10–15%),

whereas the decomposition of the pure starch film leaves no res-

idue. According to a study by Zhang et al.39 thermal decompo-

sition of starch starts at �250�C, but a significant mass loss

(70–90 wt %) occurs around 300–400�C. In the beginning of

the decomposition process, the thermal condensation between

hydroxyl groups induces the formation of shorter segments and

a loss of water. Because of dehydration, further decomposition

takes place via glucose ring scissions and double-bond forma-

tion between C-atoms. Formation of aromatic and/or cross-

linked structures occurs at about 300�C, while a further increase

in temperature (above 400�C) leads to carbonization of the ma-

terial.39 As can be seen in Figure 7, the introduction of the

La(OH)3 nanoparticles slightly changes the decomposition route

of the TPS matrix, and they particularly affect the first decom-

position step. There is a higher mass loss at lower temperatures

(<300�C), but at the same time, there is a pronounced carbon-

ization of the material at higher temperatures (note that the res-

idue at the end of the decomposition is much higher than the

inorganic content in the composite). The reduced thermal sta-

bility of the nanocomposite suggests that the processes of ther-

mal condensation are more intense in the presence of the nano-

particles. Similar results were obtained by Liu at al.27 in the case

TPS-Zr(OH)4-CMC nanocomposites. On the other hand, an

increase in thermal stability of TPS with the introduction of

montmorillonite nanoparticles was also reported.19,20,24

DMA (Linear Range)

Figure 8 shows the storage modulus (E0 ¼ u(T)) and loss tan-

gent (tan d ¼ u(T)) of the pure TPS films conditioned at vari-

ous RHs. It can be seen that at low temperatures (�125 to

�75�C), there are no significant changes in the storage modulus

with variation of the moisture content. In the temperature

range from �75 to approximately 50�C, an increase in RH

reduces the storage modulus of the films [Figure 8(a)]. On the

other hand, at higher temperatures (above 50�C), a faster drop

in E0 was observed for the sample conditioned at 35% RH. Two

main relaxation transitions that correspond to the drop of the

modulus can be seen in the tan d curve at approximately �50

and 100�C [Figure 8(b)], and they are usually termed the

‘‘lower’’ and ‘‘upper’’ transitions, respectively.40 The existence of

these two processes is actually the result of the highly heteroge-

neous nature of the pure TPS matrix, that is, they originate

from the cooperative motions of the chain segments that belong

to the glycerol–starch and the pure starch rich domains. The

lower transition (labeled here as a1), which is related to the

glass transition of the glycerol–starch mixture, is shifted toward

lower temperatures with an increase in the RH. This is in agree-

ment with other results reported in the literature.8,40 Figure

8(b) also shows that at higher moisture contents, the upper

transition (labeled as a2) appears at higher temperatures, but at

the same time, the magnitude of the loss peak decreases. This

corresponds to a slower decrease in the storage modulus of the

samples conditioned at 57 and 75% RH at temperatures above

75�C, which is probably due to the crystallization of the starch

in humid conditions.8 In the tan d curves of the three samples

[Figure 8(b)], one can see a broad peak shoulder positioned

around room temperature. Some authors ascribe this process to

moisture loss.21 On the other hand, the observed shoulder also

belongs to the temperature region of the a2 process.40 It should

be emphasized that the obtained results suggest that even very

small losses of moisture occurring during measurements above

0�C can induce drastic changes in the viscoelastic properties. As

one of the reviewers of this article pointed out, totally different

results may be obtained by only changing the heating rate in

the measurements and for this reason, it is extremely difficult to

derive definite conclusions about the effects observed in this

temperature region.

The storage moduli and loss tangents of the pure TPS and the

TPS-La(OH)3 nanocomposite films conditioned at 35% RH are

shown in Figure 9. All three materials have similar values of E0

in the temperature range investigated here, although, in the case

of the nanocomposites, a slight change in the shape of the

curves was noticed at temperatures above 50�C [Figure 9(a)].

Concerning the loss curves, Figure 9(b) depicts that increasing

in La(OH)3 content induces a shift of the tan d peaks toward

lower temperatures. This means that at low RHs, the plasticiza-

tion effect of water is more pronounced in the presence of the

nanoparticles. The accentuated shoulder positioned at �25�C

Figure 8. (a) Storage tensile modulus (E0) and (b) loss angle tangent

(tan d) versus temperature for the pure TPS films conditioned at 35, 57,

and 75% RH. The measurements were performed at 1 Hz. [Color figure

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

wileyonlinelibrary.com.]
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(attributed above to moisture loss) increases in intensity after

nanoparticle addition suggesting that they facilitate release of

water during heating.

On the other hand, the pure TPS and nanocomposite films

conditioned at 57% RH show opposite behavior. It can be

seen in Figure 10(a) that the storage modulus increases as the

La(OH)3 content increases. This might have been a conse-

quence of the strong interaction between the nanoparticles

and the matrix as well as the higher crystallinity of the nano-

composite samples as observed by DSC (Table I). It is also

supported by the increase in the a1- and a2-transition temper-

atures [Figure 10(b)]. The position of the lower transition (a1)
is shifted from �60.3�C for the pure TPS to �53.5�C for the

nanocomposite with 3 wt % of La(OH)3. The temperature of

the upper transition (a2) increases from 88.6�C (TPS) to

107.2�C (the nanocomposite with 3 wt % of La(OH)3), which

suggests that the nanoparticles penetrate both the glycerol–

starch and the pure starch rich domains. Although the SEM

micrograph shows that the nanoparticles tend to group in

clusters, due to the combined effects of reinforcement and

increasing crystallinity, they obviously improve the viscoelastic

properties of the TPS matrix. Similar results were reported by

Yu et al.26 for the pure TPS and the TPS-ZnO-CMC nano-

composite films conditioned at 50% RH. Finally, the intensity

of the shoulder on the tan d curves is also reduced meaning

that the relaxation related to water loss is also affected by the

presence of nanoparticles.

Figure 11 shows the E0 and tan d of the TPS and the nano-

composite films conditioned at 75% RH. It can be seen that

the modulus decreases on addition of the La(OH)3 nanopar-

ticles. The observed effect could be the result of more pro-

nounced chain mobility that enables easier diffusion of the

plasticizer and its accumulation in the vicinity of the nanopar-

ticle–matrix interfaces.8 The accumulation of the plasticizer

affects the chain-nanoparticle bonding and in turn reduces the

reinforcement. This is particularly apparent in the case of the

nanocomposite filled with 3 wt % of La(OH)3, where the a1
transition was shifted toward lower temperatures by almost

10�C. The decrease in the glass transition temperature implies

that after conditioning at 75% RH, the weaker interaction

between the matrix and the nanoparticles was also accompa-

nied by an increase in the free volume of the chains. Further-

more, in the tan d spectrum of the nanocomposite with 3 wt

% of La(OH)3, an extra peak was observed at about 6�C,

Figure 9. (a) Storage tensile modulus (E0) and (b) loss angle tangent

(tan d) versus temperature for the pure TPS and the TPS-La(OH)3 nano-

composite films (with 1 and 3 wt % of filler content) conditioned at 35%

RH. The measurements were performed at 1 Hz. [Color figure can be

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

Figure 10. (a) Storage tensile modulus (E0) and (b) loss angle tangent

(tan d) versus temperature for the pure TPS and the TPS-La(OH)3 nano-

composite films (with 1 and 3 wt % of filler content) conditioned at 57%

RH. The measurements were performed at 1 Hz. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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which suggests some pronounced rearrangements in the matrix

during the moister loss. It should be mentioned that Angles

and Dufresne8 also noticed that TPS-tunicin whiskers nano-

composites show lower values of the rubbery modulus with

respect to pure TPS after conditioning at higher RHs (58 and

75% RH).

Tensile Testing (Nonlinear Range)

The nonlinear mechanical behavior of pure TPS and TPS-

La(OH)3 nanocomposite films conditioned at 35, 57, and 75%

RH was studied at room temperature. The obtained tensile pa-

rameters, for example, Young’s modulus, tensile strength, and

elongation at break are plotted versus nanofiller content in

Figure 12. The values inserted for the pure TPS matrix corre-

spond to zero filler content. As the conditioned starch films

contain both amorphous and crystalline domains, the reported

moduli in average reflect the contributions of each phase.8

Besides the La(OH)3 particles, the crystalline domains also act

as filler in the amorphous matrix affecting the mechanical

properties. Because of the plasticization effects of water,

Young’s modulus decreases with increasing the moisture con-

tent in all the studied samples [Figure 12(a)]. Depending on

the humidity conditions and the La(OH)3 content, the moduli

range between 10 and 80 MPa. In the case of the pure TPS

samples, the obtained modulus values are in agreement with

the results of Angles and Dufresne8 but lower than those

reported in the study of Kumar and Singh.12 Figure 12(a) also

shows that the modulus of the samples, conditioned at 35 and

57% RH, increases with more than 50% with the introduction

of 1 wt % La(OH)3, but slightly decreases with further increase

in the inorganic content. The latter effect might be the result

of the more pronounced clustering of the nanoparticles at

higher filler loadings. On the other hand, the modulus of the

samples conditioned at the highest RH (75% RH) is virtually

independent from the concentration of the filler, which is also

in agreement with literature data.8 It is worth mentioning that

the presence of the shoulder at �25�C observed in the DMA

curves (Figures 8–11) suggests that the pure TPS and the TPS-

nanocomposites are very sensitive to temperature fluctuation

in the temperature region in the vicinity of room temperature.

The fact that much lower stresses were used in DMA measure-

ments (which do not significantly affect the structure of the

samples) and that in this temperature region moisture release

occurs during DMA heating, makes difficult the comparison of

the Young’s moduli obtained in DMA (Figure 8) and tensile

Figure 11. (a) Storage tensile modulus (E0) and (b) loss angle tangent

(tan d) versus temperature for the pure TPS and the TPS-La(OH)3 nano-

composite films (with 1 and 3 wt % of filler content) conditioned at 75%

RH. The measurements were performed at 1 Hz. [Color figure can be

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

Figure 12. (a) Young’s modulus, (b) tensile strength, and (c) strain at

break of the studied films versus La(OH)3 content. The films were condi-

tioned at 35% RH (n), 57% RH (*), and 75% RH (~). [Color figure

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

wileyonlinelibrary.com.]
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testing (Figure 12) measurements. For this reason, the experi-

mental conditions (RH and temperature) during the tensile

measurements were strictly controlled.

The ultimate properties (tensile strength and strain at break) of

the unfilled TPS and the TPS-La(OH)3 nanocomposite films are

shown in Figure 12(b, c). During the tensile test, the wet mate-

rials behaved slightly different from the dry ones. In the samples

conditioned in very humid atmospheres (57 and 75% RH),

tearing before break was noticed. For these samples, instead of

the true stress at break, the highest stress observed before tear-

ing is reported. The values of the tensile strength ranged from 1

to 4 MPa. Again, due to the restricted mobility of the matrix

chains imposed by the filler, an increase in strength of about

30% was noticed for the samples with 1 wt % La(OH)3 at lower

humidities (35 and 57% RH). At higher filler contents (2 and 3

wt %), the tensile strength either stays virtually unchanged

(35% RH) or slightly decreases (57% RH). This behavior is dif-

ferent than that reported for TPS-ZnO-CMC26 and TPS-

Zr(OH)4-CMC27 nanocomposites, where the tensile strength of

the films conditioned at 50% RH increased steadily with

increase in the concentration of the filler. On the other hand,

the results presented in Figure 12(b) are in agreement with

those obtained for TPS-tunicin whiskers nanocomposites8 at

low filler contents. Figure 12(b) also shows that the samples

conditioned at 75% RH exhibit an almost linear dependence of

strength on the La(OH)3 content. Concerning strain at break, it

decreases with increasing in RH but it does not change signifi-

cantly with an increase in the concentration of the filler [Figure

12(c)].

CONCLUSIONS

In conclusion, the introduction of a La(OH)3 nanofiller into a

TPS matrix improves its physical properties. However, the

reported results depended on both the concentration of the fil-

ler and the moisture content. The influence of the filler on the

mechanical and viscoelastic properties was more pronounced

in the nanocomposite films conditioned at lower RHs (35 and

57% RH). At these RHs, the nanocomposites with 1 wt % of

La(OH)3 particles showed much higher values of elastic modu-

lus (>50%) and tensile strength (>30%) than those of the

pure TPS films, suggesting that 1 wt % is the optimal filler

content for TPS. Also, in the case of the films conditioned at

57% RH, the nanoparticles improve the storage modulus and

induce a shift of the two main transitions in the tan d (DMA)

spectra toward higher temperatures. DSC measurements

showed that the crystallinity of the films depended mostly on

the humidity conditions and less on the concentration of the

filler. On the other hand, the position of the endothermic peak

was shifted toward higher temperatures with an increase in

inorganic content.
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