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Abstract 

Biobased polymers derived from renewable resources are increasingly important due to 

acute concerns about the environmental issues and limited petroleum resources. Poly(lactic acid) 

(PLA) is such a polymer that has shown great potential to produce biodegradable plastics. 

However, low glass transition temperature (Tg), low thermal stability, slow biodegradation rate, 

and high cost limit its broad applications. This dissertation seeks to overcome these limitations 

by reinforcing PLA with inorganic nanoparticles and low-cost agricultural residues.  

We first synthesized PLA nanocomposites by in situ melt polycondensation of L-lactic 

acid and surface-hydroxylized nanoparticles (MgO nanocrystals and TiO2 nanowires) and 

investigated the structure-property relationships. PLA grafted nanoparticles (PLA-g-MgO, PLA-

g-TiO2) were isolated from the bulk nanocomposites via repeated dispersion/centrifugation 

processes. The covalent grafting of PLA chains onto nanoparticle surface was confirmed by 

Fourier transform infrared spectroscopy and thermalgravimetric analysis (TGA). Transmission 

electron microscopy and differential scanning calorimetry (DSC) results also sustained the 

presence of the third phase. Morphological images showed uniform dispersion of nanoparticles 

in the PLA matrix and demonstrated a strong interfacial interaction between them. Calculation 

based on TGA revealed that more than 42.5% PLA was successfully grafted into PLA-g-MgO 

and more than 30% was grafted into PLA-g-TiO2. Those grafted PLA chains exhibited 

significantly increased thermal stability. The Tg of PLA-g-TiO2 was improved by 7 °C compared 

with that of pure PLA. 

We also reinforced PLA with low-value agricultural residues, including wood flour 

(WF), soy flour (SF), and distillers dried grains with solubles (DDGS) by thermal blending. 

Tensile measurements and morphological images indicated that methylene diphenyl diisocyanate 

(MDI) was an effective coupling agent for PLA/WF and PLA/DDGS systems. MDI 

compatibilized PLA/WF and PLA/DDGS composites showed comparable tensile strength and 

elongation at break as pure PLA, with obviously increased Young’s modulus. Increased 

crystallinity was observed for PLA composites with SF and DDGS. Such PLA composites have 

similar or superior properties compared with pure PLA, especially at a lower cost and higher 

biodegradation rate than pure PLA. 



  

The results from this study are promising. These novel PLA thermoplastic composites 

with enhanced properties have potential for many applications, such as packaging materials, 

textiles, appliance components, autoparts, and medical implants. 
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and high cost limit its broad applications. This dissertation seeks to overcome these limitations 

by reinforcing PLA with inorganic nanoparticles and low-cost agricultural residues.  
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acid and surface-hydroxylized nanoparticles (MgO nanocrystals and TiO2 nanowires) and 

investigated the structure-property relationships. PLA grafted nanoparticles (PLA-g-MgO, PLA-

g-TiO2) were isolated from the bulk nanocomposites via repeated dispersion/centrifugation 

processes. The covalent grafting of PLA chains onto nanoparticle surface was confirmed by 

Fourier transform infrared spectroscopy and thermalgravimetric analysis (TGA). Transmission 

electron microscopy and differential scanning calorimetry (DSC) results also sustained the 

presence of the third phase. Morphological images showed uniform dispersion of nanoparticles 

in the PLA matrix and demonstrated a strong interfacial interaction between them. Calculation 

based on TGA revealed that more than 42.5% PLA was successfully grafted into PLA-g-MgO 

and more than 30% was grafted into PLA-g-TiO2. Those grafted PLA chains exhibited 

significantly increased thermal stability. The Tg of PLA-g-TiO2 was improved by 7 °C compared 

with that of pure PLA. 

We also reinforced PLA with low-value agricultural residues, including wood flour 

(WF), soy flour (SF), and distillers dried grains with solubles (DDGS) by thermal blending. 

Tensile measurements and morphological images indicated that methylene diphenyl diisocyanate 

(MDI) was an effective coupling agent for PLA/WF and PLA/DDGS systems. MDI 

compatibilized PLA/WF and PLA/DDGS composites showed comparable tensile strength and 

elongation at break as pure PLA, with obviously increased Young’s modulus. Increased 

crystallinity was observed for PLA composites with SF and DDGS. Such PLA composites have 

similar or superior properties compared with pure PLA, especially at a lower cost and higher 

biodegradation rate than pure PLA. 



  

The results from this study are promising. These novel PLA thermoplastic composites 

with enhanced properties have potential for many applications, such as packaging materials, 

textiles, appliance components, autoparts, and medical implants. 
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Chapter 1 - Introduction 

 1.1 General Background 

Plastics based on synthetic polymers from petroleum resources have been 

widely used in many fields, including packaging, textiles, service utensils, appliance 

components, construction materials, agriculture, etc. However, we are facing severe 

environmental issues due to their non-biodegradability. Besides, petroleum resources 

are finite. Therefore, there is a great interest in the development of alternative and 

biodegradable polymers from renewable resources. Depending on the origins and 

synthesis processes, renewable resources derived biodegradable polymers can be 

classified into three categories (Averous, 2004; Yang et al., 2007): (1) polymers 

extracted from agro-resources, e.g., starch, protein, cellulose; (2) polymers produced 

by microorganisms, e.g., poly(hydroxyalkanoate)s; (3) chemically synthesized 

polymers with monomers obtained from agro-resources, e.g., poly(lactic acid) (PLA). 

There are also some biodegradable polymers based on petroleum derived monomers, 

e.g., poly(vinyl alcohol), poly(ε-caprolactone), poly(butylenes succinate), 

poly(butylene adipate-co-terephthalate). Among these numerous biodegradable 

polymers, PLA is the most attractive and useful one.  

PLA has many advantages: (1) lactic acid can be easily produced by the 

fermentation of renewable sugar based resources, such as starch, sugar cane, 

cellulose, etc.; (2) PLA can be processed by conventional thermoplastic processing 

techniques like extrusion, injection molding, blow molding, and thermoforming; (3) 

PLA has shown great potential to produce biomedical materials, textiles, films, auto 

parts, appliance components, service utensils, and packaging materials; (4) the 

production of PLA improves the agricultural economy. However, similar to other 

biopolymers, PLA has several unsatisfactory characteristics, including low strength 

and modulus above glass transition/heat distortion temperatures around 60 ºC, low 

thermal stability, rigidity, poor gas barrier properties, and slow biodegradation rate, 
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which limited its broad commodity applications. Numerous efforts, such as 

copolymerization, plasticization, blending, composites and nanocomposites 

fabrication have been attempted to modify the properties of PLA (Bhardwaj & 

Mohanty, 2007; Grijpma & Pennings, 1994; Martin & Averrous, 2001; Ray & 

Bousmina, 2005; Zhang et al., 2006; Zhang & Sun, 2004). 

Inspired by the research of Toyota in early 1990s that addition of 4.7% nano-

clay into nylon 6 resulted in 50% increase in strength/modulus and 87 ºC increase in 

heat distortion temperature (Kojima et al., 1993, Usuki et al., 1993), synthesizing 

polymer nanocomposites provides a new approach to enhance the properties of 

pristine polymers. Polymer nanocomposites combine the advantages of the inorganic 

nanoparticles (e.g., rigidity, thermal stability) and the organic polymers (e.g., 

flexibility, dielectric, ductility, and processability). Besides, the small size of 

nanoparticles leads to a significant increase in interfacial area, which creates a large 

volume fraction of interfacial polymers with dramatically enhanced physical, thermal-

mechanical, and processing characteristics (Liu & Brinson, 2006). Generally, only 

less than 5 wt% nanoparticles are needed for fabrication of polymer nanocomposites 

with satisfactory properties, while conventional composites require a much higher 

loading of microfillers about 20-60 wt% (Nielsen & Landel, 1994). Therefore, 

polymer nanocomposites are far lighter in weight than conventional composites, and 

they are more competitive with other materials for specific applications. 

Over the last decade, PLA has been reinforced with various nanoparticles, 

including clays, carbon based nanofillers, metal oxides, polysaccharide nanoparticles, 

etc. (Gnanasekaran et al., 2009; Kim et al., 2010; Nakayama & Hayashi, 2007; 

Petersson et al., 2007; Ray et al., 2003; Wang et al., 2009; Wu & Liao, 2007; Yan et 

al., 2007), and improved mechanical properties, heat distortion temperature, thermal 

stability, and gas barrier properties were reported. Natural biofillers are abundant, 

relatively inexpensive, renewable, and biodegradable. Therefore, various natural 

fillers, including starch (Jacobsen & Fritz, 1996; Ke & Sun, 2000; Wu, 2008; Zhang 

& Sun, 2004), protein (Zhang et al., 2006), wood flour and fibers (Huda et al., 2006; 
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Jiang et al., 2007; Takatani et al., 2008) have been incorporated into PLA to reduce its 

cost and increase biodegradability. Moreover, the thermal-mechanical properties may 

be reinforced with appropriate formulation and processing techniques. 

Grand challenges to develop PLA nanocomposites/composites with targeted 

properties are the difficulties to achieve homogeneous dispersion and strong 

interfacial interactions between PLA matrix phase and filler phase (Akcora et al., 

2009; Balazs et al., 2006; Mackay et al., 2006; Oh & Green, 2008). We hypothesized 

that ester bonding could be formed between carboxyl groups of lactic acid and 

hydroxyl groups of hydroxylized nanoparticles, and uniform dispersion of 

nanoparticles and strong interfacial covalent bonding between inorganic nanoparticles 

and organic PLA matrix could be achieved through in situ surface polymerization. We 

also hypothesized that high-performance/low cost PLA composites with biofillers 

could be obtained with appropriate coupling agents. 

 1.2 Objectives  

The overall objectives of this dissertation were to overcome the drawbacks of 

PLA, including low glass transition temperature, low thermal stability, slow 

biodegradation rate, and high cost via reinforcement with inorganic nanoparticles and 

low-cost agricultural residues, and to investigate the structure-property relationships 

of newly developed PLA composites. The specific objectives were to: 

(1) synthesize PLA nanocomposites by in situ melt polycondensation of L-

lactic acid and surface-hydroxylized MgO nanocrystals  and investigate 

the structure, morphology, and thermal properties of the nanocomposites; 

(2) develop PLA nanocomposites with original MgO and PLA grafted MgO 

nanocrystals through thermal compounding and compression molding and 

investigate the thermal, mechanical, and morphology properties; 

(3) synthesize PLA nanocomposites by in situ melt polycondensation of L-

lactic acid and high aspect ratio TiO2 nanowires and investigate the 

structure and properties; 
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(4) study the isothermal crystallization kinetics and melting behaviors of 

PLA/TiO2 nanowire nanocomposites prepared through in situ melt 

polycondensation and easy solution-mixing approaches, respectively; 

(5) develop high performance PLA composites incorporated with low-value 

agricultural residues (wood flour, soy flour, distillers dried grains with 

solubles) and investigate the thermal, mechanical, and morphology 

properties. 
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Chapter 2 - Preparation and Characterization of Polymer-

Inorganic Nanocomposites by in situ Melt Polycondensation 

of L-lactic acid and Surface-Hydroxylated MgO1 

 2.1 Abstract 

Compared with pristine polymers, bionanocomposites derived from 

biopolymers and inorganic nanoparticles have significantly improved 

electrical/magnetic properties, mechanical properties, thermal stability, gas barrier 

properties, and fire retardance. In this study, poly(lactic acid) (PLA) nanocomposites 

were prepared by in situ melt polycondensation of L-lactic acid with different loading 

ratios of surface-hydroxylated magnesium oxide (MgO) nanocrystals. Molecular 

weight, structure, morphology, and thermal properties of the nanocomposites were 

characterized. PLA-grafted MgO (PLA-g-MgO) was isolated from free PLA for the 

nanocomposite with 3% MgO via repeated dispersion/centrifugation processes and 

characterized. The weight-average molecular weight of the PLA-0.01%MgO 

nanocomposite was 55,500, which was 30% higher than that of pure PLA. 

Discoloration of PLA was obviously depressed in the presence of MgO nanocrystals. 

Formation of hydrogen bonding between PLA chains and surface –OH groups from 

MgO was detected by Fourier transform infrared spectroscopy. Morphological images 

showed uniform dispersion of MgO nanocrystals in the PLA matrix and demonstrated 

a strong interfacial interaction between the PLA matrix and MgO nanocrystals. PLA-

MgO nanocomposites exhibited improved thermal stability compared with pure PLA. 

                                                

1 Results have been published. Li, Y., & Sun, X. S. (2010). Preparation and characterization of 

polymer-inorganic nanocomposites by in situ melt polycondensation of L-lactic acid and surface-

hydroxylated MgO. Biomacromolecules, 11, 1847-1855. (Reuse by permission of American Chemical 

Socity). 
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Calculations based on thermogravimetric analysis revealed that more than 42.5% PLA 

was successfully grafted into PLA-g-MgO. 

 2.2 Introduction 

Poly(L-lactic acid) (PLA), a biodegradable and compostable polymer made 

from renewable resources such as corn starch, has been extensively studied in recent 

years as an alternative to petrochemical plastics. It has shown great potential to 

produce biomedical materials, textiles, films, vehicle interiors, appliance components, 

service utensils, and packaging materials (Anderson et al., 2008; Gupta & Kumar, 

2007; Ljungberg & Wesslen, 2005; Zhang & Sun, 2004). However, unsatisfactory 

characteristics of PLA such as modest strength and modulus, brittleness, low modulus 

at glass transition temperature around 60 ºC, poor gas barrier properties, and slow 

crystallization rate have limited its use. The study of polymer-inorganic 

nanocomposites is of great interest to both industry and academia because these 

nanocomposites exhibit significantly improved properties compared with pristine 

polymers, including electrical/magnetic properties, mechanical properties, thermal 

stability, gas barrier properties, and fire retardance (Alexandre & Dubois, 2000; 

Gacitua et al., 2005; Ray & Bousmina, 2005; Ray & Okamoto, 2003; Tingaut et al., 

2010; Vaia et al., 1996; Yang et al., 2007; Zou et al., 2008;). The development of 

nanoscale dispersion of inorganic nanoparticles in the polymer matrix and specific 

interactions between them are two keys to achieving the best combination of 

nanocomposite properties (Haque et al., 2007; Luo et al., 2009; Zou et al., 2008). 

Currently, most PLA nanocomposites are prepared by melt blending (Chen et 

al., 2005; Ray et al., 2002; Wang et al., 2009) or in situ ring-opening polymerization 

of lactide (Feng et al. 2008; Hong et al. 2004; Paul et al. 2005). However, effective 

dispersion of nanoparticles in the polymer matrix has been a challenge because 

nanoparticles agglomerate. The nanoparticle surface is often modified to promote 

dispersion (Rong et al., 2006; Zou et al., 2008), which frequently results in extra cost 

and use of toxic organic solvents. In situ ring-opening polymerization of lactide 
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involves the formation and purification of lactide from the oligocondensation of lactic 

acid, which also increases the cost of PLA production (Garlotta et al., 2001; Mehta et 

al., 2005) and prevents its application in various commodities. A breakthrough 

technology has recently been reported to produce PLA with moderate molecular 

weight; this technology is based on the direct melt polycondensation of lactic acid and 

uses a tin (Sn(II)) catalyst system activated by proton acids (Moon et al., 2000; Moon 

& Kimura, 2003). It has also been reported that the molecular weight of PLA can 

further increase to several hundred thousand when the melt polycondensation is 

subjected to another solid-state post-polycondensation process (Moon et al., 2001). 

Therefore, in this study, we proposed an in situ melt polycondensation strategy to 

prepare PLA nanocomposites using L-lactic acid (LA) and inorganic nanocrystals 

(surface-hydroxylated magnesium oxide, MgO) as starting materials. 

Of all inorganic nanoparticles, metal oxides (magnesium, aluminum, iron, 

titanium, silicon, etc.) have attracted much attention because a layer of hydroxyl (-

OH) groups that results from water dissociation covers the outmost surface of oxide 

nanocrystals (Al-Abadleh & Grassian, 2003; Henderson, 2002; Richards et al., 2000). 

Silicon dioxide (SiO2) (Wu et al., 2008; Yan et al., 2007; Yao et al., 2009) and 

titanium dioxide (TiO2) (Lu et al., 2008) have been studied recently. However, MgO 

has a much smaller crystal size (≤ 4 nm) than SiO2 (~12 nm) and TiO2 (~20 nm) and 

thus should have more surface defects and higher reactivity that should result in 

higher efficiency of water dissociation, which usually occurs only at defects on oxide 

surfaces such as corners, edges, steps, kinks, and vacancies (Kim et al., 2002; Langel 

& Parrinello, 1994). In regard to MgO, for each type of defect, two main categories of 

-OH groups are generally expected from heterolytic dissociation of water (Chizallet et 

al., 2006; Chizallet et al., 2007; Huang et al., 2009): (1) -OH groups produced by 

hydroxylation of surface Mg2+ cations (called mono-coordinated hydroxyls because 

they are bonded to only one Mg2+ cation) and (2) -OH groups generated by 

protonation of surface oxide ions (referred to as multi-coordinated hydroxyls because 

they are bonded to several Mg2+ cations). Generally, only the low-coordinated (mono- 



10 

 

and di-) -OH groups on the edge and corner sites can be more reactive and are 

responsible for the reactivity of hydroxylated MgO (Chizallet et al., 2006; Richards et 

al., 2000). 

The MgO used in this study was provided by NanoScale Co. (NanoActive 

Magnesium Oxide Plus®) following the aerogel method developed by Klabunde and 

his coworkers (Itoh et al., 1993; Utamapanya et al., 1991). The MgO exhibited a 

polyhedral shape with a much larger surface area (≥ 600 m2/g) and percentage of 

corner and edge ions (21%) than commercial cubic-shaped MgO (surface area: 30 

m2/g, corner and edge ions: 0.4%) (Lucas et al., 2001). The MgO contains about nine 

–OH groups/nm2 at 100 ºC; the surface –OH group concentration decreased 

progressively with heat treatment temperature but still possessed an average of 3.6 

surface –OH groups/nm2 after heat treatment at 500 ºC under vacuum (Itoh et al., 

1993). Some attention has been paid to the reactivity of this highly hydroxylated MgO 

in the area of catalysts and adsorbents studies (Lucas et al., 2001; Neal et al., 2009); 

however, limited studies have been conducted for polymer nanocomposites (Beavers 

et al., 2009; Wang et al., 2009). In our previous study, surface-hydroxylated MgO 

(NanoActive Magnesium Oxide®) was used as filler to prepare PLA nanocomposites 

by melt blending (Wang et al., 2009). At an MgO loading ratio of 0.4 wt% or less, 

mechanical properties were significantly improved, which was mainly attributed to 

the nano-reiforcement of a large amount of surface –OH groups of MgO. However, 

satisfying dispersion of MgO in the melt PLA matrix was still not achieved. 

In this study, we hypothesized that carboxyl groups from LA could polymerize 

with hydroxyl groups from surface-hydroxylated MgO crystals to form PLA-MgO 

nanocomposites (as illustrated in Figure 2.1) to create better interfacial interaction and 

dispersion of MgO crystals in the PLA matrix and that interfacial interaction between 

the PLA matrix and MgO could further be improved through formation of hydrogen 

bonding (H-bonding) between remaining surface -OH groups of MgO and ester 

groups in the PLA chains (Figure 2.1). This study had three specific objectives: (1) 

synthesize PLA/MgO nanocomposites via in situ melt polycondensation from LA 
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with different MgO loading ratios; (2) characterize the molecular weight, structure, 

morphology, and thermal properties of bulk nanocomposites; and (3) characterize the 

properties of PLA-grafted MgO (PLA-g-MgO) isolated from free PLA from the PLA-

3%MgO nanocomposite to confirm the surface polymerization. 

 2.3 Experimental Section 

 2.3.1 Materials 

L-lactic acid was supplied as a 90 wt% aqueous solution by Acros Organics. 

MgO with an extremely high surface area, small crystal size (≤ 4 nm), and rough 

surface morphology was obtained from NanoScale Co. (NanoActive Magnesium 

Oxide Plus®, Manhattan, KS). Tin (II) chloride dihydrate (SnCl2∙H2O) (98%, reagent 

grade) and p-toluenesulfonic acid monohydrate (TSA) (98.5+%, ACS reagent grade) 

were purchased from Sigma-Aldrich Co. All materials were used as received. 

 2.3.2 Dehydration/Oligomerization 

Our preliminary studies showed that the desirable MgO loading level for bulk 

nanocomposite preparation was less than 0.2%; this value was used to determine the 

experimental MgO loading levels (0.005%, 0.01%, 0.05%, and 0.2% based on the 

weight of pure LA).The MgO was added gradually to 100 g of a 90 wt% aqueous 

solution of LA and stirred with a magnetic stirrer until it was uniformly dispersed. 

The mixture was then charged into a 250-ml three-neck flask and dehydrated at 110 

°C under atmospheric pressure for 2 h, then at 130 °C under a reduced pressure of 100 

torr for 3 h, and finally at 150°C under a reduced pressure of 10 torr for another 4 h. 

Then a viscous oligomer with MgO was obtained. Oligomer without MgO was also 

prepared as a control following the same procedures. The degree of polymerization 

(DP) of the oligomers was determined to be about 6 through 1H NMR.  

 2.3.3 Polymerization 

A 100-mL three-neck flask was equipped with a mechanical stirrer and a 

reflux condenser that was connected with a vacuum system through a liquid nitrogen 
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cold trap. Twenty grams of oligomer was charged into the flask and then mixed with 

SnCl2∙H2O (0.4% wt relative to oligomer) and TSA (an equimolar ratio to SnCl2∙H2O) 

as a binary catalyst (Moon et al., 2000). The mixture was gradually heated to 180 °C 

with stirring. The pressure was reduced gradually to 10 torr in 1.5 h. Then the reaction 

was continued at 180 °C/10 torr for 10 h. At the end of the reaction, the flask was 

cooled, and the product was dissolved in chloroform and subsequently precipitated 

into methanol. The resulting solid was filtered and dried under vacuum at 80 °C for 

24 h. Bulk nanocomposites were labeled according to MgO loading ratio as PLA-

0.005%MgO, PLA-0.01%MgO, PLA-0.05%MgO, and PLA-0.2%MgO. Pure PLA 

without MgO was prepared following the same procedures and used as a control. 

Because both PLA-g-MgO and free PLA in the bulk nanocomposites at 0.2% MgO or 

lower are dissolved/dispersed completely in chloroform, we prepared a PLA-3%MgO 

nanocomposite to isolate enough PLA-g-MgO for characterization purposes. To 

prepare the PLA-3%MgO nanocomposite, pure LA oligomer was first prepared 

following the same dehydration/oligomerization procedures. The 3% MgO was added 

into 20 g of oligomer and then mixed with the same amount of catalysts and 

polymerized at the same conditions as other nanocomposites. The 3% MgO was 

added to the LA oligomer rather than to LA to obtain a higher yield of PLA-g-MgO. 

 2.3.4 Isolation of PLA-g-MgO 

When the PLA-3%MgO nanocomposite was dispersed into excessive 

chloroform, free PLA was completely dissolved and some PLA-g-MgO remained. 

The PLA-g-MgO was isolated from free PLA via centrifugation at 8500 rpm for 1 h 

and washed with excessive chloroform repeatedly five times to completely remove 

the free PLA. Free PLA from the first centrifugation was precipitated into methanol 

and collected. A control sample (t-MgO) was also prepared by mixing 1 g MgO with 

a chloroform solution of PLA for 10 h and then repeating the 

dispersion/centrifugation cycles. The photographs of PLA-g-MgO/free 

PLA/chloroform and t-MgO/PLA/chloroform suspensions before and after 

centrifugation are shown in Figure 2.2. It is clear that t-MgO was precipitated at the 
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bottom of the tube and PLA-g-MgO was suspended at the top after centrifugation. 

This indicates there always will be a certain amount of PLA-g-MgO 

dissolved/dispersed in PLA/chloroform solution and remaining with free PLA after 

precipitation. Finally, the PLA-g-MgO, t-MgO, and free PLA were dried in a vacuum 

oven at 80 °C for 24 h to remove the residual solvent.  

 2.3.5 Gel Permeation Chromatography (GPC) Analysis 

The weight- (Mw) and number-average molecular (Mn) weight as well as the 

polydispersity index (PDI, equals to Mw/Mn) were determined through GPC (Waters 

2695 Separation Module). Samples were dissolved in tetrahydrofuran at a 

concentration of 5 mg/ml. The measurement was performed at room temperature and 

a flow rate of 1 ml/min. The molecular weight was calibrated according to a 

polystyrene standard. 

 2.3.6 Nuclear Magnetic Resonance (NMR) Spectroscopy 

1H NMR and 13C NMR spectra were acquired at room temperature for PLA 

and bulk nanocomposites on a Varian Inova 400 MHz spectrometer in CDCl3 

containing tetramethylsilane as the internal reference. All spectra were recorded using 

a spinning rate of 20 kHz with a relaxation delay of 1 s for 1H NMR for and 3 s for 

13C NMR. Solid-state 1H NMR and 13C NMR spectra were obtained for PLA-g-MgO 

and free PLA isolated from the PLA-3%MgO nanocomposite on a Bruker IPSO 500 

MHz WB NMR spectrometer. The 1H NMR was carried out with a single 90-degree 

pulse of 1.3 µs under ultrahigh magic-angle spinning (MAS) at 60 kHz. The 13C NMR 

was performed with cross-polarization MAS under the following conditions: sample 

spinning rate 10 kHz, contact time 2 ms, relaxation delay 3 s, and two-pulse phase 

modulation proton decoupling during acquisition. 

 2.3.7 Fourier-transform Infrared (FTIR) Spectroscopy 

FTIR spectra were acquired with a PerkinElmer Spotlight 300 spectrometer. 

Spectra were collected in the region of 4000 to 800 cm-1 with a spectral resolution of 

8 cm-1 and 64 scans co-added. 
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 2.3.8 Scanning Electron Microscopy (SEM) and Transmission Electron 

Microscopy (TEM) Analysis  

SEM (Hitachi S-3500N, Hitachi Science Systems, Ltd., Japan) and TEM (H-

7100, Hitachi Co.) were used to study morphology of the samples. For SEM, a piece 

of each sample was mounted on an aluminum stub, and the surface was coated with a 

mixture of 60% gold particles and 40% palladium with a sputter coater (Desk II 

Sputter/ Etch Unit, NJ) before observation. For TEM, fine powders of each sample 

were absorbed onto Formvar/Carbon-coated 200-mesh copper grids (Electron 

Microscopy Sciences, Fort Washington, PA, USA) and observed without staining. 

 2.3.9 Differential Scanning Calorimetry (DSC) Analysis 

Thermal transitions of the samples were measured with a TA DSC Q200 

instrument. About 5 mg of dried powder was sealed in an aluminum pan. An empty 

sealed pan was used as a reference. The sample was heated from 0 °C to 190 °C at a 

rate of 10 °C/min, isothermally conditioned at 190 °C for 3 min, quenched to 0 °C, 

isothermally conditioned at 0 °C for 3 min, and then heated again to 190 °C at the 

same rate. The sample was characterized in an inert environment by using nitrogen 

with a gas flow rate of 50 ml/min. Results were obtained from the second DSC 

heating scan. Heat capacity (ΔCp), glass transition temperature (Tg), melting 

temperature (Tm), heat of melting (ΔHm), and heat of crystallization (ΔHc) were 

determined from the DSC thermograms. Crystallinity (Xm) was estimated according to 

the equation: 

100(%)
0







H

H
X m

m                                                  (1)   

where ΔHm and ΔH0 are heats (J/g) of melting of PLA nanocomposites and PLA 

crystals of infinite size with a value of 93.6 J/g (Fischer et al., 1973), respectively. 

 2.3.10 Thermogravimetric Analysis (TGA) 

Decomposition characteristics of the samples were determined with a 

PerkinElmer Pyris1 TGA (Norwalk, CT). About 5 mg of each sample was placed in 
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the pan and heated from 40 °C to 700 °C at a heating rate of 20 °C/min under a 

nitrogen atmosphere. Pure MgO was dried in a vacuum oven at 80 °C for 24 h before 

TGA measurement. 

 2.4 Results and Discussion 

 2.4.1 Molecular Weight 

Molecular weights of PLA and bulk nanocomposites are summarized in Table 

2.1. The Mw and Mn of pure PLA were 42,500 and 23,300, respectively. The Mw and 

Mn of PLA-0.005%MgO were similar to those of pure PLA, whereas the Mw and Mn 

of PLA-0.01%MgO were significantly higher than those of pure PLA. When the 

loading ratio of MgO further increased to 0.05% and 0.2%, Mw decreased sharply by 

39% and 78%, respectively, compared with pure PLA. First, the intrinsic balance of 

carboxyl and hydroxyl groups in lactic acid (-COOH/-OH = 1) was broken by the 

presence of extra hydroxyl groups on the surface of MgO nanocrystals (-COOH/-OH 

< 1); therefore, the theoretical molecular weight was reduced at a complete 

conversion of -COOH. Second, it is known that PLA chains grow from two end 

groups during polycondensation; however, in the case of nanocomposites, one end 

group was covalently bonded to the MgO surface, and the chain could grow only from 

the other end. Third, when several polymer chains grew on the surface of the same 

MgO nanocrystal, the steric hindrance from neighbor polymer chains increased as the 

polymer grew (Zhao et al., 2005). Moreover, the molecular mobility decreased 

compared with a single free polymer chain, leading to a decrease in chain growth. The 

increased molecular weight of the PLA-0.01%MgO nanocomposite could be because 

the decreased size of grafted polymer chains was counterbalanced by the total number 

of chains on each MgO nanocrystal surface showing a larger hydrodynamic volume at 

the optimal MgO loading ratio of 0.01%. The PDI for PLA and nanocomposites 

ranged between 1.5 and 2.0 as measured from GPC; these values are similar to those 

for PLA obtained from the melt polycondensation method (Moon et al., 2000; Moon 

& Kimura, 2003). 
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The molecular weight of free PLA isolated from PLA-g-MgO in the PLA-

3%MgO nanocomposite was also measured (Mw = 10,100 and Mn = 6,000). The 

isolated PLA-g-MgO was not very soluble in any solution because of its complicated 

composition (i.e., aggregates resulted from highly concentrated unreacted MgO 

nanocrystals, partially reacted MgO nanocrystals, MgO nanocrystals with different 

sizes, and distribution of grafted PLA chains). Therefore, we failed to measure its 

molecular weight through GPC. Efforts were made to measure the polymer chain 

length of PLA-g-MgO through solid-state 1H NMR. However, because of the 

relatively low resolution of solid-state 1H NMR and broad peaks from methyl and 

methine proton resonances, signals from resonances of methyl or methine protons 

next to the terminal hydroxyl groups were not detected. Thus, the chain length of 

PLA-g-MgO was not calculated. 

Discoloration of PLA is usually a serious problem in melt polycondensation of 

lactic acid and might be caused by high reaction temperatures, long reaction times, 

and by-products (Moon et al., 2000). However, the presence of MgO nanocrystals 

appears to depress discoloration. Melt polycondensation of lactic acid alone for 10 h 

resulted in a light black color. With the addition of 0.005% MgO, the color became 

only slightly black, and with MgO addition further increased to 0.01%, 0.05%, and 

0.2%, the color of nanocomposites became totally white (Table 2.1). This is probably 

caused by the specific interaction (chemical grafting, H-bonding, etc.) between PLA 

and MgO and improved thermal stability of nanocomposites. 

 2.4.2 NMR 

Figure 2.3A shows the typical 1H NMR spectra of PLA and its bulk 

nanocomposites. The major peaks at 1.56 and 5.15 ppm were assigned to the methyl 

and methine proton resonances from the PLA main chain. The weak peak at 4.35 ppm 

was assigned to the methine proton next to the terminal hydroxyl group. Another 

weak peak at 1.35 ppm was assigned to the methyl proton next to the terminal 

hydroxyl group. Peaks assigned to the methyl and methine protons next to the 

terminal carboxyl group could be identified only for LA oligomers (DP<8) (Espartero 
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et al., 1996) because the intensity of these peaks decreased dramatically as molecular 

weight increased and could not be detected. The 13C NMR spectrum was used in a 

qualitative analysis of the structure of PLA polymers. The result was in accordance 

with the 1H NMR analysis (Figure 2.4A). The peaks assigned to the methyl (16.85 

ppm), methine (69.21 ppm), and carbonyl (169.81 ppm) groups of the LA repeat units 

were observed. The three-peak pattern centered at 77 ppm is due to the solvent 

CDCl3. Resonances associated with methyl, methine, and carbonyl groups next to the 

terminal hydroxyl or carboxyl groups were not observed because of the relatively long 

chain length (DP ~165 units, determined from 1H NMR) (Song et al., 2008). All the 

PLA nanocomposites showed 1H NMR and 13C NMR spectra similar to those of pure 

PLA; the typical spectra of PLA-0.05%MgO is presented in Figures 2.3A and 2.4A. 

Shifts of any peaks attributed to the PLA chains polymerized on the MgO surface 

were not detected for these PLA nanocomposites. The same phenomena occurred in 

multi-walled carbon nanotubes-PLA telechelic prepolymers (Song et al., 2008). 

The solid-state 1H NMR spectra for free PLA and PLA-g-MgO are shown in 

Figure 2.3B. Two broad resonance peaks at 1.41 and 5.03 ppm were attributed to the 

methyl and methine proton resonances from the main chain of free PLA. In the 

spectrum of PLA-g-MgO, the methyl and methine proton characteristic peaks shifted 

upfield to 1.16 and 4.13 ppm, respectively, indicating that the chemical environments 

of methyl and methine protons in the LA repeat units had been changed after being 

grafted onto the electron-rich MgO surface. A new peak at 8.53 ppm observed only 

for PLA-g-MgO was assigned to the proton resonances from multi-coordinated 

hydroxyl groups of MgO (Chizallet et al., 2007), which possess much lower 

reactivity. Such differences were also observed in solid-state 13C NMR spectra for 

free PLA and PLA-g-MgO (Figure 2.4B). The resonances of each of the carbon 

groups in free PLA were split into two or three distinct peaks, whereas in PLA-g-

MgO, almost no split peaks were observed, indicating that a certain degree of 

racemization occurred for free PLA but little occurred for PLA-g-MgO (Kricheldorf 

et al., 1992; Moon et al., 2000; Thakur et al., 1997). The peaks at 169.4, 170.8, and 
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171.3 ppm that stemmed from carbonyl groups for free PLA shifted to 178 ppm for 

PLA-g-MgO. Another weak peak at 181.4 ppm was probably associated with the 

terminal carbonyl groups next to the MgO surface. The downfield shift of carbonyl 

groups might be caused by covalent grafting of PLA chains onto the MgO surface or 

H-bonding between carbonyl groups and –OH groups from MgO (Ando et al., 1988). 

The peaks at 15.7 and 16.9 ppm assigned to methyl groups for free PLA shifted 

downfield to 19.9 ppm for PLA-g-MgO. NMR results revealed a great possibility that 

PLA chains were chemically grafted onto the MgO surface, which was also confirmed 

by other techniques as described in the following paragraphs. 

 2.4.3 FTIR 

The FTIR spectra of pure PLA and bulk nanocomposites are presented in 

Figure 2.5A. Pure PLA showed a strong absorption band at 1751 cm-1 (Figure 2.5A, 

a) corresponding to the stretching vibration of carbonyl groups (–C=O) from the 

repeated ester units. The –C–O– stretching vibrations from the ester units were 

observed at 1180, 1129, and 1082 cm-1. The bands at 2996 and 2877 cm-1 were 

assigned to the –C–H asymmetric and symmetric stretching vibrations of CH3 groups 

in the side chains, whereas their bending vibration was observed at 1454 cm-1. The 

band at 2948 cm-1 was attributed to the stretching of –CH– groups in the main chain 

of PLA, and its symmetric and asymmetric bending vibrations appear at 1382 and 

1358 cm-1 (Auras et al., 2004). 

Similar FTIR bands were observed for PLA bulk nanocomposites, except for 

the –C=O region around 1751 cm-1 (Figure 2.5A). In the nanocomposites (b-e), the 

stretching vibrations of –C=O were all split into two distinct peaks, unlike the single 

carbonyl peak of pure PLA (Figure 5A, a). One of the split peaks at about 1751 cm-1 

was still assigned to the original –C=O vibration, which is free and not H-bonding 

with MgO nanocrystals; the other peak shifted to a lower wavenumber around 1745 to 

1747 cm-1 and was caused by the formation of intermolecular H-bonding, as 

illustrated in Figure 2.1. The H-bonding involves –C=O groups from both grafted and 

free PLA chains, which are often regarded as H-bonding acceptors, together with 
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some remaining -OH groups from the MgO nanocrystal surface, which are usually 

considered H-bonding donors. The abundance of surface –OH groups of MgO 

nanocrystals provided a favorable condition for formation of H-bonding. The H-

bonding between PLA and other –OH rich materials observed through FTIR was also 

reported in other studies (Lin et al., 2007; Zhou et al., 2007). 

Compared with MgO, PLA-g-MgO showed new absorption bands at 1751, 

2990, and 2940 cm-1 (Figure 2.5B). These peaks were attributed to the –C=O, –CH3, 

and –CH– groups, respectively, from PLA chains grafted onto the MgO nanocrystals. 

The spectrum of t-MgO was in accordance with that of pure MgO, and no 

characteristic peaks of PLA were observed. The –OH absorption band of PLA-g-MgO 

was different from that of MgO and t-MgO. In particular, the 3500-3800 cm-1 signal 

disappeared after surface grafting. This was caused by selective grafting of PLA with 

the mono- and di-coordinated –OH groups (Chizallet et al., 2007) because of their 

higher reactivity, which was discussed previously. These results confirm that PLA 

chains were chemically grafted onto the MgO surface. 

 2.4.4 Morphology 

 The SEM images of MgO, pure PLA, bulk nanocomposites, and PLA-g-MgO 

are shown in Figure 2.6. The bare MgO crystals existed in compact aggregate forms 

with an average size of 10 to 15 μm. PLA exhibited incontinuous particular 

morphology with a flat, smooth surface (Figure 2.6, a). All the bulk nanocomposites 

exhibited continuous morphology with small, uniformly distributed convexities 

(Figure 2.6, b-e). As MgO loading ratio increased, the number of convexities per unit 

area in the nanocomposite matrix obviously increased. At 0.2% MgO, the convexities 

grew and aggregated together, resulting in a more irregular and uneven surface. The 

convexities resulting from PLA-g-MgO nanocomposites were uniformly dispersed in 

the matrix with a remarkably reduced size (100 to 500 nm), which indicates that 

initial MgO aggregates were effectively broken down to nanoscale through in situ 

polymerization. In addition to nanoscale uniform dispersion, interfacial interaction is 

another key factor for nanocomposite preparation. As seen from Figure 2.6 (b-e), the 
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smooth, continuous feature at the interface between the PLA matrix and convexities 

indicates that a chemical reaction occurred between PLA and MgO. In general, 

chemical grafting of polymer chains that are compatible with the polymer matrix on 

the inorganic particles provides strong interfacial interaction between the inorganic 

and organic phases (Hong et al., 2005). Moreover, the formation of H-bonding 

between organic PLA chains and inorganic nanocrystals contributes to the unique 

continuousness observed only in the bulk nanocomposites and further improves the 

interfacial interaction. PLA-g-MgO exhibited a unique loose and porous morphology 

(Figure 2.6), indicating that the compact aggregation of original MgO crystals was 

greatly inhibited after surface grafting with PLA chains. 

TEM is more a powerful technique than SEM for penetrating the surrounding 

polymer environment and provides information about how MgO nanocrystals were 

distributed inside each convexity observed in the SEM images. Before 

polymerization, bare MgO crystals severely aggregated, and it was difficult to 

distinguish a single crystal (Figure 2.7, MgO). After it was grafted with PLA, the 

surface-grafted MgO was almost homogeneously dispersed in the polymer matrix 

without obvious aggregation and kept its nanostructures with individual MgO crystals 

(pointed arrows in Figure 2.7, b). These results indicate that agglomeration of 

nanocrystals was prevented by the surface grafting and H-bonding between PLA 

chains and surface hydroxyl groups of MgO, which also afforded the uniform 

dispersion. When MgO incorporation increased to 0.01% and 0.05%, the abundant 

OH groups were prone to interact with themselves because of the stronger 

intramolecular hydroxyl-hydroxyl bonding (Lin et al., 2007); this led to a small 

amount of aggregation of several MgO crystals, but the aggregation was slight and 

incompact (Figure 2.7, c and d). When MgO loading ratio further increased to 0.2%, 

much denser and thicker black spots were observed (pointed arrow in Figure 2.7, e), 

indicating that large, compact aggregates of MgO crystals were formed. PLA-g-MgO 

exhibited a unique fibril structure due to the surface-grafted polymer chains (Figure 

2.8, left), which was obviously different from the morphology of pure MgO (Figure 
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2.7, MgO). At higher magnification, uniform distribution of MgO crystals in the PLA-

g-MgO system was also observed (Figure 2.8, right). 

 2.4.5 Thermal Properties 

 Figure 2.9A shows the DSC thermograms of pure PLA and bulk 

nanocomposites, and quantified results are summarized in Table 2.2. Pure PLA and 

bulk nanocomposites showed similar Tg values, except for PLA-0.2%MgO. The Tg of 

PLA-0.2%MgO was about 4 ºC lower than that of other nanocomposites because of 

its smaller molecular weight (Jamshidi et al., 1988). 

Cold crystallization was observed for PLA and the bulk nanocomposites. 

Compared with PLA, the cold crystallization of bulk nanocomposites occurred at 

lower temperatures. The depression of cold crystallization temperature in the bulk 

nanocomposites was probably induced by the MgO nanocrystals, which acted as 

nucleation agents for the system. No obvious change of crystallinity was observed 

between PLA and bulk nanocomposites, except for PLA-0.01%MgO, which showed 

relatively lower crystallinity. As discussed previously, the PLA-0.01%MgO 

nanocomposite had the highest molecular weight because optimal size and number of 

grafted PLA chains were obtained. However, a 0.01% MgO nanocrystal core might 

hinder mobility of the grafted PLA chain and limit the effective diffusion of chains to 

the growing crystalline lamella, resulting in crystals with reduced grain size, more 

defects, and, therefore, lower crystallinity. Both PLA and bulk nanocomposites 

exhibited double melting behavior, which can be explained by the melt-

recrystallization model (Yasuniwa et al., 2004). The melting temperatures of bulk 

nanocomposites were all lower than that of pure PLA, especially that of PLA-

0.2%MgO, which was 10 ºC lower. The sharp reduction of melting temperature for 

PLA-0.2%MgO was caused by its lower molecular weight (Ikada & Tsuji, 2000). 

DSC thermograms of free PLA and PLA-g-MgO isolated from the PLA-

3%MgO nanocomposite are presented in Figure 2.9B, and the results are also 

summarized in Table 2.2. PLA-g-MgO showed a broad melting peak with peak value 

of 117.8 ºC. For free PLA, besides the normal double melting peaks at 133.7 and 
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141.6 ºC, another small melting peak was observed at 116.4 ºC, indicating there were 

still some PLA-g-MgO residues dissolved/dispersed in the chloroform solution with 

free PLA during the isolation process. 

The TGA thermograms of pure PLA and bulk nanocomposites are presented 

in Figure 2.10 (A), and the thermogravimetric data are summarized in Table 2.3. The 

onset, end, and maximum rate of decomposition temperatures (Tonset, Tend, and Tmax) of 

PLA and PLA-0.005%MgO were similar. PLA-0.01%MgO exhibited increased 

thermal stability compared with pure PLA. The thermal stability of PLA-0.05%MgO 

was the lowest, with Tonset, Tend, and Tmax about 10 ºC lower than those for pure PLA. 

The Tmax for PLA-0.2%MgO was 324 ºC, which was the highest among all samples. 

These results indicate that addition of MgO could increase thermal stability of PLA. 

The decreased thermal stability of PLA-0.05%MgO could be explained by the 

competition between the addition of MgO and decrease of molecular weight. 

The TGA thermograms of intensively dried pure MgO, PLA-g-MgO, and free 

PLA are presented in Figure 2.10 (B), and thermogravimetric data are summarized in 

Table 2.3. The weight loss of MgO (WMgO) and PLA-g-MgO (WPLA-g-MgO) were 33.3% 

and 75.8%, respectively. The amount of PLA grafted onto the MgO surface (Wg) for 

PLA-g-MgO was roughly calculated as: 

%5.42%3.33%8.75   MgOMgOgPLAg WWW                           (2) 

The amount of -OH groups on the MgO surface involved in the surface 

grafting was neglected in this calculation, which indicates that more than 42.5% PLA 

was successfully grafted. The decomposition range of MgO and PLA-g-MgO both 

exhibited three stages, with Tmax at 73, 184, and 351 ºC for MgO and 271, 376, and 

485 ºC for PLA-g-MgO. The detailed mechanism for the decomposition of PLA-g-

MgO remains unclear. However, we can conclude that when PLA was grafted onto 

MgO, its thermal stability was greatly improved. Moreover, because free PLA has 

some PLA-g-MgO not separated thoroughly, the Tmax was 34 ºC higher than that of 

pure PLA, even though the molecular weight of free PLA was much lower than that 

of pure PLA. 
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 2.5 Conclusions 

PLA-MgO nanocomposites were synthesized by in situ melt polycondensation 

of LA and surface-hydroxylated MgO nanocrystals at a low MgO loading level. 

Molecular weight of the PLA-0.01%MgO reached 55,500, which was 30% higher 

than that of pure PLA. The color of PLA-MgO nanocomposite was almost white, 

whereas that of pure PLA was slightly black. 

PLA-MgO nanocomposites exhibited continuous morphology with small 

convexities uniformly distributed in the matrix because of surface grafting and H-

bonding between PLA chains and hydroxylated MgO. Pure PLA exhibited an 

incontinuous particle morphology with a flat, smooth surface. MgO crystals acted as 

nucleation agents to induce and accelerate crystallization of the PLA-MgO 

nanocomposite. Decomposition of the PLA-MgO nanocomposite was significantly 

increased compared with that of pure PLA. Results indicate this is a promising 

approach to preparing PLA/MgO nanocomposites.  
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Figure 2.1 Scheme of the synthesis of PLA/MgO nanocomposites and formation 

of hydrogen bonding.
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Figure 2.2 Photograph of t-MgO/PLA/chloroform suspension before (A) and 

after (C) centrifugation and PLA-g-MgO/free PLA/chloroform suspension 

before (B) and after centrifugation (D).
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Figure 2.3 (A) Typical 1H NMR spectra of PLA and nanocomposites; (B) Solid-

state 1H NMR spectra of free PLA and PLA-g-MgO.
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Figure 2.4 (A) Typical 13C NMR spectra of PLA and nanocomposites; (B) Solid-

state 13C NMR spectra of free PLA and PLA-g-MgO. 
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Figure 2.5 FTIR spectra of (A) PLA and nanocomposites (a, PLA; b, PLA-

0.005%MgO; c, PLA-0.01%MgO; d, PLA-0.05%MgO; e, PLA-0.2%MgO); (B) 

MgO, PLA-g-MgO, free PLA, and t-MgO (a comparative sample, see text). 
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Figure 2.6 SEM images of MgO, PLA, nanocomposites (a, PLA; b, PLA-

0.005%MgO; c, PLA-0.01%MgO; d, PLA-0.05%MgO; e, PLA-0.2%MgO), and 

PLA-g-MgO. (Scale bar is shown at the bottom of each image).
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Figure 2.7 TEM images of MgO, PLA, and nanocomposites (a, PLA; b, PLA-

0.005%MgO; c, PLA-0.01%MgO; d, PLA-0.05%MgO; e, PLA-0.2%MgO).



35 

 

 

 

Figure 2.8 TEM images of PLA-g-MgO. (Left: lower magnification, 34000 X; 

Right: higher magnification, 130000 X. Scale bar: 100 nm). 
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Figure 2.9 DSC thermograms of (A) PLA and nanocomposites (a, PLA; b, PLA-

0.005%MgO; c, PLA-0.01%MgO; d, PLA-0.05%MgO; e, PLA-0.2%MgO); (B) 

free PLA and PLA-g-MgO.
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Figure 2.10 TGA of (A) PLA and nanocomposites (a, PLA; b, PLA-0.005%MgO; 

c, PLA-0.01%MgO; d, PLA-0.05%MgO; e, PLA-0.2%MgO); (B) MgO, PLA-g-

MgO, and free PLA. 

 

 



38 

 

Table 2.1 Molecular weight and appearance of PLA, nanocomposites, and free 

PLA 

 

Sample Mw Mn 
aPDI Appearance 

PLA 42,500 23,300 1.8 Light black fibrils 

PLA-0.005%MgO 41,900 20,000 2.0 Slight black fibrils 

PLA-0.01%MgO 55,500 33,000 1.7 White fibrils 

PLA-0.05%MgO 26,000 14,000 1.9 White solids 

PLA-0.2%MgO 9,400 6,300 1.5 White solids 

free PLA 10,100 6,000 1.7 White solids 

aPDI -Polydispersity index (Mw/ Mn) 
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Table 2.2 Thermal properties of PLA, nanocomposites, free PLA, and PLA-g-

MgO determined from DSC thermograms 

 

Sample 
Tg 
ºC 

ΔCp 
J/(g∙ºC) 

Tc 
ºC 

ΔHc 
J/g 

Tm 
ºC 

ΔHm 
J/g 

Xm 
% 

PLA 55.9 0.63 112.0 -42.6 149.6, 157.0 44.2 47.2 

PLA-0.005%MgO 55.3 0.62 101.2 -42.1 147.3, 155.8 44.2 47.3 

PLA-0.01%MgO 55.9 0.59 107.8 -37.9 145.7, 154.0 38.5 41.1 

PLA-0.05%MgO 54.6 0.59 106.8 -42.0 146.5, 154.3 42.2 45.0 

PLA-0.2%MgO 51.4 0.62 101.7 -41.5 139.8, 146.2 43.3 46.3 

free PLA 54.8 0.17 / / 116.4, 133.7, 141.6 52.8 56.4 

PLA-g-MgO / / / / 117.8 / / 
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Table 2.3 Thermal decomposition temperatures of PLA, nanocomposites, free 

PLA, MgO, and PLA-g-MgO derived from TGA thermograms 

 

Sample 
Tonset 

ºC 

Tend 
ºC 

Tmax 
ºC 

PLA 278.5 317.1 302.4 

PLA-0.005%MgO 278.8 316.5 301.4 

PLA-0.01%MgO 287.3 317.2 306.5 

PLA-0.05%MgO 268.5 307.2 292.1 

PLA-0.2%MgO 296.2 338.0 324.0 

free PLA 305.7 346.8 336.0 

MgO 50.9, 160.7, 310.9 117.1, 213.9, 379.5 73.4, 184.4, 350.8 

PLA-g-MgO 267.6, 353.3, 463.4 297.7, 404.9, 508.7 270.9, 376.2, 484.7 
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Chapter 3 - Nanocomposites of Poly(lactic acid) and Surface-

grafted MgO Nanoparticles: Preparation and Characterization2 

 3.1 Abstract 

Incorporating small amounts of rigid nanoparticles within a polymer host to prepare 

polymer nanocomposites has shown great potential to enhance the physical, 

thermomechanical, and processing characteristics of pristine polymers since the 1990s. In this 

study, we first prepared surface-grafted MgO (g-MgO) by in situ melt polycondensation of 

lactic acid and surface-hydroxylated MgO nanoparticles and then prepared poly(lactic acid) 

(PLA) nanocomposites through thermal compounding of PLA and g-MgO/MgO 

nanoparticles. The morphological, mechanical, and thermal properties of PLA/MgO and 

PLA/g-MgO nanocomposites were characterized. PLA/g-MgO nanocomposites exhibited 

higher tensile strength than neat PLA. Morphology of the fracture surfaces showed that 

stronger interfacial interaction was formed in PLA/g-MgO nanocomposites than in 

PLA/MgO nanocomposites. Surface grafting MgO with PLA chains likely results in 

enhanced chain entanglement and mechanical interlocking with the polymer matrix and, 

consequently, better adhesion. Increased thermal stability was observed for PLA/g-MgO 

nanocomposites with g-MgO loading levels lower than 0.05%, whereas decreased thermal 

stability was observed for all PLA/MgO nanocomposites. 

 

 

 

 

 

 

                                                

2 Results have been accepted to publish. Li, Y., & Sun, X. S. (2011). Nanocomposites of poly(lactic 

acid) and surface grafted MgO nanoparticles: preparation and characterization. J. Biobased Mater. Bioenergy, 

accepted. 



42 

 

 3.2 Introduction 

Polymer nanocomposites (PNCs), which are prepared by incorporating small amounts 

of rigid nanoparticles (typically less than 5% by weight) within a polymer host (Zhu & 

Wilkie, 2009), always exhibit properties significantly different from those of the host (Akcora 

et al., 2009; An et al., 2008; Balazs et al., 2006; Crosbya & Lee, 2007; Krishnamoorti & 

Vaia, 2007; Oh & Green, 2009; Ramanathan et al., 2008; Vaia & Maguire, 2007). 

Nanoparticles such as one-dimensional carbon nanotubes (Moniruzzaman & Winey, 2006; 

Swain & Jena, 2010), two-dimensional  nanoclays (Chen et al., 2008; Ray & Okamoto, 

2003), and three-dimensional silica spheres (Zou et al., 2008) have been widely studied as 

reinforcing agents for PNCs. Polymer nanocomposites are distinguished by the convergence 

of the dominant length scales associated with the average chain radius of gyration of the 

polymer matrix (Rg, ~2-20 nm), average size of the nanoparticles (nanoplate thickness and 

nanotube/nanosphere diameter, 2r, < 100 nm), and average interparticle distance (2d). When 

these dimensions are of a comparable magnitude (Rg ≈ r ≈ d), geometrical considerations 

have a profound impact on the conventional underlying constructs of polymer behavior 

(Krishnamoorti & Vaia, 2007; Vaia & Maguire, 2007; Zou et al., 2008). Polymer 

nanocomposites can be prepared in several ways including direct mixing (melt mixing, 

solution mixing), sol-gel processing, and in situ graft polymerization. Melt processing is of 

greatest interest because this method is generally considered more economical and more 

flexible for formulation and involves compounding and fabrication facilities commonly used 

in commercial practice (Paul & Robeson, 2008). 

Poly(lactic acid) (PLA) is a biodegradable and compostable polymer made from 

renewable resources; therefore, PLA nanocomposites have attracted intensive studies over the 

past decade (Chen et al., 2005; Drown et al., 2007; Feng et al., 2008; Hong et al., 2004; 

Kramschuster et al., 2007; Pan & Qiu, 2010; Paul et al., 2005; Parulekar et al., 2007; Ray et 

al., 2002; Wen et al., 2009; Xiang et al., 2009). PLA nanocomposites exhibit enhanced 

physical (e.g., barrier, erosion resistance, and reduced flammability), thermomechanical (e.g., 

heat distortion temperature, thermal expansion coefficient, and stiffness), and processing 

(e.g., surface finish and melt strength) characteristics compared with pristine polymers. Our 
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group has been working on PLA nanocomposites with surface-hydroxylated magnesium 

oxide (MgO) nanoparticles, including conventionally prepared NanoActive MgO (CP-MgO) 

and aerogel-prepared NanoActive MgO plus (AP-MgO) (Beavers et al., 2009; Li & Sun, 

2010; Wang et al., 2009). These two types of MgO nanoparticles were developed by Dr. 

Klabunde and his co-workers (Itoh et al., 1993; Utamapanya et al., 1991) and have been 

commercialized. Compared with commercial MgO, these nanoparticles have a much smaller 

crystal size, higher surface area, more surface defects, and higher reactivity, which result in 

large numbers of surface hydroxyl groups because of water dissociation (Itoh et al., 1993; 

Lucas et al., 2001). We have prepared PLA nanocomposites with CP-MgO nanocrystals 

(hexagonal plate-like structure, 50 to 100 nm long, 5 nm thick, about 250 m2/g surface area) 

through thermal compounding (Wang et al., 2009). At a CP-MgO loading ratio of 0.4 wt% or 

less, mechanical properties of nanocomposites were significantly improved, probably because 

of the affinity PLA segments have for the CP-MgO surface by hydrogen bonding. However, 

because inorganic nanoparticles typically agglomerate and are not always miscible with the 

organic polymer phase, it is usually a challenge to achieve better dispersion and strong 

interfacial interaction between nanoparticles and the polymer matrix. One strategy to 

overcome this difficulty is to shield the particle surface by grafting it with the same chains as 

the matrix polymer (Akcora et al., 2009). 

In a previous study, we successfully prepared surface-grafted MgO with PLA chains 

(g-MgO) through in situ melt polycondensation of L-lactic acid (LA) and AP-MgO 

nanocrystals (polyhedral shape, crystal size ≤ 4 nm, surface area ≥ 600 m2/g) (Li & Sun, 

2010). Our goal for the present study was to prepare PLA nanocomposites with g-MgO 

nanoparticles (and with non-grafted MgO (AP-MgO) as a comparison) through thermal 

compounding and compression molding. We hypothesized that surface grafting MgO with 

PLA chains would improve nanoparticle dispersion and yield nanocomposites with enhanced 

interfacial interaction due to chain entanglement and mechanical interlocking between the 

polymer matrix and grafted PLA chains (Figure 3.1). 
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 3.3 Experimental Section 

 3.3.1 Materials 

PLA (2002D) (weight average molecular weight = 210 000) in pellet form was 

obtained from NatureWorks LLC (Minnetonka, MN). The LA was supplied as a 90 wt% 

aqueous solution by Acros Organics. MgO was obtained from NanoScale Co. (NanoActive 

Magnesium Oxide Plus (AP-MgO), Manhattan, KS). Tin (II) chloride dihydrate (SnCl2∙H2O; 

98%, reagent grade) and p-toluenesulfonic acid monohydrate (TSA; 98.5+%, ACS reagent 

grade) were purchased from Sigma-Aldrich Co. All materials were used as received. 

 3.3.2 Preparation of g-MgO 

The g-MgO was prepared according to procedures described in our previous paper. 

Briefly, LA oligomer with degree of polymerization of about 6 was prepared at a gradually 

increasing temperature (110 to 150 °C) and vacuum level (100 to 10 Torr) during 9 h. The 

3% MgO (based on the weight of LA oligomer) and binary catalysts (SnCl2∙H2O, 0.4% wt 

relative to oligomer, and TSA, an equimolar ratio to SnCl2∙H2O) were added to the LA 

oligomer. The mixture was gradually heated to 180 °C with stirring, and pressure was 

reduced stepwise to 10 Torr in 1.5 h to avoid LA bumping. The reaction was maintained at 

180 °C/10 Torr for 10 h. At the end of reaction, the product was dispersed into chloroform. 

The g-MgO was isolated from free PLA via a repeated dispersion/centrifugation processes, 

dried in a vacuum oven at 80 °C for 24 h to remove the residual solvent, and stored for future 

use. The successful grafting of PLA onto MgO surface was confirmed by Fourier-transform 

infrared spectroscopy and thermal gravimetric analysis (TGA), and also supported by solid-

state 1H NMR, 13C NMR, and differential scanning calorimetry (DSC) data, as reported in 

our previous paper (Li & Sun, 2010). TGA results indicated that more than 42.5% PLA was 

grafted for g-MgO (Li & Sun, 2010). 

 3.3.3 Preparation of PLA/MgO and PLA/g-MgO Nanocomposites 

The PLA pellets were ground through a 2 mm screen in a laboratory mill (Thomas-

Wiley Company, Philadelphia, PA). Ground PLA, MgO, and g-MgO were dried in a vacuum 
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oven at 80 ºC for 24 h. Ground PLA with various amounts of MgO and g-MgO (0.0125%, 

0.025%, 0.05%, 0.2%, and 0.8%) were first mixed in a stand mixer (Ultra Power Kitchen 

Aid, St. Joseph, MI) for 10 min and then thermal compounded at 180 ºC and 130 rpm for 5 

min in an intensive mixer (Rheomix 600, Haake, Paramus, NJ) equipped with two corotating 

rollers with a gap. After they cooled, the blends were ground into 2 mm powder. Pure PLA 

was treated with the same procedures used for the control. Dog-bone-type tensile bars were 

compression molded at 180 ºC and 8000 lb for 5 min with a Carver hot press (Model 3889, 

Carver Inc., Wabash, IN) according to ASTM Method D 638-03 (2003), cooled to room 

temperature in air, and then removed from the mold. At least five specimens were prepared 

for each type of nanocomposite. 

 3.3.4 Mechanical Measurements 

The tensile bars of nanocomposites were conditioned at 25 ºC and 50% relative 

humidity for 48 h before mechanical testing. The mechanical tests were performed with an 

Instron testing system (model 4465, Canton, MA) at a crosshead speed of 5 mm/min with a 

30 mm gauge length, according to ASTM Method D 638-03. Five replicates were tested for 

each sample type. 

 3.3.5 Scanning Electron Microscopy (SEM) Analysis 

Morphology of the fractured surfaces of nanocomposites obtained from the tensile 

tests was observed via SEM (Hitachi S-3500N, Hitachi Science Systems, Ltd., Japan). The 

specimen was mounted on an aluminum stub, and the fractured surface was coated with an 

alloy of 60% gold and 40% palladium with a sputter coater (Desk II Sputter/ Etch Unit, NJ) 

before observation. A similar procedure was used to observe the morphology of MgO and g-

MgO. 

 3.3.6 Thermal Properties Characterization 

Thermal transitions of the nanocomposites were measured with a TA DSC Q200 

instrument. About 5 mg of each sample obtained from the tensile bars was sealed in an 

aluminum pan. An empty pan was used as a reference. The sample was heated from 0 °C to 

180 °C at a rate of 10 °C/min, equilibrated at 180 °C, quenched to 0 °C, equilibrated at 0 °C, 
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and then heated again to 180 °C at the same rate. The sample was characterized in an inert 

environment by using nitrogen with a gas flow rate of 50 mL/min. Heat capacity (ΔCp), glass 

transition temperature (Tg), melting temperature (Tm), and heat of melting (ΔHm) were 

determined from the DSC thermograms. Crystallinity (Xm) was estimated according to the 

following equation: 

100(%)
0







H

H
X m

m                                                  (1) 

ΔHm and ΔH0 are the heats (J/g) of melting of PLA nanocomposites and a PLA crystal of 

infinite size with a value of 93.6 J/g (Fischer et al., 1973; Li & Sun, 2011), respectively. 

Thermal stability of the nanocomposites was determined with a PerkinElmer Pyris1 

TGA (Norwalk, CT). About 5 mg of each sample obtained from the tensile bars was placed in 

the pan and heated from 40 °C to 600 °C at a heating rate of 20 °C/min under a nitrogen 

atmosphere.  

 3.3.7 Flowability 

Flowability of molten nanocomposites was measured with an MP600 Extrusion 

Plastometer (Tinius Olsen Testing Machine Company, INC. Horsham, PA) according to 

ASTM Method D 1238 – 04 (2004). About 8 g of each sample was charged into the cylinder. 

The melt flow index (MFI, g/10 min) value was determined as the amount of material 

extruded by a piston action through a standard orifice (diameter, 2.096 mm; length, 8.001 

mm) at 190 °C and 2.16 kg load after preheating for 6 min. 

 3.4 Results and Descussion 

 3.4.1 Mechanical Properties 

Both PLA and its nanocomposites showed brittle fracture behavior, with 5.3 to 6.3% 

elongation at break.  PLA exhibited tensile strength (σ) of 64 MPa and Young’s modulus (E) 

of 1.6 GPa (Figure 3.2). These values are lower than our previously reported values (σ = 76 

MPa, E = 2 GPa) (Li et al., 2010); which is mainly due to the different thermal processing 

conditions used in each study. With the addition of 0.0125% MgO, σ and E were increased by 
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14% and 26%, respectively, compared with the values of PLA. The reinforcement of 

mechanical strength was probably caused by hydrogen bonding between ester groups in PLA 

chains and hydroxyl groups from the MgO surface. As the loading ratio of MgO further 

increased, σ and E decreased gradually but remained higher than the values of PLA. With 

0.8% MgO, σ further decreased to 62 MPa.  

For PLA/g-MgO nanocomposites, the maximum σ was observed with 0.025% g-

MgO, and this value was 18% higher than the σ of PLA. Further increasing the g-MgO 

loading ratio to 0.05%, 0.2%, and 0.8% led to an obvious reduction in σ and a slight reduction 

in E. The σ of PLA/g-MgO nanocomposites was always slightly higher or similar to that of 

PLA/MgO nanocomposites, except for PLA/0.0125% g-MgO. The slight improvement in σ 

of the PLA/g-MgO nanocomposites could be a result of the enhanced penetration and 

interaction between the MgO nanoparticles and PLA matrix that occurred because of the 

surface grafting of MgO nanocrystals (Lu et al., 2008). However, when the loading ratios of 

MgO and g-MgO increased beyond the optimal value, the agglomeration of nanoparticles 

became dominant and suppressed the interfacial interaction effect. Those agglomerations 

acted as local stress concentrations during the tensile test, and the mechanical strength 

consequently decreased (Luo et al., 2009). Moreover, because of the large number of surface 

hydroxyl groups from MgO and g-MgO nanoparticles, hydrolysis effects became obvious at 

higher concentrations of fillers, which also led to the deterioration of mechanical strength 

(Wang et al., 2009). 

 3.4.2 Morphology 

The morphological changes of MgO after surface grafting are shown in Figure 3.3. 

MgO crystals existed in compact agglomerate forms with an average size of 10 to 15 µm. 

After it was surface grafted with PLA chains, g-MgO exhibited a loose and porous 

morphology, indicating that the compact aggregation of the original MgO crystals was 

greatly inhibited (Li & Sun, 2010). 

An examination of the fracture surface of PLA/MgO and PLA/g-MgO 

nanocomposites (e.g., at 0.025%) revealed an obvious difference in the interfacial interaction 

between the polymer matrix and the nanofiller in these two systems. Most MgO nanoparticles 
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protruded cleanly from the fracture surface (Figure 3.4, top), indicating a weak interfacial 

adhesion, whereas most g-MgO nanoparticles were thickly coated with PLA matrix or 

embedded within the matrix (Figure 3.4, bottom), indicating stronger PLA-g-MgO 

interactions. Surface grafting MgO with PLA chains likely results in enhanced chain 

entanglement and mechanical interlocking with the polymer matrix and, consequently, better 

adhesion. Moreover, for both PLA/MgO and PLA/g-MgO nanocomposites, formation of 

hydrogen bonding between the remaining surface hydroxyl groups of nanoparticles and 

carbonyl groups of the PLA matrix would also contribute to better interfacial adhesion 

(Ramanathan et al., 2008). 

 3.4.3 Thermal Properties 

Figure 3.5 shows DSC thermograms of compression-molded PLA/MgO (A, first scan; 

C, second scan) and PLA/g-MgO (B, first scan; and D, second scan) nanocomposites, and 

DSC results are summarized in Table 3.1. The Tm and ΔHm were obtained from the first 

heating scan to reveal the crystalline status of the compression-molded nanocomposites; the 

Tg and ΔCp were obtained from the second heating scan to erase the physical aging effect 

during storage. Both PLA/MgO and PLA/g-MgO nanocomposites showed similar glass 

transition temperatures of about 59 ºC, and their heat capacity during glass transition [ΔCp of 

0.52 to 0.54 J/(g∙ºC)] was similar to that of pure PLA, indicating that no strong chemical 

interactions were formed between the PLA matrix and nanoparticles. The melting 

temperature was also similar for all samples (148 to 149 ºC). The crystallinity of PLA was 

not obviously affected by addition of either MgO or g-MgO. For PLA/g-MgO 

nanocomposites with 0.025% or 0.8% nanoparticle loading levels, the decreased crystallinity 

might have been caused by processing variations. 

TGA and derivative TGA thermograms of PLA/MgO and PLA/g-MgO 

nanocomposites are shown in Figures 3.6 and 3.7, respectively, and the temperatures at 

maximum decomposition rate are compared in Figure 3.8. Compared with the TGA 

thermogram curves of pure PLA, those of PLA/MgO nanocomposites shifted toward lower 

temperatures. As MgO loading ratio increased, the onset decomposition temperature, peak 

decomposition temperature (Tmax), and end decomposition temperature decreased (Figure 
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3.6B). At 0.8% MgO, Tmax was reduced by 48 ºC compared with that of pure PLA (Figure 

3.8). Thermal stability of PLA/g-MgO nanocomposites with 0.0125%, 0.025%, and 0.05% g-

MgO addition was slightly higher than that of pure PLA (Figure 3.8). As g-MgO addition 

further increased to 0.2%, Tmax decreased slightly. At 0.8% g-MgO, Tmax was reduced by 41 

ºC compared with that of pure PLA. PLA/g-MgO nanocomposites showed improved thermal 

stability compared with PLA/MgO nanocomposites. As reported previously, when PLA was 

chemically grafted onto the MgO surface to form g-MgO, the grafted PLA chains showed 

greatly improved thermal stability compared with pure PLA (Li & Sun, 2010). During 

thermal compounding of PLA and g-MgO, strong entanglements formed between the PLA 

matrix and grafted PLA chains, which resulted in higher thermal stability for PLA/g-MgO 

nanocomposites. However, at higher g-MgO loading ratios (0.8%), the remaining hydroxyl 

groups on the g-MgO surface became dominant, which facilitated the random chain scission 

through hydrolysis and pyrolysis of the ester groups of PLA (Wang et al., 2009). In 

PLA/MgO nanocomposites, many surface hydroxyl groups from MgO were still available; 

therefore, decreased thermal stability was observed for all samples. 

Measuring MFI is vital to anticipating and controlling polymer processing. Generally, 

polymers with higher MFI are used in injection molding, and polymers with lower MFI are 

used in blow molding or extrusion processes. Pure PLA had an MFI of 7.5 g/10 min (Figure 

3.9), which was in accordance with the manufacturer’s reported value (5 to 7 g/10 min). With 

addition of MgO, MFI values of PLA/MgO nanocomposites all increased to about 10 to 12 

g/10 min. PLA/g-MgO nanocomposites showed MFI values of about 8 to 9 g/10 min; these 

values are slightly higher than those of pure PLA but lower than those of PLA/MgO 

nanocomposites. As discussed previously, many hydroxyl groups exist on the MgO and g-

MgO surfaces, which facilitated the hydrolysis and pyrolysis of PLA during thermal 

processing and measuring and, therefore, increases MFI values. The g-MgO possesses fewer 

surface hydroxyl groups than MgO because it is surface grafted with PLA; therefore, PLA/g-

MgO nanocomposites showed lower MFI values than PLA/MgO nanocomposites.   
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 3.5 Conclusions 

PLA/g-MgO nanocomposites with improved mechanical properties were prepared via 

thermal compounding. For PLA/MgO nanocomposites, maximum tensile strength and 

Young’s modulus were obtained at a 0.0125% MgO loading level and increased by 14% and 

26%, respectively, compared with values for pure PLA. For PLA/g-MgO nanocomposites, 

maximum tensile strength was obtained at a 0.025% g-MgO loading level and was slightly 

higher than the tensile strength value of the PLA/0.0125%MgO nanocomposite. Morphology 

of the fracture surfaces showed that PLA/g-MgO nanocomposites had stronger interfacial 

interaction than PLA/MgO nanocomposites. Compared with pure PLA, all PLA/MgO 

nanocomposites had decreased thermal stability and PLA/g-MgO nanocomposites with g-

MgO loading levels lower than 0.05% had increased thermal stability. The mechanical 

properties between PLA/MgO and PLA/g-MgO nanocomposites are not significant, 

therefore, PLA/MgO may be more economically acceptable than PLA/g-MgO. 
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Figure 3.1 Schematic illustration of PLA/MgO and PLA/g-MgO nanocomposites. 
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Figure 3.2 Tensile strength and Young’s modulus of PLA/MgO and PLA/g-MgO 

nanocomposites. 
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Figure 3.3 SEM images of MgO and g-MgO. 
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Figure 3.4 SEM images of PLA/MgO (top) and PLA/g-MgO (bottom) nanocomposites 

(nanoparticles are indicated with white arrows; right images are the squared section 

from left images with magnification). 
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Figure 3.5 DSC thermograms of PLA/MgO (A, first scan; C, second scan) and PLA/g-

MgO (B, first scan; D, second scan) nanocomposites with various nanoparticle loading 

levels (a/a’, 0.0125%; b/b’, 0.025%; c/c’, 0.05%; d/d’, 0.2%; e/e’, 0.8%). 
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Figure 3.6 TGA (A) and derivative TGA (B) thermograms of PLA/MgO 

nanocomposites with various amounts of MgO (a, 0.0125%; b, 0.025%; c, 0.05%; d, 

0.2%; e, 0.8%). 
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Figure 3.7 TGA (A) and derivative TGA (B) thermograms of PLA/g-MgO 

nanocomposites with various amounts of g-MgO (a, 0.0125%; b, 0.025%; c, 0.05%; d, 

0.2%; e, 0.8%). 
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Figure 3.8 Temperatures of maximum decomposition rate (Tmax) of PLA/MgO and 

PLA/g-MgO nanocomposites. 
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Figure 3.9 Melt flow index of PLA/MgO and PLA/g-MgO nanocomposites. 
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Table 3.1 DSC results of PLA/MgO and PLA/g-MgO nanocomposites with various 

nanoparticle loading levels 

 

Sample 
MgO/g-MgO 
ratio (wt%) 

Tg 
ºC 

ΔCp 
J/(g∙ºC) 

Tm 
ºC 

ΔHm 
J/g 

Xm 
% 

PLA 0 59.4 0.53 149.4 22.2 23.7 

PLA/MgO 0.0125 58.9 0.53 148.4 21.1 22.5 

 0.025 59.0 0.54 148.9 19.7 21.0 

 0.05 59.1 0.52 147.6 23.6 25.2 

 0.2 59.1 0.53 148.4 21.7 23.2 

 0.8 59.4 0.54 148.6 21.9 23.4 

PLA/g-MgO 0.0125 59.3 0.52 147.6 21.7 23.2 

 0.025 59.0 0.54 148.4 11.1 11.9 

 0.05 59.2 0.53 149.0 23.8 25.4 

 0.2 59.1 0.52 148.0 26.2 28.0 

 0.8 59.1 0.52 149.2 16.6 17.7 
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Chapter 4 - Synthesis and Characterization of Bionanocomposites 

of Poly(lactic Acid) and TiO2 Nanowires by in situ 

Polymerization3 

 4.1 Abstract 

Bionanocomposites from biopolymers and inorganic nanoparticles are of great 

interest for packaging materials due to their enhanced physical, thermal, mechanical, and 

processing characteristics. In this study, poly(lactic acid) (PLA) nanocomposites with 

covalent bonding between TiO2 nanowire surface and PLA chains were synthesized through 

in situ melt polycondensation. Molecular weight, structure, morphology, and thermal 

properties were characterized. Fourier transform infrared spectroscopy confirmed that PLA 

chains were covalently grafted onto TiO2 nanowire surface. Transmission electron 

microscopy images also revealed clearly a third phase presence on the nanowires after the 

grafting process. Those grafted PLA chains exhibited significantly increased glass transition 

temperature and thermal stability, compared with pure PLA. The weight-average molecular 

weight of PLA/2% TiO2 nanowire bulk nanocomposites increased by 66% compared with 

that of pure PLA. The electron microscopy results showed that strong interfacial interaction 

and homogeneous distribution were achieved between inorganic nanowires and organic PLA 

matrix in the bulk nanocomposites. The PLA matrix in bulk nanocomposites exhibited 

elevated glass transition temperature and decreased crystallization ability as the TiO2 

nanowire concentrations were increased from 0 to 2%. 

 

 

 

                                                

3 Results have been published. Li, Y., Chen, C., Li, J., & Sun, X. S. (2011). Synthesis and 

characterization of bionanocomposites of ploy(lactic acid) and TiO2 nanowires by in situ polymerization. 

Polymer, doi: 10.1016/j.polymer.2011.03.050, in press. (Reuse by permission of Elsevier). 
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 4.2 Introduction 

Packaging has been one of the rapidly growing areas for the use of plastics. Out of 

total plastics production, 41% are used in packaging industry, and 47% are used for food 

packaging (Fomin & Guzeev, 2001), which are mainly short-term and single use items. The 

currently used plastics are mainly made from petroleum based polymers, of which the major 

concerns are their issues of being non-biodegradable and having non-renewable sources. 

Poly(lactic acid) (PLA), derived from renewable sugar based resources (starch, sugar cane, 

cellulose, etc.), has shown great potential as a biodegradable packaging plastic (Auras et al., 

2004; Gupta & Kumar, 2007). However, the low glass transition/heat distortion temperatures 

around 60 ºC and slow biodegradation rate have severely limited its broad disposable 

applications (Benabdillah et al., 2001; Ray & Bousmina, 2005).  

Inspired by Toyota researchers in the early 1990s who added 4.7% nano-clay into 

nylon 6 resulting in about 50% increase in the strength/modulus and 87 ºC increase in the 

heat distortion temperature (Kojima et al., 1993; Usuki et al., 1993), synthesizing polymer 

nanocomposites (PNCs) offers a new approach to enhancing the physical, thermal, and 

mechanical properties of pristine polymers (Crosby & Lee, 2007; Moczo & Pukanszky, 2008; 

Paul & Robeson, 2008; Zon et al., 2008). PLA nanocomposites have been reported using 

various nanoparticles, including carbon nanotubes, layered silicates or clays, silica, graphite, 

polyhedral oligomeric silsesquioxane, magnesium oxide, etc. (Gnanasekaran et al., 2009; 

Kim et al., 2010; Liao, 2007; Nakayama & Hayashi, 2007; Ray et al., 2003; Wang et al., 

2009; Wu & Yan et al., 2007). Though those nanocomposites exhibited enhanced mechanical 

strength, very few nanoparticles could efficiently improve the glass transition temperature 

(Tg) and degradation rate of PLA (Tsuji et al., 2007; Wu & Liao, 2007) because of the lack of 

strong interfacial interactions between nanoparticles and PLA matrix and the lack of effective 

degradation promoters. 

Because of the capability of absorbing UV light (λ < 388 nm) to generate oxygen 

species (Long et al., 2009; Zan et al., 2006a), TiO2 nanoparticles have been applied to 

promote the photodegradation of various organic chemicals such as aldehyde, toluene, and 

benzene (Xu et al., 2010). Once TiO2 nanoparticles are incorporated into polymer matrix, 
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these active oxygen species will lead to photodegradation reaction by attacking the interfacial 

polymer chains, forming carbon-centered radicals, and accelerating chain cleavage. Zan and 

co-workers incorporated TiO2 nanoparticles into PE and PS, and they reported significant 

photodegradation of polymer matrix after UV irradiation for a period of time (Zan et al., 

2006a; Zan et al., 2006b). Although biodegradation of PLA can be advanced in the ground 

with appropriate moisture and bacteria, it still requires a long period of time (Kumar et al., 

2010; Shogren et al., 2003), and this biodegradation does not advance in the air. By adding 

photosensitive TiO2 nanoparticles into biodegradable PLA, PLA nanocomposites can possess 

both photodegradability and biodegradability (Nakayama & Hayashi, 2007), and thus the 

degradation can be promoted under any conditions. Recent advances make it possible to 

synthesize considerable quantities of TiO2 nanowires (Kobayashi et al., 2000; Li et al., 1999; 

Zhang et al., 2001). The extended nanoparticles (i.e., nanowires) can more easily form 

network structures through either direct interaction between the nanoparticles or chain 

bridging between the nanoparticles, which is believed to play a significant role in property 

enhancement (Knauert et al., 2007; Moczo & Pukanszky, 2008), compared with conventional 

nanospheres. Furthermore, large quantities of hydroxyl groups on the TiO2 nanoparticle 

surface enable it to be functionalized with organic monomers or grafted with polymer chains 

(Al-Abadleh & Grassian, 2003; Hojjati et al., 2007; Khaled et al., 2007;  Luo et al., 2009a&b; 

Lu et al., 2008).  

The two challenges of synthesizing PNCs with targeted properties are the difficulties 

in achieving nanoscale homogeneous dispersion and strong interfacial interaction between 

nanoparticles and polymer matrix because nanoparticles typically agglomerate due to their 

hydrophilic nature and high surface area, and they are not miscible with hydrophobic polymer 

phase (Haque et al., 2007; Zou et al., 2008). In order to solve these problems, we first 

dispersed TiO2 nanowires into hydrophilic lactic acid with the aid of ultrasonic treatment and 

mechanical stirring. Carboxylic acid was known to bond to TiO2 with each of its oxygen 

atoms to a TiIV center of the surface in a bridging bidentate mode (Hojjati et al., 2007; Khaled 

et al., 2007; Rotzinger et al., 2004). Once the carboxyl group of lactic acid is covalently 

bonded to the surface of TiO2 nanowires, the remaining hydroxyl group can form ester bonds 
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with another lactic acid. The polymer chains continue growing on the nanowire surface with 

removal of resultant water during condensation polymerization (as illustrated in Figure 4.1). 

Using the similar approach, we previously grafted PLA chains onto hydroxylated MgO 

nanocrystals and synthesized PLA/MgO bulk nanocomposites with satisfied interfacial 

interaction and nanoscale dispersion of nanocrystals into PLA matrix (Li & Sun, 2010). The 

specific objectives of this study are to (1) synthesize photocatalytic TiO2 nanowires and 

characterize the properties; (2) synthesize PLA/TiO2 nanowire nanocomposites via in situ 

melt polycondensation from lactic acid with different TiO2 nanowire loadings; (3) 

characterize the properties of PLA-grafted TiO2 (PLA-g-TiO2) nanowires isolated from free 

PLA in the PLA/2%TiO2 nanowire bulk nanocomposites to confirm the surface 

polymerization; and (4) characterize the molecular weight, structure, morphology, and 

thermal properties of the bulk nanocomposites.  

 4.3 Experimental Section 

 4.3.1 Materials 

L-lactic acid was supplied as a 90 wt% aqueous solution by Acros Organics. Sodium 

hydroxide (NaOH) and hydrochloric acid (HCl) was purchased from Fisher Scientific. 

Absolute ethanol was obtained from Decon Laboratories. Titanium dioxide (TiO2) 

nanopowders (< 100nm, mixture of rutile and anatase TiO2), Tin (II) chloride dihydrate 

(SnCl2∙H2O) (98%, reagent grade), and p-toluenesulfonic acid monohydrate (TSA) (98.5+%, 

ACS reagent grade) were purchased from Sigma-Aldrich Co. All materials were used as 

received.  

 4.3.2 TiO2 Nanowires Synthesis and Characterization 

Several ways have been indicated in the literatures to synthesize TiO2 nanowires (Li 

et al., 1999; Kobayashi et al., 2000; Zhang et al., 2001). We followed a simple chemical 

approach described by Zhang et al. (2002). For a typical preparation, 0.1 g TiO2 nanopowders 

were placed into a Teflon-lined autoclave of 50 ml capacity. It was then filled with 40 ml 10 

M NaOH aqueous solution, sealed into a stainless steel tank and maintained at 200 ºC for 24 
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h without stirring. After cooling down, the sample was washed with 1 M aqueous HCl 

solution, deionized water, and absolute ethanol several times and dried at 80 ºC for 12 h. 

Finally, we obtained soft fibrous TiO2 nanowires with white color. The Brunauer-Emmett-

Teller (BET) surface area and porosity structure were determined with a Micromeritics 

instrument (TriStar-3000). The nitrogen adsorption isotherms were obtained at 77 K. The X-

ray diffraction (XRD) patterns were recorded on a Shimadzu XRD-6000 instrument, using 

Cu-Kα radiation set at a voltage of 40 kV and a current of 40 mA. The scans ranged from 10 

to 90°, with a scanning rate of 6°/min. The optical absorption of the synthesized TiO2 

nanowires was measured on a UV-vis spectrophotometer (U-3010, Hitachi, Japan). 

 4.3.3 Dehydration/Oligomerization 

Our preliminary results showed that the addition of TiO2 nanowires should be less 

than 2 wt% to achieve homogeneous dispersion in the LA monomer. A determined amount of 

TiO2 nanowires (0.25, 0.5, 1, and 2 wt%, based on the weight of pure lactic acid) were added 

gradually to 30 g of a 90 wt% aqueous solution of LA and ultrasonically treated for 30 min. 

The mixture was then transferred into a 100-ml three-neck flask equipped with a mechanical 

stirrer and a reflux condenser that was connected with a vacuum system through a liquid 

nitrogen cold trap. The mixture was first dehydrated at 110 °C under atmospheric pressure for 

2 h, then at 130 °C under a reduced pressure of 100 torr for 3 h, and finally at 150 °C under a 

reduced pressure of 10 torr for another 4 h. Then a viscous oligomer with TiO2 nanowires 

was obtained. Oligomer without TiO2 nanowires was also prepared as a control following the 

same procedures. The oligomer yield (weight of oligomer divided by the weight of pure lactic 

acid and TiO2 nanowires) resulting from this step was about 72% on average. 

 4.3.4 Polymerization 

After cooling down, the oligomer from the previous step was mixed with SnCl2∙H2O 

(0.4% wt relative to oligomer) and TSA (an equimolar ratio to SnCl2∙H2O) as a binary 

catalyst (Moon et al., 2000). The mixture was gradually heated to 180 °C with stirring speed 

of 200 rpm. The pressure was reduced gradually to 10 torr in 1.5 h. Then the reaction was 

continued at 180 °C/10 torr for 10 h with stirring speed of 150 rpm. At the end of the 
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reaction, the flask was cooled, and the product was dissolved in chloroform and subsequently 

precipitated into methanol. The resulting solid was washed with methanol three times and 

dried under vacuum at 80 °C for 24 h. Bulk nanocomposites were labeled according to the 

concentrations of TiO2 nanowires as PLA/0.25%TiO2, PLA/0.5%TiO2, PLA/1%TiO2, and 

PLA/2%TiO2. Pure PLA without TiO2 nanowires was prepared following the same 

procedures and used as a control. 

 4.3.5 Isolation of PLA-g-TiO2 Nanowires 

The bulk nanocomposite is a mixture of free PLA and PLA grafted TiO2 (PLA-g-

TiO2) nanowires (Figure 4.1). For characterization purposes, a repeated 

dispersion/centrifugation process was used to separate some PLA-g-TiO2 nanowires from 

free PLA in the bulk nanocomposite. Briefly, a portion of chloroform dispersed PLA/2%TiO2 

nanowire bulk nanocomposite resulting from the previous step before precipitation into 

methanol was centrifugated at 8500 rpm for 30 min. The supernatant solution was 

precipitated into methanol to obtain free PLA. For the precipitant of PLA-g-TiO2 nanowires, 

the dispersion/centrifugation operation was performed repeatedly five times to ensure 

physically absorbed free polymers were completely removed. The PLA-g-TiO2 nanowires 

and free PLA were dried in a vacuum oven at 80 ºC for 24 h to remove residual solvent and 

stored for future characterization. 

 4.3.6 Gel Permeation Chromatography (GPC) Analysis 

The weight- (Mw) and number-average molecular (Mn) weight as well as the 

molecular weight distribution (PDI, equals to Mw/Mn) were determined through GPC (Waters 

2695 Separation Module). Samples were dissolved in chloroform. Because of the larger size 

of some TiO2 nanowires, all the solutions were filtered with 0.45 μm teflon filters before 

conducting GPC measurements. Measurement was performed at room temperature and a flow 

rate of 2 ml/min. The molecular weight was calibrated according to polystyrene standard. 
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 4.3.7 Fourier-transform Infrared (FTIR) Spectroscopy 

FTIR spectra were acquired with a PerkinElmer Spectrum 400 FT-IR/FT-NIR 

Spectrometer (Waltham, MA). Spectra were collected in the region of 4000 to 800 cm-1 with 

a spectral resolution of 4 cm-1 and 32 scans co-added. 

 4.3.8 Scanning Electron Microscopy (SEM) and Transmission Electron 

Microscopy (TEM) Analysis 

SEM (Hitachi S-3500N, Hitachi Science Systems, Ltd., Japan) and TEM (H-7100, 

Hitachi Co.) were used to study the morphology of the samples. For SEM, the samples were 

glued to aluminum specimen mounts, and the surface was coated with a mixture of 60% gold 

particles and 40% palladium with a sputter coater (Desk II Sputter/ Etch Unit, NJ) before 

observation. For TEM, fine powders of each sample were absorbed onto Formvar/Carbon-

coated 200-mesh copper grids (Electron Microscopy Sciences, Fort Washington, PA, USA) 

and observed without staining. 

 4.3.9 Differential Scanning Calorimetry (DSC) Analysis 

Thermal transitions were measured with a TA DSC Q200 instrument. About 5 mg of 

dried sample was sealed in a standard aluminum pan. An empty sealed pan was used as a 

reference. The sample was heated from 0 °C to 190 °C at a rate of 10 °C/min, isothermally 

conditioned at 190 °C for 3 min, quenched to 0 °C, isothermally conditioned at 0 °C for 3 

min, and then heated again to 190 °C at the same rate. The sample was characterized in an 

inert environment by using nitrogen with a gas flow rate of 50 ml/min. Results were obtained 

from the second DSC heating scan except when otherwise specified. Heat capacity (ΔCp), Tg, 

cold crystallization temperature (Tc), melting temperature (Tm), heat of melting (ΔHm), and 

heat of crystallization (ΔHc) were determined from the DSC thermograms. The Tg was 

determined from the half width midpoint in the step change between the onset and the end 

temperatures of the transition. Crystallinity (Xm) was estimated according to the following 

equation: 

100(%)
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where ΔHm and ΔH0 are heats (J/g) of melting of PLA nanocomposites and of PLA crystals of 

infinite size with a value of 93.6 J/g (Fischer et al., 1973), respectively, and XPLA is the PLA 

fraction in the bulk nanocomposites. 

 4.3.10 Thermogravimetric Analysis (TGA) 

Decomposition characteristics of the samples were determined with a PerkinElmer 

Pyris1 TGA (Norwalk, CT). About 5 mg of each sample was placed in the pan and heated 

from 40 °C to 700 °C at a heating rate of 20 °C/min under a nitrogen or air atmosphere. 

 4.4 Results and Discussion 

 4.4.1 Synthesized TiO2 Nanowires 

BET surface analysis gave a specific surface area of ~26.6 m2/g, average pore size of 

12.1 nm, and pore volume of 0.081 cm3/g. Powder X-ray diffraction indicated that the TiO2 

nanowires were dominated by anatase crystal structure. The UV-vis spectrum indicated that 

the TiO2 nanowires had a strong UV absorption ability with absorption peak at 294 nm 

(Figure 4.2). The threshold of UV absorption is ~380 nm, with the energy slightly higher than 

the bandgap of bulk anatase TiO2 crystals (~388 nm or 3.2 eV). 

 4.4.2 Molecular Weight 

Molecular weight and PDI of PLA and PLA/TiO2 nanowire bulk nanocomposites are 

listed in Table 4.1. The Mw and Mn of pure PLA were 63,000 and 33,500, respectively, with 

PDI of 1.9. The Mn of bulk nanocomposites with 0.25% TiO2 nanowires was increased by 

12% compared with pure PLA, with a broader PDI of 2.2. Similar molecular weight values to 

pure PLA were obtained for bulk nanocomposites with 0.5 and 1% TiO2 nanowires. 

PLA/2%TiO2 bulk nanocomposites showed significantly increased molecular weight, with 

Mw and Mn increased by 66 and 65%, respectively, compared with those of pure PLA. A 

similar increment of molecular weight was obtained for free PLA, which was isolated from 

PLA/2%TiO2 bulk nanocomposites. As observed under TEM (not shown), quite a lot TiO2 

nanowires were noticed in free PLA, indicating that some TiO2 nanowires were dispersed 

into chloroform during the centrifugation process. The increase of molecular weight might be 
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explained by two reasons. First, although the nanocomposite solution was filtered with 0.45 

μm teflon filter before GPC measurement, some nanowires could still pass the filter due to 

the significantly decreased size, as will be discussed in the morphology section, contributing 

to the higher molecular hydrodynamic volume. Second, the grafted PLA chains on the 

nanowire surface formed polymer brushes (Figure 4.1), which also resulted in increased 

molecular weight.  

 4.4.3 FTIR 

The FTIR spectra of PLA, pristine TiO2 nanowires, PLA-g-TiO2 nanowires, and 

PLA/2% TiO2 nanowire bulk nanocomposites before isolating are presented in Figure 4.3. 

Pristine TiO2 nanowires showed bands around 3200 and 1640 cm-1, corresponding to the 

stretching and bending vibrations of hydroxyl groups on the TiO2 nanowire surface. The 

strong absorption band between 1000 and 400 cm-1 were attributed to the Ti-O and Ti-O-Ti 

vibrations (Bezrodna et al., 2003). PLA showed strong C=O stretching band at 1758 cm-1, 

and C-O stretching band at 1182, 1128, and 1090 cm-1. The asymmetric and symmetric 

stretching bands of C-H from CH3 groups of the side chains were observed at 2996 and 2878 

cm-1, whereas their bending vibration was observed at 1455 cm-1. The band at 2946 cm-1 was 

attributed to the stretching of C-H groups in the main chain of PLA, and its bending 

vibrations appeared at 1384 and 1358 cm-1 (Li & Sun, 2010). After surface grafting of TiO2 

nanowires, the bands at 1756, 1184, 1130, 1090 cm-1 were caused by the vibrations of C=O 

and C-O groups from grafted PLA chains. Besides, new bands appeared at 1554 and 1421 

cm-1 due to the bidentate coordination between Ti atoms and the carboxylic groups of lactic 

acid (Khaled et al., 2007; Luo et al., 2009a&b). FTIR results indicated that PLA chains were 

successfully grafted onto TiO2 nanowire surface. PLA/TiO2 nanowire bulk nanocomposites 

showed similar spectra as pure PLA, and the typical spectrum of nanocomposites containing 

2% TiO2 nanowires was presented in Figure 4.3. We did not observe the Ti-O band for the 

bulk nanocomposites because of the relatively low concentrations of TiO2 nanowires. 
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 4.4.4 Morphology 

Figure 4.4 illustrated the SEM micrographs of pristine TiO2 nanowires and PLA-g-

TiO2 nanowires. The pristine nanowires exhibited quite clean surface. The diameter was ~50-

200 nm and length from a few micrometers to ~20 micrometers (Figure 4.4A), which is 

consistent with the literature (Zhang et al., 2002). The pristine nanowires were aggregated but 

were still discernible as single wires at higher magnification. Such nanowires were easily 

dispersed into lactic acid monomer homogeneously at the beginning of polymerization. 

Appreciable differences in morphology and size were observed between PLA-g-TiO2 

nanowires and pristine TiO2 nanowires (Figure 4.4B). In contrast to the pristine TiO2 

nanowires, PLA-g-TiO2 nanowires seemed much thicker, but still kept the wire-like structure. 

The length of PLA-g-TiO2 nanowires was also reduced significantly, compared with pristine 

nanowires. The nanowires are fragile, and they were broken down during the polymerization 

processes. Decreased length of TiO2 nanofibers was also reported by Khaled et al. (2007) 

when polymerizing methyl methacrylate monomers onto the surface of TiO2 nanofibers in 

synthesizing poly(methyl methacrylate)/TiO2 nanocomposites.  

As an additional evidence for the existence of PLA chains on nanowire surface, 

analysis of TEM was conducted and the typical results are shown in Figure 4.5. Similar to 

SEM, significant reduction of size was also noticed for PLA-g-TiO2 nanowires under TEM, 

compared with that of pristine TiO2 nanowires (Figure 4.5A and B). The individual TiO2 

nanowires before and after surface grafting were clearly observed at higher magnification 

(Figure 4.5A’ and B’). The surface of pristine TiO2 nanowires seemed to be smooth and clear 

without any extra phase adhering to them (Figure 4.5A’). In contrast, the PLA-g-TiO2 

nanowires shown in Figure 4.5B’ appeared stained with extra phase (dark area on the 

nanowire surface) that is presumed to come from grafted PLA molecules.  

The SEM micrographs of PLA and bulk nanocomposites are presented in Figure 4.6. 

The surface of pure PLA was quite flat and smooth (Figure 4.6a). As the concentration of 

TiO2 nanowires increased, much more coarse and uneven surfaces were observed for the bulk 

nanocomposites (Figure 4.6b-e). The nanowires were not discernible from the surface 

morphology by SEM imaging. We did not observe any phase separation in the bulk 
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nanocomposites. In general, chemical grafting of polymer chains that are compatible with the 

polymer matrix on the inorganic nanoparticles provides strong interfacial interaction between 

the inorganic and the organic phases (Hong et al., 2005). 

TEM is a powerful tool for studying the dispersion of nanoparticles embedded within 

a polymer matrix. The typical TEM micrographs of PLA and bulk nanocomposites are shown 

in Figure 4.7. No nanowire aggregation was observed in the polymer matrix. The individual 

nanowires appeared to be distributed homogeneously throughout the polymer matrix (Figure 

4.7c/c’). At higher magnification, we observed that the nanowire surface was covered with a 

third phase due to the presence of PLA (inserted image of Figure 4.7c’). TEM images 

indicated that the distinct phase on TiO2 nanowire surfaces prevented the hydrophilic 

aggregation of pristine nanowires and resulted in a better dispersion of nanowires. The 

surface grafting could also improve the hydrophobic entanglements of grafted PLA chains 

with surrounding free PLA matrix. 

 4.4.5 Thermal Properties 

DSC thermograms showing the Tg of pure PLA and PLA-g-TiO2 nanowires are 

presented in Figure 4.8. The Tg was determined from the half width midpoint between the 

onset and the end temperatures of the transition, as indicated by the dash lines in the 

thermograms. About a 7 ºC increment of Tg was observed for those PLA chains grafted onto 

TiO2 nanowire surface compared with pure PLA, as obtained from the first DSC heating scan 

(Figure 4.8A). After erasing the thermal history, although the Tg of both PLA and PLA-g-

TiO2 nanowires decreased due to the loss of the chain conformational ordering, Tg of the 

latter was still 6 ºC higher (Figure 4.8B). The very small heat capacity change at the glass 

transition for PLA-g-TiO2 nanowires was probably because of the low PLA ratios (~ 30%) in 

the sample and relatively short grafted PLA chains. The increased Tg sustained the evidence 

that strong bonding exited between the grafted PLA chains and TiO2 nanowires, which led to 

permanent attachment of PLA chain segments onto the TiO2 nanowire surface. The increased 

Tg was caused by the restrictions on the mobility of chains in the vicinity of the surface (Oh 

& Green, 2009). The reduction of chain mobility was possibly caused by crowding and/or 

local ordering of chains at the interface as well as loss of configurational entropy of the PLA 
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segments near the nanowire surface (Tsagaropoulos & Eisenberg, 1995). Molecular dynamics 

simulations also showed that the relaxations of chain segments in the immediate vicinity of 

the nanoparticles were slower (Starr et al., 2002). 

Figure 4.9 shows the DSC thermograms of PLA/TiO2 nanowire bulk nanocomposites, 

and quantified results are summarized in Table 4.2. All the thermograms were obtained from 

the second DSC heating scan after erasing the thermal history, and they exhibited three 

thermal transitions, i.e., glass transition, cold crystallization, and melting of PLA. Pure PLA 

showed a Tg of 54.7 ºC, while the bulk nanocomposites exhibited elevated Tg as the TiO2 

nanowire concentrations were increased from 0 to 2%. Maximum Tg was obtained for 

PLA/2%TiO2 nanowire bulk nanocomposites, which was 4 ºC higher than that of pure PLA. 

As discussed before, the permanent graft of PLA chains onto the nanowire surface leads to 

restricted mobility of chain segments; therefore, Tg increased. With higher concentrations of 

nanowires in bulk nanocomposites, more grafted chain segments onto nanowire surface were 

expected, leading to larger Tg.  

The Tc and Tm of pure PLA was 110 and 153/160 ºC, respectively, with crystallinity 

of 47%. Decreased crystallinity was observed for all the bulk nanocomposites with TiO2 

nanowires. Bulk nanocomposites with 0.5 and 2% nanowires exhibited lowest crystallinity. 

More than a 10 ºC increment of Tc was observed for these two bulk nanocomposites, 

implying their lowest crystallization ability. These phenomena were probably caused by the 

reduction of the diffusion of the PLA chains to the growing crystalline lamella and disruption 

of the regularity of the chain structures in PLA in the presence of TiO2 nanowires. The 

incontinuous decrease of crystallinity with increasing nanowire loadings might be related 

with an inhomogeneous dispersion of TiO2 nanowires in samples with the lowest 

crystallinity, and improved nanowire dispersion for the other ones. PLA and bulk 

nanocomposites with less than 1% TiO2 nanowires exhibited double melting behaviors, 

which were caused by the separate melting of the PLA crystals with low structural perfection 

and normal PLA crystals and the melting-recrystallization to the higher perfection-remelting 

process of PLA crystals (Li et al., 2010; Yasuniwa et al., 2004). Decreased Tm was obtained 

for bulk nanocomposites with increased concentration of TiO2 nanowires. Double melting 
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peaks merged into one single peak at 149 ºC for PLA/2%TiO2 nanowire bulk 

nanocomposites, indicating the difficulties in forming PLA crystals with higher perfection at 

high concentration of nanowires, which might be caused be the presence of more grafted 

PLA chains. 

The TGA thermograms of intensively dried PLA, pristine TiO2 nanowires, and PLA-

g-TiO2 nanowires are presented in Figure 4.10. These thermograms were obtained under air 

atmosphere to quantitatively estimate the grafting ratio of organic PLA chains on the TiO2 

nanowire surface. The weight loss of TiO2 nanowires and PLA-g-TiO2 nanowires were 9 and 

40% respectively, after achieving the thermogram plateaus during heating. Based on the 

differences of weight loss between TiO2 nanowires before and after surface grafting, more 

than 30% PLA in weight were certainly grafted onto nanowire surface. The grafted PLA 

chains exhibited two-stage thermal decomposition behaviors. The first decomposition 

occurred at the peak temperature of 308 ºC, which was related to the polymer chains far away 

from the nanowire surfaces. The first decomposition temperature was slightly higher than that 

of pure PLA (300 ºC). The second decomposition occurred at the peak temperature of 560 ºC, 

which was probably caused by the polymer chains in the vicinity of the nanowires. Similar 

increments of thermal decomposition temperatures were also reported for in situ polymerized 

poly(3-hexylthiophene) grafted TiO2 nanotube nanocomposite and polystyrene grafted TiO2 

nanocomposite (Dzunuzovic et al., 2009; Lu & Yang, 2009). The dramatically increased 

thermal decomposition temperature of those grafted PLA chains was probably caused by its 

different structure once covalently bonded to nanowire surface and restricted thermal motion 

of the chains in the gallery (Blumstein, 1965). 

The thermal stability of PLA and bulk nanocomposites with TiO2 nanowires was 

studied via TGA under an inert nitrogen atmosphere. The TGA thermograms are shown in 

Figure 4.11, and the decomposition data are summarized in Table 4.3. Pure PLA exhibited a 

peak decomposition temperature (Tmax) of 297 ºC and onset (Tonset) and end (Tend) 

decomposition temperatures of 276 and 308 ºC. Broader decomposition ranges (Tend - Tonset) 

were observed for all the bulk nanocomposites, due to their more complex structures (i.e., 

free PLA chains, grafted chains in the vicinity of nanowire surfaces, grafted chains far away 
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from nanowire surfaces, chains entangled with nanowires, etc.) compared with pure PLA 

(Figure 4.1). Decreased Tonset was obtained for bulk nanocomposites with less than 1% TiO2 

nanowires, which might be caused by the accelerated decomposition of PLA chains with the 

aid of extra hydroxyl groups from TiO2 nanowires (Wang et al., 2009). PLA/2%TiO2 

nanowire bulk nanocomposites showed highest Tmax and Tend among pure PLA and other bulk 

nanocomposites. This might be explained by the fact that more grafted PLA chains resulting 

from higher concentrations of nanowires played a dominant role in enhancing the thermal 

stability, while the catalytic effect from extra hydroxyl groups played a subordinate role. 

Moreover, the high concentration of TiO2 nanowires could act as a superior insulator and 

mass transport barrier to the volatile products generated during decomposition (Ray & 

Okamoto, 2003). Significantly increased thermal decomposition temperatures were also 

reported for PLA/multi-walled carbon nanotube nanocomposites (MWNTs) at higher 

concentrations of MWNTs (Wu & Liao, 2007).  

 4.5 Conclusions 

Bionanocomposites with covalent bonding between TiO2 nanowire surface and PLA 

chains were synthesized through in situ melt polycondensation. The covalent grafting of PLA 

chains onto the nanowire surfaces was confirmed by FTIR spectroscopy and TGA. TEM 

micrographs and DSC results also sustained the presence of the third phase on the nanowire 

surfaces. Those PLA on the nanowire surfaces exhibited significantly increased Tg and 

thermal stability, compared with pure PLA. TGA results also showed that more than 30% of 

PLA in weight were certainly grafted onto the nanowire surfaces. Increased molecular weight 

was obtained for PLA/2%TiO2 nanowire bulk nanocomposites, of which the Mw was 66% 

higher than that of pure PLA. TEM micrographs indicated that homogeneous dispersion of 

TiO2 nanowires in the PLA matrix was achieved. The Tg of bulk nanocomposites increased, 

whereas the crystallization ability decreased, as the nanowire concentrations increased from 0 

to 2%. 
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Figure 4.1 Illustration of the synthesis approach for PLA/TiO2 nanowire 

nanocomposites.  
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Figure 4.2 UV-vis spectrum of pristine TiO2 nanowires. 
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Figure 4.3 FTIR spectra of PLA, pristine TiO2 nanowires, PLA-g-TiO2 nanowires, and 

PLA/2% TiO2 nanowire bulk nanocomposites. 
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Figure 4.4 SEM micrographs of (A) pristine TiO2 nanowires and (B) PLA-g-TiO2 

nanowires (scale bar is indicated at the bottom of each image). 
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Figure 4.5 TEM micrographs of (A and A’) synthesized TiO2 nanowires and (B and B’) 

PLA-g-TiO2 nanowires (scale bar: left, 2 μm; right, 100 nm). 
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Figure 4.6 SEM micrographs of PLA/TiO2 nanowire bulk nanocomposites (a, PLA; b, 

PLA/0.25%TiO2; c, PLA/0.5%TiO2; d, PLA/1%TiO2; e, PLA/2%TiO2; scale bar is 

indicated at the bottom of each image). 

 



88 

 

 

Figure 4.7 Typical TEM micrographs of PLA and PLA/TiO2 nanowire bulk 

nanocomposites (a/a’, PLA; c/c’, PLA/0.5%TiO2; scale bar: left, 2 μm; right, 200 nm). 
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Figure 4.8 DSC thermograms of PLA and PLA-g-TiO2 nanowires (A, first heating scan; 

B, second heating scan). 
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Figure 4.9 DSC thermograms of PLA/TiO2 nanowire bulk nanocomposites (a, PLA; b, 

PLA/0.25%TiO2; c, PLA/0.5%TiO2; d, PLA/1%TiO2; e, PLA/2%TiO2). (1) Glass 

transition, (2) cold crystallization, and (3) melting. 
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Figure 4.10 TGA thermograms of PLA, pristine TiO2 nanowires, and PLA-g-TiO2 

nanowires under air atmosphere. 
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Figure 4.11 TGA thermograms of PLA/TiO2 nanowire bulk nanocomposites under 

nitrogen atmosphere (a, PLA; b, PLA/0.25%TiO2; c, PLA/0.5%TiO2; d, PLA/1%TiO2; 

e, PLA/2%TiO2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



93 

 

Table 4.1 Molecular weight of PLA and bulk nanocomposites containing TiO2 

nanowires determined by GPC measurement 

 

Sample Mw Mn 
aPDI 

PLA 63,000 33,500 1.9 

PLA-0.25%TiO2 83,300 37,500 2.2 

PLA-0.5% TiO2 66,800 34,500 1.9 

PLA-1% TiO2 66,100 31,300 2.1 

PLA-2% TiO2 104,800 55,200 1.9 

free PLA 104,300 59,200 1.8 

aPDI –Molecular weight distribution (Mw/ Mn) 
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Table 4.2 Thermal properties of PLA and bulk nanocomposites containing TiO2 

nanowires determined from DSC thermograms 

 

Sample 
Tg 
ºC 

ΔCp 
J/(g∙ºC) 

Tc 
ºC 

ΔHc 
J/g 

Tm 
ºC 

ΔHm 
J/g 

Xm 
% 

PLA 54.7 0.55 110.0 43.1 152.7, 159.5 43.5 46.5 

PLA-0.25%TiO2 54.9 0.52 110.1 36.5 147.6, 155.9 36.9 39.5 

PLA-0.5% TiO2 55.1 0.55 122.1 25.8 146.5, 151.0 26.8 28.8 

PLA-1% TiO2 56.2 0.49 110.8 34.0 145.5, 152.2 35.1 37.9 

PLA-2% TiO2 58.4 0.50 123..7 21.4 148.5 24.5 26.7 
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Table 4.3 Thermal decomposition temperatures of PLA and bulk nanocomposites 

containing TiO2 nanowires derived from TGA thermograms 

 

Sample 
Tonset 
ºC 

Tend 
ºC 

Tmax 
ºC 

PLA 276.2 308.3 296.6 

PLA-0.25%TiO2 254.7 306.4 291.3 

PLA-0.5% TiO2 263.4 314.9 295.7 

PLA-1% TiO2 261.9 314.2 295.7 

PLA-2% TiO2 274.5 322.6 302.3 
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Chapter 5 - Isothermal Crystallization and Melting Behaviors of 

Bionanocomposites from Poly(lactic acid) and TiO2 Nanowires4 

 5.1 Abstract 

Two representative poly(lactic acid) (PLA) nanocomposites with 1% TiO2 nanowires 

were prepared through in situ melt polycondensation and easy solution-mixing approaches, 

respectively. The former was denoted as ISPLANC, and the latter as SMPLANC. The 

isothermal crystallization kinetics and melting behaviors of pure PLA, ISPLANC, and 

SMPLANC were comparatively investigated by differential scanning calorimetry in the 

temperature range of 80–115°C. Maximum crystallization growth rate (Gexp) was observed at 

100°C for all three samples. The well dispersed TiO2 nanowires acted as effective nucleation 

agents in ISPLANC, which exhibited much higher Gexp in compared to pure PLA and 

SMPLANC below 110°C. However, much smaller crystallization enthalpy of ISPLANC was 

obtained because of its restricted chain mobility in forming crystalline lamellar. The 

crystallization behavior of all three samples fit the Avrami equation quite well, with most of 

the R2 values larger than 0.9990. Double-melting behaviors were observed after heating the 

samples after isothermal crystallization at various temperatures, which was explained by the 

melt recrystallization of the smaller and imperfect crystals formed at lower isothermal 

crystallization temperatures. We also obtained the equilibrium melting temperatures of the 

three samples by carrying out Hoffman-Weeks plots. 

 

 

 

 

                                                

4 Results have been accepted to publish. Li, Y., Chen, C., Li, J., & Sun, X. S. (2011). Isothermal 

crystallization and melting behaviors of bionanocomposites from ploy(lactic Acid) and TiO2 nanowires. J. Appl. 

Polym. Sci., submitted. 
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 5.2 Introduction 

Poly(lactic acid) (PLA) is a biodegradable polymer derived from renewable resources 

such as  corn starch, sugar beets, cellulosic materials, etc. It is a most promising 

environmental-friendly thermoplastic that has potential applications in service utensils, 

packaging materials, appliance components, textiles, films, and biomedical materials 

(Drumright et al., 2000; Jamshidian et al., 2010). In recent years, PLA nanocomposites have 

been intensively studied to improve PLA properties. Nanoparticles including carbon 

nanotubes, layered silicates or clays, and silica have been investigated widely to enhance the 

physical, thermal, and mechanical properties of pristine PLA (Chang et al., 2003; Fukushima 

et al., 2010; Kuan et al., 2008; Lahiri et al., 2009; Ray et al., 2005; Wen et al., 2010; Wu et 

al., 2007; Yan et al., 2007; Zhang et al., 2008). PLA nanocomposites with nanoparticles such 

as graphite, polyhedral oligomeric silsesquioxane, TiO2, MgO, hydroxyapatite, etc., also have 

been reported (Gnanasekaran et al., 2009; Kim et al., 2010; Li et al., 2010; Nakayama et al., 

2007; Wang et al., 2009; Zheng et al., 2006). 

In addition to the dispersion of nanoparticles in the PLA matrix and interfacial 

interaction between these two phases, the crystalline properties and melting behaviors of the 

PLA matrix and the effect of nanoparticles on them are of great importance for the properties 

and end use of PLA nanocomposites. For PLA and its nanocomposites prepared via melt 

polycondensation, a subsequent solid-state polymerization (SSP) is often necessary to 

increase further the molecular weight (Moon et al., 2000; Moon et al., 2001a, 2001b). 

Therefore, a thorough understanding of the crystallization kinetics and melting behaviors of 

PLA nanocomposites is crucial in the effort to optimize SSP process conditions and control 

of molecular weight of the final products. Additionally, control of crystallization factors 

allows for the design of polymeric materials with desirable properties (Iannace & Nicolais, 

1997; Wu et al., 2007). The rate of hydrolytic degradation of PLA also has been reported to 

be strongly affected by the degree of crystallinity (Kawai et al., 2007; Tsuji et al., 2001). 

Therefore, the crystalline lamellar organization of PLA plays an important role for 

controlling its degradation. Recent studies have examined the crystallization kinetics of PLA 

and its composites and nanocomposites (Krikorian & Pochan, 2004; Liu et al., 2009; 
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Lorenzo, 2005; Nam et al., 2003; Papageorgiou et al., 2010), and the overall crystallization 

rate or crystallinity of PLA has been increased with the incorporation of various 

microparticles and nanoparticles (Ke & Sun, 2003; Li et al., 2010; Nam et al., 2003; 

Papageorgiou et al., 2010; Shieh & Liu, 2007). 

In a previous study, we prepared PLA nanocomposites with TiO2 nanowires through 

an in situ melt polycondensation approach (Li et al., 2011). PLA chains were covalently 

bonded to the nanowire surface, and the resultant nanocomposites showed a satisfactory 

dispersion of nanowires and interfacial interaction. Significantly improved glass transition 

temperature and thermal stability were observed for the bonded PLA chains. In this study, we 

will report the isothermal crystallization kinetics and melting behaviors of such 

nanocomposites and pure PLA. For comparison purposes, the nanocomposites prepared by 

easy solution-mixing of PLA and TiO2 nanowires also were studied and reported. 

 5.3 Experimental Section 

 5.3.1 Materials 

TiO2 nanowires were synthesized in our lab following previously described 

procedures (Zhang et al., 2002). Pure PLA and in situ polymerized PLA/1% TiO2 nanowire 

nanocomposites were prepared via melt polycondensation of L-lactic acid without and with 

TiO2 nanowires, respectively, as reported previously (Li et al., 2011). The weight-average 

molecular weights of the pure PLA and the nanocomposites were 63,000 and 66,000 (based 

on polystyrene standard), respectively, with polydispersity of about 2. Chloroform was 

purchased from Fisher Scientific.  

 5.3.2 Preparation of Nanocomposite Films 

The solution-mixing PLA/1% TiO2 nanowire nanocomposites were prepared by using 

the solution-intercalation film-casting technique as follows: 0.02 g of TiO2 nanowires was 

added to 20 ml chloroform, and the mixture was sonicated for 30 min to achieve a uniform 

dispersion. Meanwhile, 2 g of synthesized pure PLA was completely dissolved in 20 ml 

chloroform. The PLA solution and nanowire dispersion were stirred for 1 h and sonicated for 
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1 h. The mixture was cast on a Petri dish at room temperature, kept in a fume hood with 

controlled evaporation of the solvent for 1 week, then dried in a vacuum oven for 24 h at 

80°C to evaporate any residual solvent. Eventually, the solution-mixing nanocomposite 

(SMPLANC) film was obtained. Pure PLA and in situ polymerized nanocomposites 

(ISPLANC) also were dissolved in chloroform, and films were obtained similarly. The 

crystallization and melting behaviors of these three types of samples (PLA, ISPLANC, and 

SMPLANC) were compared. All the samples for microscopy and crystallization studies were 

cut from these cast films. 

 5.3.3 Optical Microscopy 

The dispersion of TiO2 nanowires in the ISPLANC and SMPLANC films was 

examined with an Olympus BX50 microscope. The images were captured with a Nikon 

Digital Camera DXM 1200F using Nikon ACT-1 version 2.62 software. 

 5.3.4 Differential Scanning Calorimetry (DSC) Analysis 

The isothermal crystallization and melting behaviors of PLA, ISPLANC, and 

SMPLANC were studied with a TA DSC Q200 instrument under a nitrogen atmosphere. The 

DSC instrument was calibrated using the melting temperature and enthalpy of indium. The 

sample films were weighed (around 8 mg) in a standard aluminum pan and sealed. An empty 

sealed pan was used as a reference. For crystallization characterization, a sample was heated 

from 0°C to 190°C at a rate of 10°C/min, and maintained at 190°C for 5 min. Subsequently, it 

was rapidly cooled (~60°C/min) to the isothermal crystallization temperature (Tc). Tc for the 

samples ranged from 80–115°C at 5°C intervals; samples were held at each Tc for 30 to 50 

min, allowing complete crystallization. To observe melting behavior, the completely 

crystallized sample was reheated from Tc to 190°C at a rate of 10°C/min. Heat of melting 

(∆Hm) and melting temperature (Tm) were determined from the DSC thermograms. 

Crystallinity (Xm) was estimated according to the following equation (1): 

0

m
m

PLA

H
X

H X



 

                                                           (1) 
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where ∆Hm and ∆H0 are heats of melting (J/g) of the measured sample and of PLA crystals of 

infinite size with a value of 93.6 J/g (Fischer et al., 1973), respectively, and XPLA is the PLA 

fraction in the sample (XPLA=1 for PLA, and XPLA=0.99 for ISPLANC and SMPLANC). 

 5.4 Results and Discussion 

 5.4.1 Morphology 

Figure 5.1 shows the microscopy images of ISPLANC (left image) and SMPLANC 

(right image) films. No nanowire aggregate was observed for ISPLANC film. The individual 

nanowires were distributed homogeneously throughout the polymer matrix, indicating that in 

situ polymerization was an effective approach to achieve nanocomposites with uniform 

distributions. Because of the ease of dispersion of TiO2 nanowires in the aqueous L-lactic 

acid monomer and in situ grafting of lactic acid oligomer on to the surface of nanowires, the 

nanowires could be well dispersed in the PLA matrix. However, for the nanocomposites 

prepared by easy solution-mixing of PLA and TiO2 nanowires (SMPLANC), severe 

aggregation of TiO2 nanowires occurred because of the hydrophilic nature and high surface 

area of nanowires. 

 5.4.2 Isothermal Crystallization Behavior 

Figure 5.2 (A–C) shows the DSC thermograms of PLA, ISPLANC, and SMPLANC 

at Tc’s from 80–115°C. Generally, the Tc is chosen in the range between the glass transition 

temperature (Tg) and equilibrium melting temperature ( 0
mT ), at which temperature polymer 

can crystallize. When the melted semi-crystalline polymer is cooled down and maintained at 

Tc, its crystallization rate depends on its degree of supercooling (i.e. ∆T = 0
mT  - Tc) (Fraïsse et 

al., 2007). Shortest crystallization peak time was noticed at Tc of 100°C for all the samples. 

Upon increasing or decreasing Tc beyond 100°C in the investigated temperature range, the 

isothermal crystallization peaks became broader; therefore, the time required for the complete 

crystallization became longer. Furthermore, ISPLANC exhibited a much narrower 

crystallization peak with lower peak position at each Tc compared with pure PLA and 
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SMPLANC, which will be discussed later as crystallization half-time and crystallization 

growth rate.  

Based on the samples’ DSC exotherms in terms of the heat flow per gram of the 

sample (dH/dt) as a function of crystallization time, t, we plotted the relative crystallinity, 

α(t), as a function of t (Figure 5.3, A–C). The relative crystallinity is defined as follows: 

( )
( )

H t
t

H








                                                                        (2) 

where ∆H(t) is the enthalpy of isothermal crystallization at time t (Eq. (3)) and ∆H∞ is the 

value after complete crystallization (Eq.(4)). In this study, ∆H∞ is the total area under the 

crystallization curve, as listed in Table 5.1. 
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All the α(t) vs. t plots exhibited similar sigmoidal profiles. A relevant kinetic 

characterization, obtained by the intersection of the α(t) vs. t plots and the horizontal line at 

α(t) = 0.5, as shown in Figure 5.3(A–C), is the experimental crystallization half-time (t0.5exp). 

The t0.5exp corresponds to the time necessary for the sample to reach 50% of its maximum 

crystallinity. The reciprocal value of t0.5 exp is assumed to be equal to the experimental 

crystallization growth rate (Gexp). Table 5.1 summarizes the t0.5exp and Gexp values as derived 

from Figure 5.3. The change of Gexp as a function of Tc was plotted in Figure 5.4 to provide a 

better visualization. Increasing the crystallization temperature for each sample initially 

caused Gexp values to increase and then to decrease. Such behavior is common for polymers 

due to the balance between two opposing effects on the crystallization (Huang et al., 2006). 

As Tc decreases and approaches Tg, the crystallization growth rate is greatly retarded by the 

significant decrease in chain mobility. When Tc increases and approaches the 0
mT , although 

chain mobility increases, it is overcome by the great decrease of the formed nucleation 

density, and the crystallization growth rate decreases at low degrees of supercooling (i.e., 

smaller ∆T).  
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The minimum t0.5 exp was observed at 100°C for both PLA and nanocomposites, with 

t0.5exp of 9.0 min and Gexp of 0.11 min-1 for PLA, t0.5exp of 6.1 min and Gexp of 0.16 min-1 for 

ISPLANC, and t0.5exp of 9.8 and Gexp of 0.10 min-1 for SMPLANC. The Gexp of ISPLANC 

was much higher than that of pure PLA at Tc below 110°C because of the nucleation effects 

of TiO2 nanowires. At Tc above 110°C, the Gexp of ISPLANC decreased faster than that of 

pure PLA; at 115°C it was even lower. This can be explained by its much lower 0
mT  

(161.7°C) than that of pure PLA (188.4°C). At the same Tc, the ISPLANC system was 

subjected to more decrease of formed nucleation density because of its lower degree of 

supercooling than pure PLA. As a result, its crystallization growth rate decreased.  

The Gexp of SMPLANC was larger than that of pure PLA at Tc of 90°C and below, but 

smaller at Tc of 95°C and above. Polymer crystallization generally involves nucleation and 

crystalline growth processes. At lower Tc, the TiO2 nanowires acted as additional nucleation 

sites in the SMPLANC system compared with pure PLA, and nucleation was the dominant 

factor in determining the Gexp. While at higher Tc, due to the high concentration and poor 

dispersion of nanowires in the SMPLANC system, the mobility of PLA chains was restricted 

and the crystalline growth process was retarded. Furthermore, the effect of TiO2 nanowires 

on PLA crystallization in SMPLANC system was much less obvious than that in ISPLANC 

system. The nanocomposites prepared through solution mixing did not have strong interfacial 

interaction between PLA matrix and TiO2 nanowires, and the dispersion of TiO2 nanowires 

was not satisfying. Therefore, the effect of TiO2 nanowires on the crystallization of 

surrounding PLA chains for SMPLANC became less significant. Although ISPLANC 

crystallized more rapidly than pure PLA and SMPLANC, its crystallization enthalpy (∆H∞) 

was much smaller at each Tc (Table 5.1) because of its restricted chain mobility in forming 

crystalline lamellar. 

Avrami analysis is the most popular and easiest methodology to achieve relevant 

parameters for characterizing the crystallization kinetics of polymers (Supaphol, 2001). The 

fundamental Avrami equation (5) below was used to analyze the increase of the relative 

crystallinity with time (Avrami, 1939, 1940, 1941): 

 ( ) 1 exp( )nt kt                                                                  (5) 
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where k is the Avrami rate constant and n is the Avrami exponent. The values of k and n are 

diagnostic of the crystallization mechanism. They are related to the crystallization half-time 

and to the type of nucleation together with the geometry of the crystal growth, respectively.  

Applying the natural logarithmic properties to both sides of Eq. (5), obtains the 

following equation: 

ln( ln(1 ( ))) ln( ) ln( )t k n t                                                  (6)    

This equation was used to construct the Avrami fit plots as shown in Figure 5.5 (A–C) 

to calculate the k and n. The experimental data was also drawn as scatter plots in Figure 5.5 

(A–C). Because the Avrami equation rarely describes the whole conversion process, we 

drawn only the plots for α(t) from 0.03–0.8 based on the literature (Lorenzo et al., 2007). If 

the experimental data obey the Avrami theory, the Avrami fitting lines should fit the 

experimental data quite well, yielding ln(k) as an intercept and n as a slope. The Avrami 

constants k and n and correlation coefficient of the fit R2 were summarized in Table 5.1. Most 

of the R2 values were larger than 0.9990, indicating a very good Avrami fit of the data 

(Lorenzo et al., 2007). 

The Avrami exponent n differed from sample to sample, and it also varied with Tc. 

The average n value of 3.5–3.6 in the Tc range evaluated for PLA and SMPLANC indicated 

that the crystal growing mechanism was intermediate between the instantaneous (n = 3) and 

sporadic (n = 4) types of nucleation, and the growing of spherulites was three-dimentional 

(Iannace & Nicolais, 1997). The average n value of ISPLANC was 4.3, which can be 

theoretically explained by the introduction of a nucleation index m (m = n - 4) (Supaphol, 

2001). The values of m between 0 and 1 indicated that the nature of the nucleation rate 

increased with time with sporadic nucleation mechanism during crystallization process. The n 

values can be affected by many factors, such as the mechanism of nucleation, nucleation 

density, the form of crystalline growth, restriction of crystalline formation due to surrounding 

fillers, and even the detecting techniques used. PLA n values in the range of 2–5.4 have been 

reported (Iannace & Nicolais, 1997; Liao et al., 2007; Mano et al., 2004; Zhang et al., 2004). 

The rate constant k is determined by the balance of two factors, the rate of nucleation and the 

crystalline growth. The former increases with supercooling, but the latter decreases; 
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consequently, a maximum value of k exists at a given supercooling. As shown in Table 5.1, 

for all the samples, the k values first increased as Tc increased and then decreased generally, 

similar to the tendency of Gexp.  

To further confirm whether the crystallization of PLA and nanocomposites follows 

the Avrami model, the crystallization half-time values also were calculated from the 

knowledge on k and n as follows (Fraïsse et al., 2007): 

1
0.5

1 1
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cal n

G
t

k

                                                            

where t0.5cal is the calculated crystallization half-time and Gcal is the calculated crystallization 

rate, which are shown in Table 5.1. Figure 5.4 illustrates the comparison between the 

isothermal crystallization rate as calculated from the Avrami parameters and the same kinetic 

parameter as directly derived from the experimental relative crystallinity data. The agreement 

observed between the two series of data revealed that the crystallization kinetics of all the 

samples followed the Avrami model. 

 5.4.3 Melting Behaviors 

The melting thermograms of PLA and its nanocomposites (ISPLANC and 

SMPLANC) after isothermal crystallization at various Tc’s are presented in Figure 5.6 (A–C), 

and the data are summarized in Table 5.2. All the samples exhibited double-melting 

behaviors, except for ISPLANC after isothermal crystallization at Tc of 115°C. L and H are 

used for the names of the low-temperature and high-temperature melting peaks. On the basis 

of this notation, the peak melting temperatures of L and H are denoted as Tm(L) and Tm(H), 

respectively. For both PLA and nanocomposites, the area of L increased with increasing Tc, 

whereas the area of H decreased. In other words, the ratio of peak area of H to that of L was 

dependent on Tc, which could be explained by the melt-recrystallization model (Wunderlich, 

1980; Yasuniwa et al., 2004). The melt-recrystallization model suggests that small and 

imperfect crystals change successively into more stable crystals through the melt-

recrystallization mechanism. That is, the melting and recrystallization are competitive in the 

heating process (Yasuniwa et al., 2004). When the samples were crystallized at lower Tc’s, 
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the mobility of polymer chains was restricted, resulting in smaller crystallite structures and 

more defect-ridden crystalline lamellar. Such crystals recrystallized in the melt-

recrystallization process during heating, leading to a higher melting peak. While at higher 

Tc’s, forming more perfect and larger crystal lamellae was easier, and therefore it was more 

difficult for the recrystallization process to occur. As a result, the area of peak H became 

smaller or even disappeared for the samples crystallized at higher Tc. In summary, peak H is a 

result of the melting of the crystallites recrystallized during the heating process, whereas peak 

L refers to the melting of the primary crystallites formed during the isothermal crystallization 

process. 

As shown in Table 5.2, the heat of melting (∆Hm) and crystallinity (Xm) of PLA and 

nanocomposites also are affected by Tc. The Xm of PLA and nanocomposites increased in 

general as the Tc increased in the evaluated temperature range. This is because additional 

crystallization occurred during isothermal crystallization at higher Tc, corresponding to the 

higher ∆H∞ as reported in Table 5.1. The much lower Xm in the ISPLANC compared with 

pure PLA was due to the inability of polymer chains to be incorporated fully into growing 

crystalline lamella. In other words, the presence of high concentrations of dispersed TiO2 

nanowires and strong covalent bonding between nanowire surface and PLA chains prevented 

large crystalline domains from forming due to limited space and restricted mobility imposed 

on PLA chains. SMPLANC also exhibited lower Xm compared with pure PLA, but to a much 

smaller extent than ISPLANC. As expected, the nanocomposites prepared through solution 

mixing did not have strong interfacial interaction between PLA matrix and TiO2 nanowires. 

Because of the lack of efficient interfacial interaction and homogeneous dispersion of 

nanowires, the effect of nanowires on the mobility of PLA chains in forming crystalline 

lamellar was expected to be much smaller compared with ISPLANC. Decreased crystallinity 

also was reported for other PLA nanocomposites in the literature (Nakayama & Hayashi, 

2007; Wu & Liao, 2007; Wu et al., 2007). 

The values of Tm(L) and Tm(H) of PLA and its nanocomposites are plotted as a 

function of Tc in Figure 5.7. As can be observed clearly, Tm(L) increased continuously with 

increasing Tc in the evaluated temperature range, whereas Tm(H) remained almost unchanged. 
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Increased Tm(L) indicated that the perfection and thickness of the growing PLA lamella 

crystals increased at higher Tc’s (Krikorian & Pochan, 2004). PLA and SMPLANC exhibited 

nearly the same Tm(L) and Tm(H) at each Tc, whereas melting temperatures in the case of 

ISPLANC were much lower, suggesting thinner lamella crystals or defective crystalline 

regions in the nanocomposites in the presence of well dispersed TiO2 nanowires. Many works 

on nanocomposites report a decrease of melting temperature compared with pristine polymers 

(Hao et al., 2002; Maio et al., 2004; Nakayama & Hayashi, 2007; Wu & Liao, 2007). Two 

possible reasons explain the decreased melting temperatures of nanocomposites: One is that 

the mobility of polymer chains is greatly restricted by the nanoparticles in forming perfect 

and larger crystalline lamellar. Another is that the presence of the nanoparticles increases 

greatly the nucleation rate, whose characteristic time is much lower than the time required for 

chain disentanglement, thus disallowing the growth of well developed lamellar crystals (Maio 

et al., 2004).  

The equilibrium melting temperature can be measured by isothermal crystallization at 

various temperatures by carrying out a Hoffman-Weeks plot (Weeks, 1963; Hoffman & 

Weeks, 1965). By fitting the data points of Tm(L) to a straight line (Hoffman-Weeks plot) and 

extrapolating it to Tm = Tc, the 0
mT  was determined (Figure 5.7). PLA and SMPLANC 

showed the same 0
mT  of 188.4°C, whereas the 0

mT  of  ISPLANC was much lower, only 

161.7°C. The explanation for the 0
mT  

reduction of ISPLANC was similar to that described 

above for melting temperatures.  

 5.5 Conclusions 

In situ polymerization was a more effective approach than solution mixing in 

preparing PLA/TiO2 nanowires nanocomposites. Crystallization growth rate first increased 

then decreased in the temperature range of 80–115°C, with maximum Gexp observed at 

100°C. The TiO2 nanowires acted as nucleation agents in the ISPLANC, which exhibited 

much higher Gexp than either pure PLA or SMPLANC below 110°C. But the ISPLANC had 

much smaller crystallization enthalpy at each Tc because of its restricted chain mobility in 
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forming crystalline lamellar. The crystallization behavior of all the three samples fit the 

Avrami equation quite well. Double-melting behaviors were observed. The overall 

crystallinity of both PLA and nanocomposites increased in general as Tc increased in the 

evaluated temperature range. Equilibrium melting temperature of the ISPLANC was 161.7°C, 

and that of the SMPLANC was 188.4°C, same as PLA. The knowledge obtained about 

crystallization kinetics and melting behaviors of PLA and its nanocomposites could be useful 

references for optimizing the solid-state polymerization process and designing PLA 

thermoplastics with desirable properties.  
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Figure 5.1 Microscope images of PLA nanocomposite films (left: ISPLANC; right: 

SMPLANC). 
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Figure 5.2 Isothermal crystallization thermograms of PLA (A) and its nanocomposites 

(B, ISPLANC; C, SMPLANC) at various temperatures. 
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Figure 5.3 Relative crystallinity as a function of isothermal crystallization time for PLA 

(A) and its nanocomposites (B, ISPLANC; C, SMPLANC) at various temperatures. 
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Figure 5.4 Experimental (Gexp) and calculated (Gcal) crystallization rate of PLA and its 

nanocomposites (ISPLANC and SMPLANC) as a function of temperatures. 
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Figure 5.5 Avrami analysis of the isothermal crystallization data of PLA (A) and its 

nanocomposites (B, ISPLANC; C, SMPLANC) at various temperatures. 
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Figure 5.6 DSC melting thermograms of PLA (A) and its nanocomposites (B, 

ISPLANC; C, SMPLANC) after isothermal crystallization at various temperatures. 
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Figure 5.7 Melting temperatures of PLA and its nanocomposites as a function of 

isothermal crystallization temperature and Hoffman-Weeks analysis.  
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Table 5.1 Summary of isothermal crystallization data of PLA and its nanocomposites 

(ISPLANC and SMPLANC) 

 

Sample 
Tc 

(°C) 
∆H∞ 

(J/g) 
t0.5exp 

(min) 
Gexp 

(min-1) 
K 
(min-1) 

n nave R2 
t0.5cal 

(min) 
Gcal 

(min-1) 

PLA 80 23.9 33.1 3.02E-02 1.97E-07 4.31 3.52 0.9992 33.0 3.03E-02 

 85 25.5 18.2 5.49E-02 2.35E-05 3.54  0.9999 18.3 5.46E-02 

 90 28.1 12.6 7.92E-02 9.33E-05 3.51  0.9998 12.7 7.89E-02 

 95 30.6 9.5 1.06E-01 3.82E-04 3.34  0.9999 9.5 1.06E-01 

 100 32.5 9.0 1.11E-01 4.95E-04 3.29  0.9997 9.0 1.11E-01 

 105 36.1 11.6 8.59E-02 8.96E-05 3.65  0.9999 11.6 8.60E-02 

 110 37.7 11.7 8.55E-02 1.27E-04 3.50  0.9999 11.7 8.56E-02 

 115 32.8 19.8 5.05E-02 8.27E-05 3.01  0.9965 20.1 4.97E-02 

ISPLANC 80 14.3 18.3 5.46E-02 6.24E-08 5.58 4.34 0.9982 18.3 5.46E-02 

 85 15.6 9.6 1.04E-01 2.10E-05 4.60  0.9992 9.6 1.04E-01 

 90 17.2 6.3 1.58E-01 1.92E-04 4.43  0.9997 6.4 1.57E-01 

 95 19.5 6.6 1.53E-01 2.10E-04 4.31  0.9999 6.6 1.53E-01 

 100 21.6 6.1 1.64E-01 2.29E-04 4.43  0.9995 6.1 1.64E-01 

 105 21.0 10.4 9.64E-02 1.00E-04 3.78  0.9992 10.4 9.64E-02 

 110 24.2 9.2 1.09E-01 1.14E-04 3.93  0.9992 9.2 1.09E-01 

 115 26.2 25.1 3.99E-02 5.56E-06 3.63  0.9942 25.3 3.95E-02 

SMPLANC 80 21.0 19.0 5.26E-02 7.37E-07 4.70 3.62 0.9971 18.7 5.36E-02 

 85 25.2 12.0 8.35E-02 5.27E-05 3.82  0.9997 12.0 8.35E-02 

 90 28.0 11.4 8.75E-02 1.20E-04 3.55  0.9993 11.5 8.71E-02 

 95 30.4 11.9 8.41E-02 1.03E-04 3.56  0.9995 11.9 8.41E-02 

 100 31.6 9.8 1.02E-01 3.35E-04 3.34  0.9998 9.8 1.02E-01 

 105 33.4 15.6 6.42E-02 3.26E-05 3.63  0.9999 15.6 6.43E-02 

 110 34.8 11.6 8.65E-02 4.26E-04 3.02  0.9999 11.6 8.65E-02 

 115 35.8 23.1 4.34E-02 2.04E-05 3.32  0.9998 23.2 4.32E-02 
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Table 5.2 Melting parameters of PLA and its nanocomposites (ISPLANC and 

SMPLANC) derived from DSC melting thermograms after isothermal crystallization at 

various temperatures 

 

Sample 
Tc 
(°C) 

Tm(L) 
(°C) 

Tm(H) 
(°C) 

∆Hm 
(J/g) 

Xm 

PLA 80 135.8 155.4 36.6 0.39 

 85 143.1 155.3 37.2 0.40 

 90 143.1 157.8 40.4 0.43 

 95 147.2 158.9 41.9 0.45 

 100 151.2 160.2 43.3 0.46 

 105 151.4 159.2 43.7 0.47 

 110 154.4 160.7 45.8 0.49 

 115 150.9 156.4 43.9 0.47 

ISPLANC 80 133.3 146.4 20.2 0.22 

 85 134.4 147.0 21.4 0.23 

 90 136.2 147.5 22.0 0.24 

 95 137.9 148.2 23.5 0.25 

 100 141.0 149.6 25.1 0.27 

 105 140.9 148.7 23.9 0.26 

 110 145.4 151.3 27.5 0.30 

 115 144.1 144.1 30.5 0.33 

SMPLANC 80 134.6 155.6 35.5 0.38 

 85 143.5 156.2 35.5 0.38 

 90 145.7 156.9 36.9 0.40 

 95 148.5 158.4 39.1 0.42 

 100 151.5 160.5 41.8 0.45 

 105 150.0 158.2 40.0 0.43 

 110 155.2 161.1 45.5 0.49 

 115 150.9 156.9 40.9 0.44 
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Chapter 6 - Mechanical and Thermal Properties, Morphology, 

and Relaxation Characteristics of Poly(lactic acid) and Soy 

Flour/Wood Flour Blends5 

 6.1 Abstract 

Poly(lactic acid) (PLA) is a biodegradable polymer derived from sugar-based 

materials, and its applications are varied. PLA blends are commonly employed to overcome 

disadvantages such as, poor impact strength, low heat distortion temperature, poor 

processability and relatively high cost. In this study, blending PLA with SF, WF and sodium 

bisulfite modified SF (MSF) was used to improve its adhesion to PLA. In all cases, 0.5% 

methylene diphenyl diisocyanate (MDI) was used as a coupling agent. Mechanical and 

thermal properties, morphology, and relaxation characteristics of the blends were 

investigated. Results showed that MDI was an effective coupling agent for the WF/PLA 

system in improving tensile strength and elongation. Differential scanning calorimetry results 

indicated that SF and modified SF act as nucleation agents and facilitate the crystallization 

behavior of PLA by increasing the percentage of crystallinity. From mechanical relaxation of 

the temperature-variant system, we determined how the mechanical relaxation time evolves 

during the course of heating and obtained Kohlrausch-Williams-Watts parameter and 

activation energy (ΔE). Poly(lactic acid) and its blends exhibited highly homogeneous 

relaxational dynamics in their transition from glass to liquid, and the ΔE of PLA and its 

blends is mainly affected by their densities and compositions. 

                                                

5Results have been published. Li, Y., Venkateshan, K., & Sun, X. S. (2010). Mechanical and thermal 

properties, morphological, and relaxation characteristics of poly(lactic acid) and soy flour / wood flour blends. 

Polym. Int., 59, 1099-1109. (Reuse by permission of John Willey and Sons). 
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 6.2 Introduction 

The development of synthetic polymers from petroleum-based products has benefited 

humankind for decades but has also led to severe problems including overexploitation of 

fossil resources and environmental pollution. Therefore, there is a great interest in the 

development of alternatives and biodegradable polymers. Several bio-based polymers such as 

poly(lactic acid) (PLA), polyhydroxyalkanoates, and functionalized vegetable/plant starch- 

and protein-based resins have been created from renewable resources (Bhardwaj & Mohanty, 

2007; Yu et al., 2006). Poly(lactic acid) is a biodegradable polymer derived from sugar-based 

materials. It exhibits mechanical properties similar to those of synthetic polymers such as 

polyethylene, polypropylene, polystyrene, and polyethylene terephthalate (Anderson et al., 

2008; Bhardwaj & Mohanty, 2007). However, the application of PLA has been limited by its 

relatively high cost. 

In past decades, blending PLA resin with low-cost, natural biopolymers, such as 

starch (Jacobsen & Fritz, 1996; Ke & Sun, 2000; Wu, 2008; Zhang & Sun, 2004), protein 

(Zhang et al., 2006), wood flour (WF), and fibers (Huda et al., 2006; Jiang et al., 2007; 

Takatani et al., 2008), received lots of attention. These biopolymers are abundant, relatively 

inexpensive, renewable, and biodegradable. Wang et al. (2001&2002) successfully prepared 

PLA/starch blends by using methylene diphenyl diisocyanate (MDI) as a coupling agent. The 

blends showed enhanced mechanical properties, with the improvement of storage modulus at 

temperatures above the glass transition temperature (Tg) when the ratio of starch to PLA was 

up to 45:55 (w/w) with 0.5% MDI. Compared with starch (~$0.1-$0.2 per pound), which is 

also consumed in the production of fuel ethanol, WF is more attractive, available, and 

affordable (~$0.1 per pound). Studies involving WF, polymers and MDI have been reported 

extensively and includes WF-Polyurethane-MDI prepolymer (Aranguren et al., 2007; 

Marcovich et al., 2006; Mosiewichi et al., 2008) and WF-High density polyethylene-MDI 

functionalized polyethylene prepolymer (Zhang et al., 2006) systems. An improvement in 

thermo-mechanical and interfacial properties with the exception of impact strength has been 

reported for both systems. Furthermore, Pilla et al. (2008) investigated the properties of 

PLA/pine wood flour (PWF) composites by varying the percentage of PWF with and without 
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a silane coupling agent. They concluded that the addition of PWF (up to 40%) increased the 

modulus but decreased toughness and elongation; tensile strength remained the same (about 

51–57 MPa), and the effects of silane on the mechanical properties were not significant. Lee 

et al. (2008) conducted a similar study of a WF/talc mixture-filled PLA and found that tensile 

strength decreased slightly with the addition of talc but increased with the addition of 1 wt% 

silane. In our study, we hypothesize that MDI can enhance the mechanical and interfacial 

properties of WF/PLA and soy flour/PLA (SF/PLA) blends and be an effective coupling 

agent based on the high reactivity of isocyanate groups of MDI with nucleophiles, such as 

hydroxyl groups present in soy flour (SF) and WF, in forming urethane linkages (Dieteroch et 

al., 1985). 

Soy protein is another natural biopolymer that has been used extensively as a 

biodegradable adhesive (Kalapathy et al., 1995; Kuo et al., 2003; Liu & Li, 2004; Sun & 

Bian, 1999), but not as extensively as thermoplastics (Paetau et al., 1994; Sue et al., 1997; 

Sun et al., 1999). When modified with sodium bisulfite (NaHSO3), soy protein adhesive had 

adhesion strength and water resistance similar to that of phenol formaldehyde resin-based 

adhesives (Sun et al., 2008). Zhang et al. (2006) prepared PLA/soy protein isolate (SPI) and 

PLA/soy protein concentrate (SPC) blends with poly(2-ethyl-2oxazoline) as a compatibilizer 

and found that PLA/SPC blends had a higher tensile strength than PLA/SPI blends prepared 

at the same ratio. They concluded that the compatibility of PLA/SPC was higher than that of 

PLA/SPI and attributed this to the higher carbohydrate content in SPC (Zhang et al., 2006). 

Because soy flour (SF) contains about 50% soy protein and is less expensive (~$0.1 per 

pound) than SPI and SPC, we decided to use SF and modified SF (MSF) in addition to WF as 

fillers. For the WF/PLA blends, we expected to obtain improved mechanical performance and 

improved interface adhesion with SF/PLA and MSF/PLA blends. We hypothesized that with 

modification with NaHSO3, the protein in the SF would provide improved adhesion function 

at the interface between the PLA matrix and SF particles and that the higher carbohydrate 

content in SF compared with SPI and SPC would provide better compatibility with PLA. 

Based on our literature studies, hypotheses and expectations of biocompatibility, 

biodegradability, effective compatibilization and interfacial adhesion, the objectives of this 
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research are to: (1) develop novel high-performance biodegradable blends from PLA and 

natural biopolymer fillers such as SF and MSF and thereby explore the possibility of 

hydrophobic bonding reinforcement between high molecular weight protein chains and PLA 

chains. Soy protein and its derivatives have been proven to be effective in pressure sensitive 

adhesive, binder and filler applications (Sun et al., 2008); (2) investigate the mechanical and 

thermal properties and morphology of the blends with different fillers with and without MDI 

as a coupling agent; and (3) study the relaxation characteristics, such as mechanical 

relaxation time (τmech), dynamic heterogeneity, Kohlrausch-Williams-Watts parameter (β), 

and activation energy (ΔE), from dynamic mechanical analysis (DMA) measurements. To our 

knowledge, the analysis of DMA results to calculate τmech and determine ΔE using the method 

described in this paper has not been reported previously. 

 6.3 Experimental Section 

 6.3.1 Materials 

Poly(lactic acid) (2002D) in pellet form was obtained from NatureWorks LLC 

(Minnetonka, MN). Soy flour, composed of 50% protein, was provided by Cargill (Cedar 

Rapids, IA), and the density was 500 kg/m3. To prepare MSF, a known amount of SF was 

suspended in water at a weight ratio of 1 to 16 (SF/water). The suspension was continuously 

stirred, and the pH was adjusted to 9.5. After 1 h, an accurately weighed amount of NaHSO3 

(Fisher Scientific, Pittsburgh, PA) was added to the suspension. The concentration of 

NaHSO3 in the SF solution was 6 g/L (NaHSO3/water). After setting the suspension 

containing NaHSO3 for 15 min, the pH was adjusted to 9.5 again. The mixtures were stirred 

continuously for another 2 h, the pH was again adjusted to 7.0, and mixtures were then 

freeze-dried at 233 K. The freeze-dried mixtures were milled into powder by using a mill 

(UDY Corp., Fort Collins, CO) with a U.S. #100 mesh screen. Wood particles were provided 

by Georgia-Pacific LLC (Atlanta, GA) and milled into WF with the same mill. The WF had a 

density of 200 kg/m3. The MDI was purchased from ICI Polyurethanes Group (West 

Deptford, NJ) and was obtained in a dark brown, viscous, liquid form.  
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 6.3.2 Blends Preparation 

The PLA pellets were ground through a 1 mm screen in a laboratory mill (Thomas-

Wiley Company, Philadelphia, PA). Ground PLA and the fillers (WF, SF, and MSF) were 

dried in a vacuum oven at 353 K for at least 3 h before blends were prepared. The ratio of 

PLA to filler was 80 to 20 by weight. We selected the filler content of 20% by weight in 

consideration of the degree of hydrophilicity of the fillers and its compatibility with PLA 

which is primarily hydrophobic. It was reported that for PLA-fiber composites which 

contained 30% by weight or greater amounts of hydrophilic filler, the consequences were 

poor interfacial compatibility and mechanical properties (Yu et al., 2007). To make blends 

with MDI, 0.5% MDI, based on 100 parts of the blend, was added as a coupling agent. Each 

blend was mixed in a stand mixer (Ultra Power Kitchen Aid, St. Joseph, MI) for 10 min and 

then transferred to an intensive mixer (Rheomix 600, Haake, Paramus, NJ) equipped with two 

corotating rollers with a gap. Blends were hot-mixed for 2.5 min at 443 K and 120 rpm. After 

cooling, blends were ground into 1 mm powder for tensile bar preparation. Pure PLA was 

treated with the same procedures as the control. Dog-bone-type tensile bars according to 

ASTM Method D 638-91 (1992), were compression molded at 443 K, 8000 lb for 5 min with 

a Carver hot press (model 3889, Auto “M”, Carver Inc., Wabash, IN), cooled to room 

temperature in air, and then removed from the mold. Pure PLA and its blends with different 

fillers with and without MDI were prepared and labeled as PLA, WF/PLA, WF/PLA/MDI, 

SF/PLA, SF/PLA/MDI, MSF/PLA, and MSF/PLA/MDI. At least five specimens were 

prepared for each sample type. 

 6.3.3 Mechanical Measurements 

The tensile bars were conditioned at 298 K with a relative humidity of 50% for 48 h 

prior to mechanical testing. The mechanical tests were performed with an Instron testing 

system (model 4465, Canton, MA) at a crosshead speed of 5 mm/min with a 30 mm gauge 

length. Five replicates were tested for each sample type. 
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 6.3.4 Differential Scanning Calorimetry (DSC) 

The thermal properties of the blends were measured with a PerkinElmer differential 

scanning calorimeter (Norwalk, CT). About 5 mg of dried blend powder was sealed in an 

aluminum pan. A sealed empty pan was used as a reference. The sample was heated from 253 

K to 463 K at a rate of 10 K/min, isothermally conditioned at 463 K for 5 min, cooled to 253 

K at 10 K/min, isothermally held at 253 K for 5 min, and then heated again to 463 K. The 

specimen was characterized in an inert environment by using nitrogen. Results were obtained 

from the second DSC heating scan. The heat capacity (ΔCp, equals to Cp,l – Cp,g), glass 

transition temperature (Tg), heat of melting (ΔHm), and heat of crystallization (ΔHc) were 

determined from the DSC curve. The Tg was determined on the curve where the specific heat 

change is half of the change in the completed transition. The crystallinity of PLA (Xm) in the 

blend was estimated according to the following equation (Zhang & Sun, 2004): 

100(%)
0







PLA

m
m

XH

H
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where ΔHm and ΔH0 are heats (J/g) of melting of the blend and a PLA crystal of infinite size 

with a value of 93.6 J/g (Zhang & Sun, 2004), respectively, and XPLA is the PLA fraction in 

the blend. 

 6.3.5 Thermogravimetric Analysis (TGA) 

Decomposition temperature of both fillers and composites was determined via TGA 

(PerkinElmer Pyris1 TGA, Norwalk, CT). About 5 mg of each sample was placed in the pan 

and heated from 313 K to 873 K at a heating rate of 20 K/min under a nitrogen atmosphere. 

 6.3.6 Morphology 

Morphological studies of the fractured surfaces of samples obtained from tensile tests 

were conducted using scanning electron microscopy (SEM) (Hitachi S-3500N, Hitachi 

Science Systems, Ltd., Japan). Each specimen was mounted on an aluminum stub, and the 

fractured surface was coated with an alloy of 60% gold and 40% palladium with a sputter 

coater (Desk II Sputter/ Etch Unit, NJ) before observation. The SF, MSF, and WF were also 

observed in a similar fashion. 
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 6.3.7 Dynamic Mechanical Analysis (DMA) 

Dynamic mechanical experiments were conducted using a PerkinElmer dynamic 

mechanical analyzer 7e (Norwalk, CT) in a three-point flexural mode at 1 Hz frequency. The 

specimens (about 10 mm × 6 mm × 2 mm) were obtained from tensile bars with a saw, and 

the edges were polished carefully with grade 240 abrasive sandpaper. Specimens were heated 

from 253 K to 432 K at a heating rate of 3 K/min under a helium atmosphere. The 

experimental methods used to perform the DMA and the corresponding relaxation behaviors 

were explained in detail (McCrum et al., 1991). Briefly, the sample was subjected to an 

oscillating stress of known amplitude and frequency in a 3-point flexural mode within the 

approximation of linear response. The flexural storage modulus, B', and flexural loss 

modulus, B'', were determined from the changes in the amplitude and phase angle of the 

observed oscillating strain response of the specimen.  

 6.4 Results and Descussion 

 6.4.1 Mechanical Properties 

The mechanical behaviors of PLA and its blends were characterized by tensile tests, 

and the results are summarized in Table 6.1. The PLA exhibited a tensile strength (σ) of about 

76 MPa, elongation (ε) of 6.2%, and Young’s modulus (E) of 1.9 GPa. For WF/PLA, the σ 

showed a deduction (54 MPa), with ε of 4% and E of 2.3 GPa. However, with the addition of 

0.5% MDI, the σ of WF/PLA increased to 69 MPa, and ε and E changed slightly. The 

improvement of σ is a consequence of increased WF/PLA interfacial adhesion due to the 

formation of urethane linkages between MDI-PLA and MDI-WF because MDI acts as a 

coupling agent.  

The σ, ε, and E values obtained for SF/PLA were similar to those of WF/PLA. 

However, with the addition of MDI, SF/PLA did not exhibit an improvement in mechanical 

performance, indicating that MDI is not an effective coupling agent. The ineffectiveness of 

MDI as a coupling agent in SF/PLA blends is attributed to the following: (1) increased PLA-

MDI-PLA and SF-SF interactions instead of SF-MDI-PLA possibly due to significant 

differences in the kinetics of PLA-MDI and SF-MDI reactions. As mentioned previously, SF 
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comprises of high molecular weight protein chains which contribute to diffusional constraints 

and decreased rate of reaction kinetics; and (2) the coupling mechanism of SF-MDI-PLA is 

mainly based on the reaction of isocyanate groups from MDI and hydroxyl groups from SF 

and PLA to form urethane linkages. However, the lower amount of hydroxyl groups in SF 

leads to a higher degree of PLA-MDI reaction in forming PLA-MDI-PLA network. 

Furthermore, increased PLA-MDI-PLA and SF-SF interactions lead to phase separation of 

PLA and SF phases resulting in aggregation and formation of larger size PLA-PLA and SF-

SF particles as shown in Figure 6.4. The aggregation of SF particles into larger size particles 

instead of binding with PLA clusters is further discussed in the morphology section.  

For MSF/PLA, the σ was 59 MPa, a 12.5% increase from SF/PLA. The protein 

structure in SF was partially unfolded during modification, which resulted in increased 

molecule mobility and exposure of the hydrophobic groups, leading to enhanced hydrophobic 

interaction between MSF and PLA. When MDI was added to the MSF-PLA system, 

mechanical properties remained unchanged.  

 6.4.2 Thermal Properties 

Figure 6.1 shows the DSC thermograms of PLA and its blends. The thermograms 

were obtained from the second heating scan to avoid heat history effects. Table 6.2 shows the 

summary of DSC results, which reveal the glass transition and crystallization/melting 

behaviors of the PLA component in the blends. The Tg of PLA in the blends was slightly 

lower than that of pure PLA. Cold crystallization was observed for pure PLA and the blends, 

except for WF/PLA (Figure 6.1). Compared with pure PLA, the cold crystallization of PLA 

in the blends occurred at lower temperatures in a narrower temperature range. The depression 

of cold crystallization temperature (Tc) indicates an enhanced crystalline ability of PLA. 

Furthermore, PLA in the SF/PLA and MSF/PLA with and without MDI showed much higher 

crystallization enthalpy (ΔHc) and melting enthalpy (ΔHm) than pure PLA, indicating a higher 

crystallinity (Xm) for those blends (Table 6.2). We attribute this to the increased nucleation 

and accelerated crystallization of PLA induced by SF and MSF. Similar results were reported 

by Zhang et al.8 for PLA and SPI/SPC blends. Also, the Tc of MSF/PLA and MSF/PLA/MDI 

was further reduced by 5 K and 10 K, respectively, compared with that of SF/PLA.  
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The WF/PLA without and with MDI showed differences in cold crystallization and 

melting compared with other types of blends. For WF/PLA, no cold crystallization was 

observed and the Xm was quite low (3.5%) (Table 6.2). When MDI was added, a small cold 

crystallization peak was observed and the Xm increased to 15.41%, which is still much lower 

than that of PLA in other blends. Because WF is much larger than SF and MSF, WF is less 

likely to act as a nucleation agent in the formation of PLA crystallites (Sun et al., 1999). 

Moreover, the larger size of WF acts as a diffusion barrier that reduces the mobility of PLA 

chains, and this inhibits crystal growth. The effect of filler size on crystal growth was 

reported by Sun et al. (2007) in PLA/starch/MDI (55/45/0.5 w/w/w) blends. Also, Pilla et al. 

(2008) reported that the surface chemistry of fibers might be another important factor for 

crystal formation in PLA-based composites. 

The double melting behavior of PLA in the blends (SF/PLA, SF/PLA/MDI, 

MSF/PLA, MSF/PLA/MDI) observed in the current study has been explained previously by 

the melt-recrystallization model (Yasuniwa et al., 2004). The lower temperature peaks (~411 

-417 K) and the higher temperature peaks (~418–423 K) are due to the melting of a certain 

amount of previously formed PLA crystals and the melting of crystals formed through a melt-

recrystallization process, respectively. For pure PLA, double melting peaks were also 

observed previously when the melt-crystallizing samples were heated at a heating rate below 

10 K/min (Yasuniwa et al., 2004). Multiple melting behaviors of many semicrystalline 

polymers, such as poly(ethylene terephthalate) and poly(butylenes terephthalate), have be 

reported elsewhere (Tan et al., 2000; Yasuniwa et al., 2000). 

The TGA thermograms of the fillers, PLA, and its blends are presented in Figures 

6.2A and 6.2B, and the thermogravimetric data are summarized in Table 6.3. The onset and 

end decomposition temperatures (Tonset and Tend) of SF, MSF, and WF were 513 K and 645 K, 

513 K and 628 K, and 566 K and 672 K, respectively (Figure 6.2A). The maximum rate of 

decomposition (Tmax) for WF was 645 K, which was about 50 K higher than the Tmax for SF 

and MSF. The TGA results of the fibers indicate that WF possesses higher thermal stability 

than SF and MSF. For pure PLA, the thermal decomposition ranged from 608 K to 657 K, 

with Tmax of 646 K (Figure 6.2B). Both SF/PLA and SF/PLA/MDI showed similar 
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decomposition characteristics, with Tonset, Tend, and Tmax of 591 K, 631 K, and 620 K, 

respectively. The MSF/PLA and MSF/PLA/MDI exhibited a lower Tmax of 596 K. In 

summary, the Tonset, Tend, and Tmax for SF/PLA and MSF/PLA without and with MDI were 

similar. This indicates that the effect of MDI on the decomposition behavior was minimal. On 

the basis of Tonset, Tend, and Tmax values, WF/PLA blends exhibited higher degree of thermal 

stability. Furthermore, for WF/PLA with MDI, the Tmax was 10 K higher than that of 

WF/PLA. The increased thermal stability of WF/PLA/MDI is due to the improved coupling 

effects between PLA and WF facilitated by MDI. Because the tar and ash content of the 

fibers is higher, the residual sample weight of PLA blends at temperatures above 660 K is 

higher than that of pure PLA. 

 6.4.3 Morphology 

Among the three fillers, SF had the smallest average size (~5–15 μm) and was more 

particulate and conventional (spherical) in shape (Figure 6.3). After modification, the 

compact spherical structure of SF was partially unfolded, resulting in more irregular shapes 

and a larger size (~10–20 μm). The WF existed in spherical, rod, and nonconventional 

geometric forms and was the largest in size (~25 μm in diameter and ~150–250 μm in length) 

compared with SF and MSF. Poly(lactic acid) exhibits a smooth and continuous fracture 

surface corresponding to the absence of ductility. This demonstrates that the fracture mode 

was predominantly brittle and is supported by the low elongation values shown in Table 6.1. 

The SF/PLA and MSF/PLA blends showed pores of average size of 5–20 μm (Figure 

6.4) that could be caused by the poor packing properties of SF and MSF. With the addition of 

MDI, the degree of porosity decreased significantly in both SF/PLA and MSF/PLA. 

Furthermore, PLA and SF phases formed larger aggregates in SF/PLA/MDI than in SF/PLA. 

We attribute this to the interpenetration of MDI leading to increased PLA-MDI-PLA and SF-

SF interactions and resulting in formation of large aggregations of PLA and SF particles. The 

aggregation of PLA and SF phases is a consequence of differences in the kinetics of PLA-

MDI and SF-MDI reactions and the relatively higher rate of consumption of MDI in forming 

PLA-MDI-PLA phase and its phase separation from the SF phase as shown in Figure 6.4. 

Moreover, increased SF-SF interaction and aggregation with the addition of MDI are also 
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possible due to pH changes of the environment surrounding the protein molecules. The 

modification of ionic environment with the addition of salts, acids and bases and the resulting 

protein-protein interaction and aggregation has been reported for pea proteins (Shand et al., 

2007). 

Because of the difference between the hydrophobic PLA and hydrophilic WF and the 

irregularity in size and geometry, WF particles are unevenly distributed throughout the PLA 

matrix. For WF/PLA, features corresponding to fiber pull-out from PLA matrix were 

observed, and the fiber surface appeared smooth. With the addition of MDI, some broken WF 

fibers were observed on the fracture surface, and the fibers were partially coated with PLA 

matrix, indicating an improved interfacial adhesion between PLA and WF. For MSF/PLA, 

because of increased irregularity in shape and the larger size of MSF compared with SF, the 

packing was poor as observed by the large number of heterogeneous interfaces between MSF 

and PLA in the micrograph. With the addition of MDI, the modification and reduction of the 

heterogeneous interfaces between MSF and PLA was minimal. We attribute the lack of 

coupling effect of MDI to the diffusional constraints at the interfaces between MSF and PLA 

to increased dynamic heterogeneity of MSF, which is due to modification and partial 

unfolding of proteins. In summary, an absence of the conventional coupling mechanism in 

SF/PLA/MDI and MSF/PLA/MDI was observed. 

 6.4.4 DMA and Relaxation Characteristics 

Figures 6.5 and 6.6 show direct measurements of B' and B'' during the course of 

heating the specimen from 275 K to 363 K. For PLA and PLA blends, B' increased gradually 

with heating between 275 K and 323 K, reached a peak value, and then declined sharply 

toward an asymptotic value at temperatures higher than 350K (Figures 6.5A and 6.6A). The 

peak appeared at different temperatures for different samples. The measured initial B' at 275 

K, B'initial, the peak value, B'peak, the final asymptotic value, B'final, ΔB'1 (= B'peak - B'initial), and 

ΔB'2 (=B'peak - B'final) are listed in Table 6.4.  

Briefly, because a low heating rate (3 K/min) and sinusoidal frequency (1 Hz) were 

used in these experiments, for the temperature range from 275 K to 323 K for a 

nonequilibrium state, the measured B' varied (ΔB'1, equals to B'peak - B'initial) during the 
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oscillation time and is, therefore, time dependent. It is phenomenologically equivalent to the 

time-dependent heat capacity in a study of thermal relaxation (Andersson, 1997). The time-

dependent behavior of B' during the oscillation measurements was also observed for other 

composite materials in a study of thermal relaxation (Andersson, 1997). The consequences of 

time dependency of B' are relaxation of the nonequilibrium structure, densification of 

molecular structure and aging, decrease of fictive temperature (Tool, 1946) and, thus, 

increase of the relaxation time. Furthermore, the densification and aging effects contribute to 

the increase in B', which is due to the decrease in the vibrational part of B' and analogous to 

the decrease in the vibrational part of heat capacity with temperature, as observed from fixed 

sinusoidal frequency measurements (Tombari et al., 2002). In summary, the increase in B' in 

the temperature range of 275 K to 323 K is considered as a characteristic of kinetic 

unfreezing of a nonequilibrium disordered structure on heating and the resulting densification 

and aging effects. The PLA and PLA blends exhibited different values of ΔB'1 (Table 6.4). 

Because the ΔB'1 values vary substantially for different samples because of the effect of 

different degrees of aging, the relative values of B' at 298 K (Table 6.4) were used to 

correlate with the Young’s modulus (E) (Table 6.1), which was also measured at 298K. The 

moduli (B' and E) measured at 298K correlate fairly well, with a regression value of r2 = 

0.64, with the exception of SF/PLA/MDI and MSF/PLA/MDI samples. The lack of 

correlation in these two samples suggests the absence of a conventional coupling mechanism 

of MDI with PLA, SF, and MSF. This fact was discussed previously in the morphology 

section. In addition, the correlation between B' and E was also affected by the differences in 

thermal and aging histories between samples obtained for DMA and tensile characterization 

before and during testing. Furthermore, the sinusoidal oscillation stimulus of 1 Hz was used 

in the flexural mode for the DMA test, and a constant displacement rate of 5 mm/min was 

used in uniaxial tensile mode for the tensile test. 

In Figures 6.5A and 6.6A, for PLA and PLA blends, B' decreased (ΔB'2, equals to 

B'peak - B'final) between 323 K and 363 K. The shapes of these plots resemble the B' and B'' 

spectra of the irreversible structural changes that occur with (1) polymerization at a constant 

temperature and (2) relaxation in the frequency, ω, domain (Alves et al., 2004; Li et al., 
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2000), where ω is varied at a constant temperature. The B'peak in Figures 6.5A and 6.6A 

represents the unrelaxed flexural modulus, BU, of the sample and does not contain all 

contributions from molecular modes that fail to relax within the observation time. The high 

temperature plateau value of B', B'final, represents the relaxed flexural modulus, BR, of the 

sample when the characteristic relaxation times of the PLA molecular modes are shorter than 

the experimental window and contains contributions from all the relaxed modes. In contrast 

to the aging effects, for which B' increases with heating, the decrease in B' in the temperature 

range of 323 K to 363 K is attributed to relaxational effects. The competing effects of aging 

and relaxation lead to the appearance of a peak in B' measurements, and the degree of aging 

determines the peak size. For PLA, SF/PLA/MDI, and MSF/PLA samples that exhibit a high 

degree of aging, the peak in B' is high, which results in the absence of a distinct plateau value 

of BU. For WF/PLA, WF/PLA/MDI, SF/PLA, and MSF/PLA/MDI samples that exhibit a 

lower degree of aging, the peak in B' becomes vanishingly small and gives the appearance of 

a clear plateau value of BU. 

To explain the relaxational effects on dynamic B of the samples with increasing 

temperature, T, the T dependent complex flexural modulus, B*, for a constant frequency 

according to Boltzmann superposition principle can be expressed as: (McCrum et al., 1991) 
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For the dynamics of molecular motions which are activated on heating and are 

responsible for the vibrational and configurational contributions and that involves a 

summation or distribution of relaxation modes with various relaxation amplitude and 

relaxation time components, the phenomenological expression for the relaxation function, 

 t , is generally defined as: 
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Equation 3 is known as the stretched exponential function, or Kohlrausch-Williams-

Watts function (KWW) (Kohlrausch, 1854; Williams & Watts, 1970), where τ is the 

characteristic relaxation time, β (0 < β < 1) is the stretch parameter describing the non-

exponential nature of the relaxation, and t is the time for the observation of the perturbation’s 

relaxation. The various relaxation modes are an indication of dynamic heterogeneity arising 

from the existence of different physical and chemical states in a material. Each mode 

corresponds to heterogeneity of number of hydrogen bonds, covalent bonds, ions, or ion-

pairs, to a certain flexibility of a molecule, chemical structures, local environments, 

interfaces, cooperativity length scales and size and different molecular modes or mechanisms 

(Goldstein, 1969; Stillinger & Weber, 1982; Wales, 2003). The KWW function has been used 

to explain the linear relaxation behavior of materials, the motion of carriers in amorphous 

semiconductors and a variety of chemical physics problems (Dishon et al., 1985). 

In this case, B' and B'' can be measured accurately only when 
dT

dt
 and 

d

dt


 are 

insignificant during the acquisition of successive data points (ΔT ~ 0.25 K, Δt ~ 5 seconds 

between successive data points). The KWW expression in Eq. 3 is used in Eq. 2 because the 

KWW function has been transformed and numerically integrated (Dishon et al., 1985) to 

obtain the flexural complex, storage and loss moduli components. The expressions for the 

separated storage and loss components can be written as: 
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where N' and N'' are the normalized real and imaginary parts of the integral in Eq. 2. The 

numerical solutions of N' and N'' obtained by using series expressions have been reported for 

a set of ωτ values (Dishon et al., 1985). For the small range of T in which the relaxation 

features are shown in Figures 6.5 and 6.6, the terms [BU(T) – BR(T)] and β(T) change with T 

negligibly in comparison with the many orders of decrease in τ(T). By assuming the BU, BR, 

and β in Eqs. 2, 3, and 4 are T independent, Eq. 2 can also be rewritten as: 



134 

 

     




















 


 dt

t

t
eBBBTB

T

ti
RUR



0

* 1
                           (5a) 

where    
  


























T

t
t T exp                                                               (5b) 

Because N' and N'' in Eq. 4 have been solved for a set of ωτ values, Eq. 4 becomes 

invariant of one’s choice of ω or τ. In this manner, each data point for a single frequency is 

described by ωτ(T), Kramers-Kronig relations are obeyed, and the entire curve in Figures 6.5 

and 6.6 is described by β and ωτ(T).  

By analyzing the data from Figures 6.5 and 6.6 according to Eq. 4, we determined β, 

ΔB (equals to BU – BR), and BR for each set of B' and B''; results are shown in Table 6.5. As 

an example, B' and B'' obtained using Eq. 4 are plotted with the experimental data for 

MSF/PLA and shown in Figures 6.7A and 6.7B. The calculated values of B' and B'' match the 

experimental data reasonably well. The characteristic relaxation time, τ, was calculated for 

each point by determining the product, ωτ(T), for each calculated value of B' and B'' as 

described previously for the dielectric data (Ferrari et al., 1996; Venkateshan & Johari, 2004). 

Because ω is a constant, this yields a value of τ for each value of B* calculated for a certain T 

during the course of heating. The resulting values of τ in natural logarithmic scale (ln) are 

plotted against T-1 for the seven samples and are shown in Figures 6.8A and 6.8B. Because 

the dynamic heterogeneity of the seven samples is low, as indicated by the higher β values, 

the nonlinearity of the evolution of ln τ with T-1 is expected to be low. To determine the 

linearity of ln τ vs. T-1 plots, the calculated τ data in Figures 6.8A and 6.8B were fit using a 

linear equation; the regression values (r2) ranged from 0.93 to 0.99 (Table 6.5), evidence of 

an adequate degree of linearity. By considering the definition of Tg as the temperature at 

which the mechanical, structural, or viscosity relaxation times attain a value of 100 sec 

(Bohmer et al., 1993; Bohmer & Angell, 1994) and by using the linear fits for the seven 

samples in Figures 6.8A and 6.8B, we calculated the temperatures at which the τ values were 

equal to 100 sec; results are tabulated in Table 6.5. The temperatures determined for τ = 100 

sec from the DMA analysis are in close agreement with the Tg determined from DSC 

experiments (Table 6.5). Because the samples exhibited a low degree of dynamic 
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heterogeneity and the plots of ln τ vs. T-1 are linear, we conclude that the degree of deviation 

of the fictive temperature from T is low, and thus ln τ as a function of T -1 can be expressed in 

the Arrhenius form (Aou et al., 2007): 

ln ln
E

A
RT




                                                       (6) 

where A is the pre-exponential factor, ΔE is the activation energy for mechanical relaxation, 

and R is the universal gas constant. The ΔE determined from the slopes of ln τ vs. T-1 plots for 

the seven samples are listed in Table 6.5. The calculated ΔE for the seven samples are in the 

range of 461 to 637 kJ/mol, which is in close agreement with the literature values for PLA of 

varying tacticity and other polymers (Aou et al., 2007; Li et al., 2000). 

 6.4.4.1 Dynamic Heterogeneity and KWW Parameter (β)  

For PLA, β = 0.75 and is higher than that for other polymers (Aou et al., 2007; Ferrari 

et al., 1996; Mano & Gomez-Ribelles, 2003), an indication that the glass-liquid transition 

dynamics of the relaxing moieties are homogeneous and the evolution of τ with temperature 

is Arrheniun in nature, where densification effects dominate. For WF/PLA, β = 0.71, and the 

disconnected nature of the heterogeneous WF fibers with interfaces are observed in the 

micrograph (Figure 6.4). For WF/PLA/MDI, β = 0.80, an indication of the coupling effect of 

MDI in binding PLA and WF resulting in a lower heterogeneity compared with that of 

WF/PLA. For SF/PLA, β = 0.78, an indication of homogeneous relaxational dynamics. For 

SF/PLA/MDI, β = 0.74, and, as discussed previously, the interpenetration of MDI leads to 

lower compatibility between PLA and SF particles and increased dynamic heterogeneity. For 

MSF/PLA and MSF/PLA/MDI, β = 0.72 and 0.70, respectively. Because the protein 

molecules in MSF are partially unfolded, additional dynamic heterogeneity is incorporated. 

Furthermore, the increased configurational contribution arising from the partial unfolding of 

protein molecules increases the heterogeneity at PLA and MSF interfaces and makes the 

coupling effect of MDI minimal.  

Though the β values among PLA and its blends are not consistent with all the 

microstructures shown in Figure 6.4, it was expected that incorporating various fillers would 

significantly change the dynamic heterogeneity because of different physical and chemical 
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states at the interphase regions between amorphous clusters of different cooperativity sizes 

and length scales and the amorphous phases of PLA, WF, SF, and MSF (Guo et al., 2005; 

Ngai & Paluch, 2004). 

In general, β values for PLA and its blends ranged from only 0.71 to 0.81, which is 

higher than β values obtained for other composites (Aou et al., 2007; Ferrari et al., 1996; 

Mano & Gomez-Ribelles, 2003). We conclude that PLA and its blends exhibit a highly 

homogeneous relaxational dynamics mechanism in their transition from glass to liquid that is 

due to the high degree of hydrophobicity of PLA, SF, and MSF, where densification effects 

dominate. 

The values of ΔB and ΔCp (Tables 6.5 and 6.2) for the seven samples correlate fairly 

well (r2 = 0.79), which was expected from the correlation between the mechanical and 

thermal responses measured with DMA and DSC, respectively, as the material evolved from 

a glassy to liquid state during heating. The thermal and mechanical modes would contain 

both vibrational and configurational contributions (Venkateshan & Johari, 2006). 

 6.4.4.2 Activation Energy (ΔE) 

The calculated ΔE for PLA is higher than those for its blends (Table 6.5), which is 

predominantly dependent on the composition and overall composite material density. The 

densities of PLA, SF, and WF are 1.24, 0.5, and 0.2 g/cm3, respectively, showing that the 

densities of both PLA and SF are much higher than the density of the WF. Therefore, PLA 

had higher ΔE value than its blends. The SF/PLA blends with or without MDI had similar ΔE 

values, but values were higher than those of WF/PLA blends or MSF/PLA blends; this is a 

result of the higher density of SF and partially due to the large protein molecules in SF. The 

protein molecules in MSF were partially unfolded and would need less thermal energy to 

activate molecular mobility; thus, the ΔE values of MSF/PLA with or without MDI were 

lower than that of the SF/PLA blend. Comparing the ΔE values of WF/PLA blends with or 

without MDI, the coupling mechanism of MDI reinforcing the fiber-PLA interface resulted in 

an increase in ΔE from 461 to 521 kJ/mol. 

In semicrystalline polymeric materials, the presence of crystalline regions influences 

the landscape because they will explore the lowest possible minima with a higher curvature, 
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similar to densification effects. Because the lowest energy minima of greater curvature have a 

higher vibrational frequency (Goldstein, 1969; Stillinger & Weber, 1982; Wales, 2003) and 

the curvature determines the instantaneous elastic moduli, the energy barrier (ΔE) to another 

minimum would be higher (Goldstein, 1969; Stillinger & Weber, 1982; Wales, 2003). In 

addition to influencing ΔE between different minima, the presence of crystalline regions and 

densification may influence the number of minima and the overall dynamic heterogeneity. 

However, the effect of crystallinity was not considered in the ΔE discussion because the 

crystallinity of PLA and its blends was similar (~25%), based on the DSC first scan data 

(data not shown). Furthermore, the ΔE of PLA and its blends did not correlate with the 

dynamic heterogeneity, as reported for other materials (Vyazovkin et al., 2006). The lack of 

correlation between ΔE and β indicates that the effects of dynamic heterogeneity and the 

coupling between the different minima do not influence the barrier height in the landscape.  

 6.5 Conclusions 

Poly(lactic acid) blends with improved tensile mechanical properties were 

successfully prepared by intensive mixing followed by compression molding. Methylene 

diphenyl diisocyanate was an effective coupling agent for the WF/PLA system, resulting in 

improved tensile strength and elongation. Modification of SF with NaHSO3 was also an 

effective way to increase the mechanical properties of the SF/PLA system. Results from DSC 

revealed that SF and MSF, but not WF, could act as nucleation agents to induce and 

accelerate the crystallization of PLA in the blends, resulting in much higher crystallinity.  

Mechanical relaxation behaviors were well characterized on the basis of DMA results. 

The temperature-dependent mechanical relaxations of PLA and its blends with WF, SF, and 

MSF with and without MDI were analyzed using the KWW relaxation function, and 

information such as τ, β, and ΔE were obtained. Poly(lactic acid) and its blends exhibited 

highly homogeneous relaxational dynamics in their transition from glass to liquid during 

heating because of the high degree of hydrophobicity and densification effects of PLA, SF, 

and MSF. The homogeneous relaxation is evidenced by the high values of β (0.70 to 0.80) 

obtained for PLA and its blends and the corresponding linearity of the ln τ vs. T-1 plots. 
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The thermal and mechanical behavior of PLA and its blends correlated well as shown 

by the good agreement between (1) ΔCp and ΔB and (2) Tg values determined by DSC and 

DMA (τ = 100 sec) techniques. Activation energy of PLA and its blends with WF, SF, and 

MSF is mainly affected by their densities and compositions.  
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Figure 6.1 DSC thermograms of PLA and PLA blends with WF, SF, and MSF with or 

without MDI.
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Figure 6.2 TGA thermograms of (A) fillers (SF, MSF, and WF) and (B) PLA and PLA 

blends with WF, SF, and MSF with or without MDI. 
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Figure 6.3 SEM micrographs of fillers (SF, MSF, and WF) and PLA. Scale bar is shown 

at the bottom of each micrograph.
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Figure 6.4 SEM micrographs of PLA blends with WF, SF, and MSF with or without 

MDI. Solid arrow indicates PLA phase; dot arrow indicates fillers; dash dot arrow 

indicates the air-induced pores. Scale bar is shown at the bottom of each micrograph. 
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Figure 6.5 (A) Flexural storage modulus (B') and (B) loss modulus (B'') of PLA and 

PLA blends with WF, SF, and MSF. 
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Figure 6.6 (A) Flexural storage modulus (B') and (B) loss modulus (B'') of PLA blends 

with WF, SF, and MSF in the presence of MDI.
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Figure 6.7 Plots of (A) flexural storage modulus (B') and (B) loss modulus (B'') against 

temperature for MSF/PLA. Dotted lines represent experimental data, and filled circles 

represent data points calculated from Eq. 4.



 149

 

 

Figure 6.8 Plots of the relaxation time calculated from the B' and B'' data against the 

inverse of temperature for PLA and PLA blends with WF, SF, and MSF (A and B). 

 



 150

Table 6.1 Mechanical properties of PLA and its blends with WF, SF, and MSF 

 

Samples 
Tensile Strength, σ 

(MPa) 
Elongation at Break, ε 

(%) 
Young's Modulus, E 

(GPa) 

PLA 75.9 ± 3.2 6.2 ± 0.8 2.0 ± 0.1 

WF/PLA 53.7 ± 1.1 4.0 ± 0.2 2.3 ± 0.1 

WF/PLA/MDI 69.3 ±1.7 4.7 ± 0.1 2.4 ± 0.1 

SF/PLA 52.2 ± 2.9 3.6 ± 0.1 2.3 ± 0.1 

SF/PLA/MDI 51.5 ± 2.7 4.4 ± 0.4 2.1 ± 0.2 

MSF/PLA 58.8 ± 1.5 4.0 ± 0.1 2.3 ± 0.1 

MSF/PLA/MDI 61.0 ± 1.6 4.3 ± 0.1 2.2 ± 0.1 
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Table 6.2 Thermal behaviors of PLA and its blends with WF, SF, and MSF determined 

from DSC curves 

 

Samples 
ΔCp 

(J/g*K) 

Tg 

(K) 
Tc 

(K) 
ΔHc 

(J/g) 
Tm1 

(K) 
Tm2 

(K) 
ΔHm 

(J/g) 
Xm 

(%) 

PLA 0.48 328.0 394.5 -3.6 - 419.3 9.2 9.8 

WF/PLA 0.37 327.9 - 0 - 419.1 2.6 3.5 

WF/PLA/MDI 0.54 327.4 392.5 -1.7 - 417.9 11.5 15.4 

SF/PLA 0.41 325.3 388.2 -30.1 415.9 422.0 30.9 41.4 

SF/PLA/MDI 0.57 326.3 388.0 -12.9 416.4 418.2 16.6 22.2 

MSF/PLA 0.54 327.4 383.6 -22.1 414.8 422.2 24.6 32.9 

MSF/PLA/MDI 0.43 325.4 376.6 -26.4 411.8 420.1 27.5 36.7 
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Table 6.3 Decomposition temperatures of WF, SF, MSF, PLA and PLA blends with WF, 

SF, and MSF determined from TGA curves 

 

Samples Tonset (K) Tend (K) Tmax
a (K) 

WF 566.3 671.8 646.7 

SF 512.9 644.9 595.2 

MSF 512.8 628.3 592.8 

PLA 607.5 657.4 645.4 

WF/PLA 610.7 656.1 638.7 

WF/PLA/MDI 609.9 663 649.8 

SF/PLA 590.8 631.5 619.9 

SF/PLA/MDI 592.4 630.8 619.4 

MSF/PLA 565.6 612.6 595.7 

MSF/PLA/MDI 566.9 611.6 596.9 

a Maximum rate of decomposition.
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Table 6.4 Flexural storage modulus B'initial, B'peak, B'final, ΔB'1 (= B'peak - B'initial), ΔB'2 (= 

B'peak - B'final), and B'298K for PLA and PLA blends with WF, SF, and MSF determined 

from DMA curves 

 

    

a B' at 275 K. 

b B' of the peak value. 

c B' of the final asymptotic value. 

d Defined as B'peak - B'initial.  

e Defined as B'peak - B'final.  

f B' at 298 K. 

 

 

 

 

 

 

 

 

Samples  
B'initial

a
 

(GPa) 
B'peak

b 
(GPa) 

B'final
c 

(GPa) 
ΔB'1

d
 

(GPa) 
ΔB'2

e
 

(GPa) 
B'298K

f
 

(GPa) 

PLA 0.60 1.26 0.004 0.66 1.26 0.75 

WF/PLA 0.80 0.84 0.020 0.04 0.82 0.83 

WF/PLA/MDI 1.16 1.29 0.031 0.13 1.26 1.14 

SF/PLA 0.87 1.01 0.025 0.14 0.99 0.92 

SF/PLA/MDI 1.25 1.66 0.032 0.41 1.63 1.24 

MSF/PLA 1.10 1.35 0.021 0.25 1.33 1.14 

MSF/PLA/MDI 1.15 1.20 0.027 0.05 1.17 1.16 
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Table 6.5 β, ΔB, BR, r2, Tg,DMA, Tg,DSC and ΔE obtained for PLA and PLA blends with WF, 

SF, and MSF determined from KWW fit (except for Tg,DSC) 

 

 

a Defined as BU – BR. 

b Regression value of ln τ vs. T-1 plots (Figs. 3 and 4). 

c Determined at relaxation time τ = 100 sec. 

d Relaxation activation energy. 

 

 

Samples  βKWW 
ΔBa 

(GPa) 
BR 

(GPa) 
r2b 

Tg,DMA
c 

(K) 
Tg,DSC 
(K) 

ΔEd 
(kJ/mol) 

PLA 0.75 1.21 0.004 0.96 327 328.0  637±43 

WF/PLA 0.71 0.89 0.017 0.93 324 327.9  461±43 

WF/PLA/MDI 0.80 1.33 0.035 0.99 325 327.4  521±14 

SF/PLA 0.78 1.03 0.025 0.96 326 325.3  583±41 

SF/PLA/MDI 0.74 1.68 0.045 0.98 326 326.3  560±23 

MSF/PLA 0.72 1.29 0.017 0.96 323 327.4  483±34 

MSF/PLA/MDI 0.70 1.25 0.025 0.97 325 325.4  518±32 
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Chapter 7 - Mechanical and Thermal Properties of Biocomposites 

from Poly(lactic acid) and DDGS6 

 7.1 Abstract 

Distillers dried grains with solubles (DDGS), an ethanol industry coproduct, is used 

mainly as a low-value feedstuff. Poly(lactic acid) (PLA) is a leading biodegradable polymer, but 

its applications are limited by its relatively high cost. In this study, low-cost, high-performance 

biodegradable composites were prepared through thermal compounding of DDGS and PLA with 

methylene diphenyl diisocyanate (MDI) as a coupling agent. Mechanical, morphological, and 

thermal properties of the composites were studied. The coupling mechanism of MDI in the 

PLA/DDGS system was confirmed via Fourier-transform infrared spectra. The PLA/20%DDGS 

composite with 1% MDI showed tensile strength (77MPa) similar to that of pure PLA, but its 

Young’s modulus was 25% higher than that of pure PLA. With MDI, strong interfacial adhesion 

was established between the PLA matrix and DDGS particles, and the porosity of the composites 

decreased dramatically. Crystallinity of PLA in the composites was higher than that in pure PLA. 

Composites with MDI had higher storage moduli at room temperature than pure PLA. This novel 

application of DDGS for biocomposites has significantly higher economic value than its 

traditional use as a feedstuff. 

 

 

 

 

 

 

 

 

                                                
6 Results have been published. Li, Y., & Sun, X. S. (2011). Mechanical and thermal properties of 

biocomposites from poly(lactic acid) and DDGS. J. Appl. Polym. Sci., 121, 589-597. (Reuse by permission of John 

Wiley and Sons). 
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 7.2 Introduction 

The U.S. ethanol industry has grown exponentially in recent years, and the supply of 

distillers dried grains with solubles (DDGS) has subsequently increased dramatically. In 2006, 

about 13.2 million metric tons of DDGS were produced in the United States, and this number 

may increase to 25 million metric tons by 2011(Robinson et al., 2008). DDGS contains about 

26.8-33.7% protein (dry weight basis), 39.2-61.9% carbohydrates (including fibers), 3.5-12.8% 

oils, and 2.0-9.8% ash (Rosentrater & Muthukumarappan, 2006). Currently, the ethanol 

industry’s only outlet for DDGS is animal feed ingredients (Cheesbrough et al., 2008; Wu & 

Mohanty, 2007). Most research publications about DDGS focus on its feed applications 

(Chevanan et al., 2008; Li et al., 2010a; Xu et al., 2010). 

In recent years, DDGS production has far exceeded its consumption rate as feed. It is 

predicted that DDGS may have to be disposed of via landfilling, creating an environmental 

burden (Wu & Mohanty, 2007). Consequently, development of new outlets for DDGS has 

become an urgent need and is crucial to maintaining economic viability of the ethanol industry. 

Several potential alternatives have been proposed including extracting higher value protein and 

cellulose from DDGS (Wang et al., 2009; Xu et al., 2007, 2009) and using DDGS for 

phenolic/DDGS composites (Tatara et al., 2007, 2009), biocomposites (Schilling et al., 2009; Wu 

& Mohanty, 2007;), and bioadhesives (Mohanty et al., 2007). In this study, we explore the 

feasibility of using DDGS for biodegradable composites with poly(lactic acid) (PLA).  

PLA is derived from sugar-based materials. It is the leading biodegradable polymer and 

considered a sustainable alternative to petroleum-based plastics. PLA exhibits mechanical 

properties similar to those of some traditional polymers. However, its applications are limited by 

several unsatisfactory characteristics, such as modest strength and modulus, brittleness, low heat 

distortion temperature, and relatively high cost (~80 cents per pound). Therefore, PLA has been 

compounded with various low-cost natural biopolymers including wood flour, sugar cane, lignin, 

flax, soy flour, soy protein, and starch to reduce its cost and enhance its modulus and 

biodegradability (Chen et al., 2008; Duhovic et al., 2009; Fang et al., 2009; Ke & Sun, 2000; Li 

et al., 2003; Li et al., 2010b; Ren et al., 2009; Wang et al., 2008; Zhang et al., 2006; Zhang & 

Sun, 2004). Our group has made achievements in preparing PLA/starch composites. When a 

mixture of 55% PLA and 45% starch (w/w) was thermally compounded with 0.5% methylene 
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diphenyl diisocyanate (MDI) as coupling agent, the composite showed enhanced mechanical 

properties and storage modulus above glass transition temperature (Wang et al., 2001, 2002). 

DDGS is a multiple-component biopolymer that has not been studied for use in PLA 

composites but exhibits several advantages over other fillers. First, the cost of DDGS is only 4-6 

cents per pound, which is lower than the cost of starch (10-20 cents per pound), wood fibers (~10 

cents per pound), and soy flour (~10 cents per pound). Second, DDGS contains about 30% zein, 

which is a hydrophobic protein and has been considered a candidate for adhesives (Parris & 

Dickey, 2003). For that reason, zein might provide extra hydrophobic interactions and adhesion 

with the PLA matrix in PLA/DDGS composites. MDI used as a coupling agent for the 

PLA/DDGS system could further improve compatibility and interfacial adhesion. MDI has two 

isocyanate groups, which react with nucleophiles such as hydroxyl groups, carboxyl groups, and 

amino groups to form urethane or urea linkages (Chen et al., 2008; Dieteroch et al., 1985; Li et 

al., 2010b). Consequently, MDI can act as a chain extender for pure PLA, which has been 

reported in detail by Chen et al. (2008). However, no significant effect of MDI on the thermal 

and mechanical properties of pure PLA were observed. Therefore, the coupling reaction of pure 

PLA with MDI was not included in this study. The proposed coupling mechanism between PLA 

and DDGS with MDI is shown in Figure 7.1. Potential applications for these novel composites 

include vehicle interiors, appliance components, service utensils, and packaging materials. The 

objectives of this study were to develop value-added biocomposites from DDGS with PLA 

matrix and investigate the composites’ mechanical, morphological, and thermal properties. 

 7.3 Experimental Section 

 7.3.1 Materials 

PLA (2002D) in pellet form was obtained from NatureWorks LLC (Minnetonka, MN). 

Corn DDGS was provided by Abengoa Bioenergy Corporation (York, NE) and contained 57% 

carbohydrates, 31% crude protein, and 9% crude fat based on dry matter. MDI was purchased 

from ICI Polyurethanes Group (West Deptford, NJ). 

 7.3.2 Preparation of PLA/DDGS Composites 

PLA pellets were ground through a 2 mm screen in a laboratory mill (Thomas-Wiley 

Company, Philadelphia, PA). DDGS was also ground with the same mill through a 1 mm screen. 
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Ground PLA and DDGS were dried in a vacuum oven at 80 ºC for 24 h. Mixtures of ground PLA 

with 20, 30, 40, or 50% DDGS (based on total weight) were mixed in a stand mixer (Ultra Power 

Kitchen Aid, St. Joseph, MI) for 10 min and then transferred to an intensive mixer (Rheomix 

600, Haake, Paramus, NJ) equipped with two corotating rollers with a gap. The mixtures were 

thermal blended for 3 min at 180 ºC and 130 rpm. When cool, mixtures were ground into 2 mm 

powder. Pure PLA was treated with the same procedures as the control. Composites of 

PLA/20%DDGS with varying ratios of MDI (0.25, 0.5, 1, and 2% based on 100 parts of 

PLA/DDGS mixture) were prepared similarly to further investigate the effectivity of MDI as 

coupling agent. Dog-bone-type tensile bars were compression molded at 180 ºC and 8000 lb for 

5 min with a Carver hot press (model 3889, Auto “M”, Carver Inc., Wabash, IN) according to 

ASTM Method D 638-91 (1992), cooled to room temperature in air, and then removed from the 

mold. Five tensile bars were prepared for each type of composite, and bars were conditioned at 

25 ºC with a relative humidity of 50% for at least 48 h prior to characterization. 

 7.3.3 Fourier-transform Infrared (FTIR) Spectroscopy 

FTIR spectra of the samples were acquired with a PerkinElmer Spotlight 300 

spectrometer. Spectra were collected in the region of 4000 to 800 cm-1 with a spectral resolution 

of 8 cm-1 and 64 scans co-added. At least three replicates were collected for each sample type. 

 7.3.4 Mechanical Measurements 

The tensile tests were performed with an Instron testing system (model 4465, Canton, 

MA) at a crosshead speed of 5 mm/min with a 30 mm gauge length. Five replicates were tested 

for each sample type. 

 7.3.5 Scanning Electron Microscopy (SEM) 

Morphology of the fractured surfaces of composites obtained from tensile tests was 

observed via SEM (Hitachi S-3500N, Hitachi Science Systems, Ltd., Japan). Each specimen was 

mounted on an aluminum stub, and the fractured surface was coated with an alloy of 60% gold 

and 40% palladium with a sputter coater (Desk II Sputter/ Etch Unit, NJ) before observation. 

DDGS was observed similarly. 
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 7.3.6 Differential Scanning Calorimetry (DSC) 

Thermal transitions of the composites were measured with a TA DSC Q200 instrument in 

an inert environment by using nitrogen with gas flow rate of 50 ml/min. About 5 mg of each 

sample obtained from a tensile bar was crimp sealed in an aluminum pan. An empty pan was 

used as a reference. The sample was heated from 0 °C to 190 °C at a rate of 10 °C/min to 

examine the glass transition temperature (Tg) and crystallinity of PLA in the test specimens. 

Crystallinity (Xm) was estimated according to the following equation: 

100(%)
0







PLA

m
m

XH

H
X                                             (1) 

ΔHm and ΔH0 are heats (J/g) of melting of composite and PLA crystal of infinite size with a 

value of 93.6 J/g (Fischer et al., 1973), respectively, and XPLA is the PLA fraction in the 

composite. 

 7.3.7 Thermogravimetric Analysis (TGA) 

Thermal stability of the samples was determined with a PerkinElmer Pyris1 TGA 

instrument (Norwalk, CT). About 5 mg of each sample obtained from a tensile bar was placed in 

the pan and heated from 40 °C to 600 °C at a heating rate of 20 °C /min under a nitrogen 

atmosphere.  

 7.3.8 Dynamic Mechanical Analysis (DMA) 

Dynamic mechanical experiments were conducted using a PerkinElmer DMA 7e 

instrument (Norwalk, CT) in a three-point flexural mode at 1 Hz frequency. Specimens (about 10 

mm × 6 mm × 2 mm) were obtained from tensile bars with a saw, and the edges were polished 

carefully with grade 240 abrasive sandpaper. Specimens were heated from 0 °C to 150 °C at a 

heating rate of 3 °C/min under a helium atmosphere. Flexural storage modulus and flexural loss 

modulus were determined from the changes in the amplitude and phase angle of the observed 

oscillating strain within the approximation of linear response of the specimen. 
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 7.4 Results and Discussion 

 7.4.1 FTIR 

Figure 7.2 shows the representative FTIR spectra of MDI, DDGS, PLA, and the 

PLA/20%DDGS/1%MDI composite. The strong absorption peak at 2292 cm-1 for MDI was 

attributed to the free –N=C=O groups. For DDGS, the broad band centered at 3364 cm-1 was 

assigned to the stretching vibration of –OH and –NH from carbohydrates and protein, the peak at 

2930 cm-1 to the stretching of –CH from lipids, the peak at 1654 cm-1 to the amideⅠ absorption 

of corn protein, and the peaks at the region of 1250-1000 cm-1 to carbohydrates. These results 

confirm that DDGS is composed of carbohydrates, protein, and lipids. PLA exhibited –OH 

vibration bands at 3500 cm-1; –CH stretching and bending vibration bands at 2994, 2944, and 

1454 cm-1; and –C=O vibration bands at 1772 cm-1 (Li & Sun, 2010). After thermal 

compounding of PLA and DDGS with MDI, the peak of –N=C=O in the composites totally 

disappeared, indicating that all free isocyanate groups from MDI were consumed during thermal 

compounding. Moreover, the strong absorption peak of –OH and –NH observed in DDGS 

became very weak, indicating that most –OH and –NH groups were reacted with MDI in forming 

urethane and urea linkages. The urea-urethane and alcohol-urethane groups were expected to be 

found at 1647 cm-1 and 1704-1727 cm-1 (Wu & Mohanty, 2007), respectively, which were 

overlapped with amideⅠ and –C=O absorption. 

 7.4.2 Mechanical Properties 

Pure PLA exhibited tensile strength (σ) of 77 MPa, elongation (ε) of 6.2%, and Young’s 

modulus (E) of 2.0 GPa (Table 7.1). With 20% DDGS, σ and E decreased to 27 MPa and 1.8 

GPa, respectively, whereas ε increased significantly to 16%, as shown in the stress-strain curve 

(Figure 7.3). As the DDGS loading further increased, σ and E kept decreasing, whereas ε 

remained higher than that of pure PLA. When DDGS content reached 50% in the composite, σ 

and E decreased to about 10 MPa and 0.8 GPa, respectively, and ε was 7.8% (Table 7.1). These 

results indicated that interfacial adhesion between the PLA matrix and DDGS particles was poor 

because of their immiscible characteristics. The loading ratio of DDGS was then fixed at 20% to 

investigate the effect of coupling agent (MDI) on mechanical properties of composites (Table 

7.2). The σ and E of PLA/20% DDGS composites increased dramatically by incorporating MDI, 
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compared with composites without MDI, whereas ε decreased slightly compared with that of 

pure PLA. With 0.25% MDI, σ and E increased to 54 MPa and 2.4 GPa, respectively. For 

composites with 0.5% MDI, σ further increased to 68 MPa, whereas E remained almost 

unchanged. Optimum mechanical properties were obtained at 1% MDI, at which σ (77 MPa) was 

the same as that of pure PLA, E (2.5 GPa) was 25% higher, and ε (5.0%) was slightly decreased. 

As MDI ratio further increased to 2%, mechanical properties decreased. 

As expected, DDGS particles in the PLA matrix without a coupling agent acted as stress 

concentrators under tensile stress, often inducing fractures and resulting in low tensile strength. 

Moreover, because of the poor packing properties of DDGS, some pores were observed in the 

tensile bars without MDI, which also resulted in low strength. However, in contrast to the 

immediate fracture after reaching maximum load for PLA, the PLA/20%DDGS composite 

showed distinct yielding and stable neck growth (Figure 7.3), which were induced by the 

debonding of DDGS particles from the PLA matrix during fracturing. This is further discussed in 

the morphology section. 

Because of the formation of covalent linkages between hydroxyl or carboxyl groups from 

PLA into PLA-MDI and hydroxyl or amine groups from DDGS into DDGS-MDI (Figure 7.1), 

interfacial adhesion between the PLA matrix and DDGS particles was greatly improved, 

resulting in increased strength and modulus. Meanwhile, with formation of DDGS-MDI, packing 

properties of DDGS were improved, and porosity of the composites significantly decreased as 

indicated in the SEM images (Figure 7.4), which also enhanced mechanical properties. However, 

excess PLA-MDI and DDGS-MDI segments were formed with extra MDI (2%), and these 

segments might interfere with effective entanglements or segmental crystallization between 

DDGS particles and the PLA matrix (Zhang et al., 2006), resulting in decreased strength and 

modulus. Similar results were reported for PLA/sugar beet pulp composites with MDI ranging 

from 0 to 3% (Chen et al., 2008). 

 7.4.3 Morphology 

As shown in Figure 7.4, DDGS exists in irregular shapes and various sizes (20-200 μm) 

and has coarse surfaces. Pure PLA has a smooth and continuous fracture surface, indicating a 

brittle fracture behavior that corresponds to its low elongation value shown in Table 7.1. Surface 

roughness of the PLA matrix obviously increased with inclusion of 20% DDGS as observed 
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from SEM images (Figure 7.4, a and a’), indicating that remarkable plastic deformation 

occurred. As discussed previously, because there was not sufficient interfacial adhesion, DDGS 

particles debonded from the PLA matrix at the interface during fracturing. Void formation due to 

cavitation localized at the particle/matrix interfaces was visible together with PLA matrix strands 

surrounding voids (Figure 7.4, a and a’), and the stress state in the PLA matrix was altered. 

During the debonding process, these PLA matrix strands were plastically stretched, fibrillized, 

and finally broken down. The toughening mechanism of particle-filled semicrystalline polymers 

has been explained in detail (Kim & Michler, 1998a, 1998b). With the naked eye and SEM, we 

also observed some pores attributed to the poor packing properties of DDGS. As DDGS loading 

ratio further increased, more pores were observed (SEM images not shown), which corresponds 

to the decreased strength and elongation of composites. 

With 0.25% MDI added, fracturing extending through DDGS particles was observed in 

addition to debonding, and the porosity decreased obviously (Figure 7.4, b), indicating the 

greatly improved wettability of DDGS particles by the PLA matrix and penetration of PLA into 

the porous DDGS. With increasing amounts of MDI, almost no evidence of debonding could be 

observed at the fracture surfaces (Figure 7.4, c-e). Instead, DDGS particles ruptured together 

with the PLA matrix at the plane of the fracturing surfaces. For composites with 1% and 2% 

MDI, few individual DDGS particles could be observed, and those that were distinguishable 

appeared to be completely coated and penetrated by the PLA matrix (Figure 7.4, d-e). Moreover, 

no pores could be observed in the tensile bars. The SEM images provide clear evidence that MDI 

addition established strong interfacial bonding between the PLA matrix and DDGS particles that 

led to greatly improved stress transfer between the matrix and fillers, corresponding to 

measurements of the mechanical properties. 

 7.4.4 Thermal Properties 

Figure 7.5 shows DSC thermograms of compression-molded PLA and PLA/20%DDGS 

composites. The thermograms were obtained from the first heating scan to reveal the glass 

transition and crystalline status of the PLA component in the composites. Table 7.3 summarizes 

the DSC results. The Tg of the composite without MDI was 3 ºC lower than that of pure PLA 

(62.1 ºC). With addition of MDI, Tg increased slightly, indicating that some coupling effects 

from MDI occurred. An endothermic peak around the glass transition region was observed for 
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PLA and composites because of physical aging during storage at ambient temperature. The peak 

area of PLA, PLA composites without MDI and with 0.25% MDI was larger than that of 

composites with a higher MDI loading ratio. During sample storage, molecular mobility reduces 

free volume. Samples with a higher degree of aging have smaller free volume as well as smaller 

enthalpy and potential energy than samples with a lower degree of aging (Pan et al., 2007). 

Therefore, when the aged samples are heated, more energy is required for the glass transition, 

thus increasing the area of the endothermic peak. Crystallinity of PLA in the composites was 

higher than that of pure PLA. However, crystallinity of the composite with 2%MDI was slightly 

lower than that of other composites. This might be caused by the excess PLA-MDI and DDGS-

MDI segments that occurred with extra MDI loading, which would interfere with segmental 

crystallization, as discussed previously in the mechanical properties section. 

TGA and derivative TGA thermograms of DDGS, PLA, and PLA/20%DDGS composites 

are shown in Figure 7.6 (A) and (B), and the TGA data are summarized in Table 7.4. Because of 

its multiple components (carbohydrates, protein, lipids, etc.), DDGS exhibited a much broader 

decomposition range than PLA; onset, end, and peak decomposition temperatures (Tonset, Tend, 

and Tmax) of DDGS were 298.8, 418.6, and 383.1 ºC, respectively, and Tonset, Tend, and Tmax of 

PLA were 344.5, 388.9, and 381.7 ºC, respectively. The composite without MDI showed slightly 

higher decomposition temperatures than PLA with Tend and Tmax of 401.2 and 385.5 ºC, 

respectively. All composites with MDI showed similar decomposition temperatures with Tmax 

values slightly lower than that of PLA. Because DDGS has higher tar and ash content than PLA, 

the residue weight of PLA/DDGS composites above 425 ºC is higher than that of PLA but lower 

than that of DDGS. 

For PLA and PLA/20%DDGS composites with and without MDI, storage modulus (E’) 

increased gradually with heating between 20 and 61 ºC, reached a peak value, dropped sharply at 

the glass transition region, and then reached a rubbery plateau (Figure 7.7, A). The increase of E’ 

between 20 and 61 ºC was a kinetic unfreezing of a nonequilibrium disordered structure at the 

low heating rate (3 ºC /min) and sinusoidal frequency (1 Hz) and a consequence of molecular 

structure densification and aging (Li et al., 2010b). For all samples, the competing effects of 

aging and relaxation led to the fluctuation of E’ before its sharp drop. An increase in E´ around 

100 ºC was attributed to cold crystallization of PLA components. When the E’ values of PLA 

and composites at room temperature (25 ºC) were compared, composites without MDI showed a 
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smaller E’ (1.02 GPa) than PLA (1.12 GPa), corresponding to its lower mechanical strength. 

With MDI, an obvious increase in E’ was observed for all composites, indicating effective 

coupling between PLA and DDGS. 

The loss factor (tan δ) of PLA and PLA/20%DDGS composites during heating is 

presented in Figure 7.7 (B). The peak that appeared at about 69 ºC is known as Tg from DMA 

measurement. Pure PLA had the largest tan δ (1.65) at Tg, indicating that it contains a greater 

amorphous phase portion than the composites, which corresponds to the lowest crystallinity 

value of pure PLA determined from DSC. In a composite system with filler, the filler would limit 

mobility of the matrix molecular chain, thereby affecting relaxation of the matrix chains and 

causing a lower damping in the transition zone compared with a pristine polymer (Nielsen & 

Landel, 1994). 

 7.5 Conclusions 

PLA/DDGS composites with mechanical properties similar to those of pure PLA were 

successfully prepared via thermal compounding. FTIR spectroscopy verified that MDI was an 

effective coupling agent for the PLA/DDGS system. Without a coupling agent, tensile strength 

and Young’s modulus of composites decreased dramatically as DDGS content increased. For 

PLA/20%DDGS composites, as MDI loading ratio gradually increased from 0.25 to 1%, tensile 

strength and Young’s modulus increased and approached values similar to those of pure PLA. 

Morphology of the fracture surfaces showed that addition of MDI established strong interfacial 

bonding between the PLA matrix and DDGS particles and decreased the porosity of composites. 

Crystallinity of PLA in the composites was higher than that of pure PLA. Composites with MDI 

had higher storage moduli at room temperature than pure PLA. These results indicate that using 

low-cost DDGS as filler can result in biodegradable composites that have properties similar to 

those of pure PLA but cost significantly less. This novel application of DDGS for biocomposites 

has significantly higher economic value than its traditional use as a feedstuff. 
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Figure 7.1 Proposed coupling mechanism between PLA and DDGS with MDI. 
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Figure 7.2 FTIR spectra of MDI, DDGS, PLA, and PLA/20%DDGS/1%MDI composite. 
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Figure 7.3 Tensile stress-strain curves of PLA and typical PLA/DDGS composites. 
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Figure 7.4 SEM images of PLA and PLA/20%DDGS composites with (a and a’) 0%MDI, 

(b) 0.25%MDI, (c) 0.5%MDI, (d) 1%MDI, (e) 2%MDI. 
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Figure 7.5 DSC thermograms of PLA and PLA/20%DDGS composites with (a) 0%MDI, 

(b) 0.25%MDI, (c) 0.5%MDI, (d) 1%MDI, (e) 2%MDI (first scan). 
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Figure 7.6 TGA (A) and derivative TGA (B) thermograms of DDGS, PLA, and 

PLA/20%DDGS composites with (a) 0%MDI, (b) 0.25%MDI, (c) 0.5%MDI, (d) 1%MDI,  

(e) 2%MDI. 
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Figure 7.7 Flexural storage modulus (A) and tan δ (B) of PLA and PLA/20%DDGS 

composites with (a) 0%MDI, (b) 0.25%MDI, (c) 0.5%MDI, (d) 1%MDI, (e) 2%MDI. 
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Table 7.1 Mechanical properties of PLA/DDGS composites without coupling agent 

 

Sample 
Tensile strength 

(MPa) 
Elongation at break 

(%) 
Young’s modulus 

(MPa) 

Pure PLA 77.10 ± 0.76 6.18 ± 0.37 2.04 ± 0.02 

20% DDGS 27.44 ± 0.68 15.65 ± 2.36 1.81 ± 0.04 

30% DDGS 20.24 ± 1.11 11.62 ± 2.08 1.51 ± 0.05 

40% DDGS 13.55 ± 0.94 10.95 ± 3.57 1.20 ± 0.14 

50% DDGS 9.72 ± 0.51 7.77 ± 1.90 0.80 ± 0.05 
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Table 7.2 Mechanical properties of PLA/20%DDGS composites with varying amount of 

MDI as coupling agent 

 

Sample 
Tensile strength 

(MPa) 
Elongation at break 

(%) 
Young’s modulus 

(MPa) 

0.25% MDI 54.47 ± 1.34 3.92 ± 0.12 2.36 ± 0.09 

0.5% MDI 68.13 ± 0.79 4.56 ± 0.16 2.41 ± 0.05 

1% MDI 77.05 ± 1.70 4.96 ± 0.16 2.52 ± 1.26 

2% MDI 68.77 ± 0.45 4.84 ± 0.36 2.36 ± 0.04 
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Table 7.3 DSC results of PLA and PLA/20%DDGS composites with varying amount of 

MDI 

 

Sample 
Tg 
ºC 

ΔCp 
J/(g∙ºC) 

Tm 
ºC 

ΔHm 
J/g 

Xm 
% 

PLA 62.1 0.35 148.3 19.01 20.3 

0%MDI 58.9 0.38 147.3 19.94 26.6 

0.25%MDI 59.7 0.30 148.6 19.69 26.3 

0.5%MDI 60.8 0.27 148.9 19.66 26.3 

1%MDI 60.3 0.26 148.5 18.72 25.0 

2%MDI 60.5 0.35 147.7 16.96 22.7 
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Table 7.4 Decomposition temperatures of DDGS, PLA, and PLA/20%DDGS composites 

with varying amount of MDI determined from derivative TGA thermograms 

 

Sample 
Tonset 
ºC 

Tend 
ºC 

Tmax 
ºC 

DDGS 298.8 418.6 383.1 

PLA 344.5 388.9 381.7 

0%MDI 343.0 401.2 385.5 

0.25%MDI 340.2 394.2 379.9 

0.5%MDI 341.7 393.2 378.4 

1%MDI 335.5 391.2 377.8 

2%MDI 337.2 389.7 376.5 
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Chapter 8 - Conclusions and Recommendations 

 8.1 Conclusions 

Inorganic nanoparticles and low-cost agricultural residues reinforced poly(lactic acid) 

(PLA) nanocomposites/composites with improved thermal stability, glass transition temperature 

(Tg), mechanical properties, and reduced cost were reported in this dissertation. Both in situ 

polymerization and melt blending approaches were employed. 

PLA-MgO nanocomposites were synthesized by in situ melt polycondensation of lactic 

acid and surface-hydroxylated MgO nanocrystals at MgO loading level of 0.005-0.2%. The 

covalent grafting of PLA chains onto MgO nanocrystal surfaces was confirmed by Fourier 

transform infrared spectroscopy (FTIR), thermalgravimetric analysis (TGA), and solid-state 1H 

and 13C nuclear magnetic resonance spectroscopy. The nanocomposites exhibited continuous 

morphology with small convexities uniformly distributed in PLA matrix because of surface 

grafting and hydrogen bonding between PLA chains and hydroxylated MgO, while pure PLA 

exhibited an incontinuous particle morphology with a flat, smooth surface. MgO crystals acted as 

nucleation agents to induce and accelerate crystallization of the PLA-MgO nanocomposite. 

Thermal stability of the PLA-MgO nanocomposite was significantly increased compared with 

that of pure PLA.  

PLA nanocomposites with bare MgO crystals and surface grafted MgO nanocrystals with 

PLA chains (g-MgO) were prepared via melt blending, respectively. For PLA/MgO 

nanocomposites, maximum tensile strength and Young’s modulus were obtained at a 0.0125% 

MgO loading level and increased by 14% and 26%, respectively, compared with values for pure 

PLA. For PLA/g-MgO nanocomposites, maximum tensile strength was obtained at a 0.025% g-

MgO loading level and was slightly higher than the tensile strength value of the 

PLA/0.0125%MgO nanocomposite. Morphology of the fracture surfaces showed that PLA/g-

MgO nanocomposites had stronger interfacial interaction than PLA/MgO nanocomposites. 

PLA nanocomposites were also synthesized with high anisotropy TiO2 nanowires through 

in situ melt polycondensation. The covalent grafting of PLA chains onto the nanowire surfaces 
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was confirmed by FTIR spectroscopy and TGA. TEM micrographs and DSC results also 

sustained the presence of the third phase on the nanowire surfaces. Those PLA on the nanowire 

surfaces exhibited significantly increased Tg and thermal stability, compared with pure PLA. 

TGA results also showed that more than 30 wt.% PLA was grafted onto the nanowire surfaces. 

The Tg of bulk nanocomposites increased, whereas the crystallization ability decreased, as the 

nanowire concentrations increased from 0 to 2%. 

In situ polymerization was a more effective approach than solution mixing in preparing 

PLA/TiO2 nanowires nanocomposites. Crystallization growth rate first increased then decreased 

in the temperature range of 80–115°C, with maximum rate observed at 100°C. The TiO2 

nanowires acted as nucleation agents in the ISPLANC, which exhibited much higher Gexp than 

either pure PLA or SMPLANC below 110°C. The crystallization behavior of all the three 

samples fit the Avrami equation quite well. The overall crystallinity of both PLA and 

nanocomposites increased in general as crystallization temperature increased in the evaluated 

range. 

PLA composites with wood flour (WF) and soy flour (SF) were prepared by thermal 

blending followed by compression molding. Methylene diphenyl diisocyanate (MDI) was an 

effective coupling agent for the WF/PLA system, resulting in improved tensile strength and 

elongation. Modification of SF with NaHSO3 was also an effective way to increase the 

mechanical properties of the SF/PLA system. Results from DSC revealed that SF and modified 

SF, but not WF, could act as nucleation agents to induce and accelerate the crystallization of 

PLA in the composites, resulting in much higher crystallinity. The temperature-dependent 

mechanical relaxations of PLA and its composites with WF, SF, and modified SF with and 

without MDI were analyzed using the KWW relaxation function, and information such as τ, β, 

and ΔE were obtained. PLA and its composites exhibited highly homogeneous relaxational 

dynamics in their transition from glass to liquid during heating because of the high degree of 

hydrophobicity and densification effects of PLA, SF, and MSF.  

PLA/DDGS composites with mechanical properties similar to those of pure PLA were 

successfully prepared via thermal compounding. FTIR spectroscopy verified that MDI was an 

effective coupling agent for the PLA/DDGS system. For PLA/20%DDGS composites, as MDI 

loading ratio gradually increased from 0.25 to 1%, tensile strength and Young’s modulus 

increased and approached values similar to those of pure PLA. Morphology of the fracture 
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surfaces showed that addition of MDI established strong interfacial bonding between the PLA 

matrix and DDGS particles and decreased the porosity of composites. These results indicate that 

using low-cost DDGS as filler can result in biodegradable composites that have properties 

similar to those of pure PLA but cost significantly less. This novel application of DDGS for 

biocomposites has significantly higher economic value than its traditional use as a feedstuff. 

Overall, the results from this dissertation are promising. These results provide new 

insights into fundamentals and structure-property relationships of polymer nanocomposites and 

composites. These novel PLA thermoplastic nanocomposites and composites with enhanced 

properties have potential applications in packaging materials, textiles, appliance components, 

autoparts, medical implants, etc. Commercialization of such products in the future would 

accelerate the use of biopolymers (starch, cellulose, hemicelluloses, etc.) and reduce our reliance 

on fossil resources.  

 8.2 Recommendations on Future Studies 

Based on the experiences and results of this study, future research on the following topics 

should be considered: 

(1) To compare the reinforcing differences of TiO2 nanowires, nanosheets, and 

nanospheres on the properties of PLA nanocomposites. Though it is expected that the 

reinforcing effect of nanoparticles in nanocomposites increases with the anisotropy 

(aspect ratio) of nanoparticles, there is lack of experiment data on such hypothesis 

using nanoparticles from the same origin. 

(2) To investigate the effects of TiO2 nanoparticles on photodegradation and 

biodegradation of PLA nanocomposites. TiO2 is a well known photocatalyst. The 

wide band gap of TiO2 (Eg > 3.2 eV) makes it capable of absorbing UV light (λ < 388 

nm) and generating active oxygen species, which are expected to induce the 

photodegradation of interfacial polymers. PLA has the limitation of slow 

biodegradation rate. By incorporating photoactive TiO2 nanoparticles, PLA 

nanocomposites would possess both photodegradability and biodegradability, thus a 

higher degradation rate. 

(3) To further understand the basic relationships between nanoscale structural variables 

and the macroscale properties of polymer nanocomposites. Although it is believed 
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that the substantial improvements in bulk material properties stem from the 

dramatically increased polymer chain-nanoparticle interface area in the case of 

nanocomposites, we are still far from fully understanding molecular mechanisms 

responsible for the observed bulk behaviors. 

 

 

 

 

 

 

 

 

 


