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ABSTRACT  

 

PLA nanofibers were successively produced by thermo-responsive transformation of PLA 

particles in water. The morphological structure of the nanofibers could be optimized by the heat 

treatment as well as the incorporation of GO to the fiber surface. PLA/GO fiber demonstrated a 

more stable morphology and GO provided good compatibility between PLA and starch. Both PLA 

and PLA/GO fibers incorporated in starch films resulted in increased thermal stability and 

mechanical properties. However, the most favorable properties were assigned starch films 

containing high concentration of PLA/GO fibers. These films with completely green components 

could possibly be utilized in biodegradable packaging applications.  

  

Key words: PLA nanofiber, thermo-responsive transformation, PLA particles, morphology, GO, 

starch, thermal stability, mechanical properties, green components, biodegradable packaging. 

Det var möjligt att producera PLA nanofibrer via termoresponsiv transformation av PLA partiklar i 

vattenfas. Den morfologiska strukturen av nanofibrerna kunde optimeras med hjälp av 

värmebehandling och även integration av GO på fiberytan. PLA/GO fibrer påvisade en stabilare 

morfologi och GO ledde till god kompatibilitet mellan PLA och stärkelse. Både PLA och PLA/GO 

fibrer integrerade i stärkelsefilmer resulterade i ökad termisk stabilitet och förbättrade 

mekaniska egenskaper. Dock, erhölls de mest gynnsamma egenskaperna av stärkelsefilmer 

innehållande höga koncentrationer av PLA/GO fibrer. Dessa filmer av fullständigt gröna 

bestående av miljövänliga komponenter och kan möjligtvis användas i bionedbrytbara 

förpackningsapplikationer.    
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1. INTRODUCTION  

 
PLA nanofiber 

As the environmental awareness has increased with time, more and more research has been conducted 

to modify fossil fuel-based polymers by incorporating bio-based polymers or even totally replacing the 

fossil materials by biobased materials.  

Poly(lactic acid) (PLA) (see figure 1) is a bio-based aliphatic polyester that has gained commercial success 

through years and is relatively widely employed today in various technical fields. The monomer used to 

produce PLA is derived from renewable resources such as corn. The starch is easily extracted from plants 

and enzymatically hydrolyzed into sugars (1). These sugars are in turn converted into lactic acid by 

fermentation (1). This method yields a high amount of the specific stereoisomer L-isomer whereas 

chemically produced lactic acid is a racemic mixture due to chirality (1). There exist two methods for the 

production of PLA, direct condensation of lactic acid and ring opening polymerization of lactide, the 

dimerized cyclic lactic acid (1). The later method is preferable as it allows the production of high 

molecular weight polymer.  

 

Figure 1 - The chemical structure of PLA.   

PLA has excellent properties, which include high mechanical strength, good barrier qualities, 

biocompatibility and biodegradability (2, 3). Moreover, PLA has good crystallization rate at temperatures 

between 100 and 118 °C (2). The PLA fibers have many similarities with thermoplastic fibers and its 

mechanical properties are very alike those of conventional PET although the thermal stability is less 

good (1). 

The development of nano-structured materials with one-dimensional morphologies, especially various 

nanofibers, has gained a great deal of attention. Organic nanofibers have mostly been produced by 

either the self-assembly of amphiphilic molecules as for example low-molecular-mass organogelators 

and block copolymers or by electrospinning method (4-6). The former method involves difficulties in 

controlling the morphological structure of the formed fibers whereas the latter method produces well-

defined fibers from various polymers however it requires optimized conditions and specialized 

equipment (7). Thus, it is highly desired to develop a new and simpler method for the production of 

well-defined organic nanofibers. PLA nanofibers have successfully been fabricated through a thermo-

responsive transformation of PLA particles in water (3). The PLA nanofibers in this study will be 

produced by the thermo-responsive method.        

The PLA fibers have generally a circular cross-section and a smooth surface (1). At room temperature, 

the polymer is stiff and the glass transition temperature (Tg) is generally between 55-65 C°. The melting 

temperature (Tm) for either L- or D-isomer is between 160 -170 °C. Furthermore, PLA has a very low 

moisture regain, low chemical resistance due to hydrolysis, good self-extinguishing properties and good 

resistance to UV light (which leads to low strength loss when exposed to light) (1).   
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PLA/Graphene Oxide Nanocomposite 

There is a large interest in improving the properties of PLA, which can be implemented through different 

approaches such as chemical modification of the polymeric structure and formation of composite 

materials. Among studied nanofillers for preparation of PLA composites is graphene oxide (GO) (see 

figure 2) (8). GO is a direct derivative of graphene which is a sp2-hybridized carbon sheet (9).  

Graphene is a relatively new material that has shown to hold outstanding properties such as high 

specific surface, thermal and electrical conductivity, low weight, high Young’s modulus, high carrier 

mobility and high optical transparency (8, 9). However, graphene is not suitable for biomedical 

application due to the low solubility in common solvents and unfavorable optoelectronic properties 

(9).The direct derivative of graphene, graphene oxide GO, on the other hand, has improved water 

solubility as it consists of graphene region with surrounding carboxyl, epoxy and hydroxyl groups. The 

GO structure with hydrophilic edges and hydrophobic central planes provides amphiphilic properties 

(10). This structure enables the GO sheets to disperse as colloids in aqueous medium with no need of 

surfactants or stabilizing polymers (11, 12). Also, this feature of oxidized and aromatic groups provides 

secondary interaction such as electrostatic, π-π, hydrogen bonding and hydrophobic interactions, which 

may be used for the construction of supramolecular architectures (11, 13).    

 

GO is commonly produced by Hummers method or its modifications where graphite is oxidized with 

potassium permanganate and sulfuric acid (14-16). The separation of the oxygen-functionalized graphite 

into sheets is possible through exfoliation (17). Thus, it is possible to consider that carbon structures 

consisting of graphite are potential starting materials for graphene oxide (18).   

The individual GO sheets have demonstrated outstanding mechanical and optical properties (19-23). 

These properties can be of use by incorporation of GO nanosheets (the size of the sheets is less than 100 

nm) into polymeric composites, which will result in high performance multifunctional materials (24-27). 

As GO creates good interphase interactions it may function as emulsion stabilizer as well as providing 

improved mechanical properties. The GO nanosheets also provide properties such as low C/O ratio and 

enhanced colloidal stability (9). Nano particles are able to improve target properties without affecting 

the key properties of the matrix as long as there is good dispersion and interfacial interactions with the 

polymer matrix (28). Furthermore, nano-particles are usually needed in small quantities  < 5w% (often 

about 1w%) give rise to distinctly improved features (28).  

 

Figure 2 - The chemical structure of GO nanosheet (9).  
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PLA/Starch Composite  

PLA is a considered a relatively brittle and rigid polymer which is observed during mechanical treatment 

of the polymer (29). This often leads to physical aging throughout the use. Furthermore, PLA is more 

expensive than other commercial polymers and some applications involve a blend with other 

components.  

Starch is an abundant natural polymer which is biodegradable and biocompatible (29). The semi-

crystalline starch granules are composed of linear amylose and branched amylopectin (30). Starch is 

often used with plasticizers due to its brittleness and is often used as filler for eco-friendly plastics as 

thermoplastic starch itself has poor mechanical properties (31).  

The blends of relatively non-polar PLA and starch comprising many polar groups are incompatible. As a 

matter of fact, PLA is weakened by starch as it increases the moisture absorption (32). Thus, it is 

important to dry the blend or composite prior to processing in order to improve adhesion of the 

components. The composite usually also contain coupling agent for improved compatibility with 

compatibilizers such as dioctyl maleate and methylene diphenyl diisocyanate (33). Some studies have 

shown that the tensile strength can be equal to that of pure PLA when the PLA/starch composite is pre-

dried (32). In general, PLA/starch composites show a 20-40% reduction in tensile strength (32).  

Research has also been done on surface modification of starch (34-37) or use of compatibilizers/ 

coupling agents (38-41) to gain better compatibility and good final properties for the PLA/starch 

composites.  

PLA and PLA Composite Applications  

PLA has a wide application range and it is still finding new promising fields of applications. PLA is used in 

injection-molded cutlery, thermoformed boxes, blow-molded bottles as well as various medical supplies 

such as tissue engineering scaffolds, delivery system materials and bioabsorbable medical implants. 

Other application areas for PLA are within dermatology and cosmetic (32, 42).  

Nanofibers have gained a great deal of attention as they can be used for optoelectric nanodevices, 

chemical sensors and scaffolds for tissue engineering, due to their specific properties of such as high 

specific surface areas and specific molecular orientations (3). They can also improve the properties of 

polymer nanocomposites.  

PLA/starch composites can be used for application that does not require elevated mechanical strength 

such as toothbrush handles, flower pots, cups and packaging applications (32). Moreover, PLA 

incorporating high starch content is suitable for short life-cycle applications whereas PLA incorporating 

low starch content is appropriate for longlife cycle applications.        

We hypothesized that PLA nanofibers can be produced and morphologically modified by the thermo-

responsive method and the properties of these fibers further improved through decoration by GO 

sheets. The PLA/GO nanofibers could be used in starch films to improve the interaction between PLA 

and starch as the GO hold amphiphilic properties that could improve the interface between starch and 

PLA(43). This would offer green and compatible nanofibers that can be used to reinforce biobased 

materials for various biomedical and packaging applications.       
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2. MATERIALS AND EXPERIMENTAL  
 

2.1. Materials 

 

Polylactide was NatureWorks PLA (5200D) and tetrahydrofuran (THF) was acquired from Fisher Chemical 

(HPLC grade). Nitric acid (HNO3) was obtained from Sigma-Aldrich Chemie GmbH, the carbon 

nanospheres (CN) were synthesized according to (43) and the starch was purchased from Tepung 

Tapioka (Indonesia). The glycerol was obtained from VWR International. All chemicals were used as 

received.  

 

2.2. Preparation of PLA particles  

PLA particles in solution were prepared from the PLLA pellets by evaporation of solvent (44). This 

method of particle preparation (self-organized precipitation method, SORP) is appropriate for versatile 

polymers through selection of suitable solvents. One advantage of this method is, the ability to control 

the diameter of the particles (from several tens of nanometers to several micrometers) by altering the 

polymer concentration and the ratio of poor (e.g. water)/good solvents (e.g. Tetrahydrofuran THF)(44). 

PLLA pellets were dissolved in THF to prepare 0.1 gL-1 solutions. The solution was subjected to stirring by 

using a shaking board for 24h to dissolve PLA. After the dissolution of the polymer, deionized water was 

added drop wise and in equal volume as the THF (5 ml) to the solution under magnetic stirring. The THF 

was allowed to evaporate from the solution at room temperature and under atmospheric pressure for 

two days to gain PLA particles. 

2.3. Synthesis of GO from CN 

 

The CNs, were produced from starch by a microwave-assisted hydrothermal degradation reaction (43). 

In order to prepare GO from CNs, a 3,5 ml solution of CN (1w%) in HNO3 was kept in a 100 ml one-neck 

round-bottom flask and sonicated for 30 minutes at 45 °C in a sonication bath. The sonicated solution 

was then heated to 90 °C with magnetic stirring for 60 min. To stop the reaction and dilute the acidic 

medium, the solution was poured into a beaker containing 12 ml of cold deionized water. The next step 

was vacuum evaporation to remove the acidic medium and to obtain the orange/red colored GO. The 

product was allowed to freeze dry overnight to remove any residues left from the medium.    

2.4. Preparation of PLA and PLA/GO fibers as well as PLA/starch and PLA/GO/starch composites  

 

Preparation of PLA fibers: Nine samples of PLA particles were produced and these particles in water 

solution were heat treated at different temperatures and times - 30 °C, 60 °C and 90 °C for 20, 40 and 60 

min respectively to form PLA fibers.  

Preparation of PLA/GO fibers: Three samples of PLA dissolved in THF (0.1 gL-1) were prepared to which 5 

ml deionized water solution containing 1 wt.%, 5 wt.% and 10 wt.% of GO (dissolved in water) was 

respectively added drop wise. The organic solvent in the resulting solution was allowed to evaporate at 

room temperature and under atmospheric pressure for two days. In the next step, the obtained water 

dispersion of PLA/GO particles (0.5 g in 5 ml H2O) was heated at 90 °C for 60 min to form the fibers. 
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Preparation of PLA-starch composite: Three samples of PLA dissolved in THF (0.1 gL-1) were prepared, to 

which a solution of 5 ml deionized water containing a water dispersion of starch (5, 10 and 15 wt.%) was 

added drop wise. The starch was let to disperse in deionized water (10 mg/mL) though heating at 80 °C 

for 30 min. The organic solvent in the resulting solution was allowed to evaporate at room temperature 

and under atmospheric pressure for two days. In the next step, the water dispersion of the obtained 

PLA/starch particles (0.5 g in ca. 5 ml H2O) was heat treated at 90 °C for 60 min. 

Preparation of PLA/GO/starch composite: Again three samples of PLA dissolved in THF (0.1 gL-1) were 

prepared to which a solution of 5 ml deionized water containing water dispersed GO (1 wt.%) and water 

dispersed starch (5, 10 and 15 wt.%) were added drop wise. The organic solvent in the resulting solution 

was allowed to evaporate at room temperature and under atmospheric pressure for two days. In the 

next step, the water dispersion of the obtained PLA/GO/starch particles (0.5 g in ca. 5 ml H2O) was heat 

treated at 90 °C for 60 min.  

Table 1 - The different compositions of the samples and sample characteristics are shown in table form for the fibers and 
composites 

PLA fibers (0,1g/L PLA) 

Samples 1 2 3 4 5 6 7 8 9 

T [°C] 30 30  30 60 60 60 90 90 90 

t [min] 20 40 60 20 40 60 20 40 60 

PLA/GO fibers (0,1 g/L PLA) 

Samples  1 2 3 

Water solution 
of GO [wt.%] 

1 5 10 

PLA/Starch composites (0,1 g/L PLA) 

 

PLA/GO/Starch (0,1 g/L PLA) 

 

 

2.5. Preparation of starch films containing different amount of PLA and PLA/GO fibers 

 

Preparation of films: Solution casting was used to form starch films containing glycerol and different 

concentrations of PLA and PLA/GO fibers. 

Samples  1 2 3 

Starch solution 
[wt.%] 

5 10 15 

Samples  1 2 3 

Water solution 
of GO [wt.%] 

1 1 1 

Starch solution 
[wt.%] 

5 10 15 
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A reference film containing only starch and glycerol was prepared by dissolving 3,5 g of starch and 

glycerol (30w%) in 50 ml deionized water. The solution was heated at 80 °C for 60 min and directly 

casted on dust free plastic petri dishes (9 cm in diameter).   

The three films containing PLA fibers we prepared in a similar manner. After 50 minutes of heating the 

PLA fiber solutions, which were previously prepared (see preparation of PLA fibers), were added in the 

volumes 1 ml, 3 ml and 5 ml. After the heat treatment, the solutions were cast on petri dishes.  

The three films containing PLA/GO fibers we likewise prepared. After 50 minutes of heating the PLA/GO 

fiber solutions, which were previously prepared (see preparation of PLA/GO fibers), were added in the 

volumes 1 ml, 3 ml and 5 ml. After the heat treatment, the solutions were cast on petri dishes. 

The films were allowed to dry in room temperature for 7 days, then in the vacuum oven for 24 h (37 °C) 

and lastly they were conditioned for 40 h (T= 21.8°C RH=51%) prior to tensile testing. 

2.6. Scanning Electron Microscopy (SEM)  

To study the surface morphology of the prepared PLA particles, PLA fibers, PLA/GO fibers and 

PLA/GO/starch fibers, Ultra-high-resolution FE-SEM (Hitachi S-4800) was used. The samples were 

sputtered with a 7-8 nm thick gold layer before SEM testing was performed.  

2.7. Transition Electron Microscopy (TEM) 

 

Another instrument used to analyze the morphology of PLA and PLA/GO fibers was a HITACHI HT7700 

used with software version 02/05 for the data processing. The fiber solutions were drop casted on TEM 

grind (ultrathin carbon Cu grid, TED PELLA INC., USA), which were then placed on filter paper to remove 

the excess water. The TEM samples were then left to dry in a dust free chamber prior to analysis. 

2.8. Differential Scanning Calorimetry (DSC) 

 

DSC was performed on Metter-Toledo (DSC 820) to study the glass transition and melting temperatures 

of PLA particles formed through different heat treatments and PLA/GO particles containing different 

amounts of GO. Approximately 2 mg of each sample was enclosed into 100 μL aluminum cups. The 

temperature was first raised from room temperature to 200 °C at a rate of 10 °C/min, then cooled to -50 

°C and raised again to 250 °C at the same heating rate.  

 

2.9. Tensile testing  

 

Tensile testing of the solution casted starch films containing PLA and PLA/GO fibers respectively was 

performed on an INSTRON 5944 module according to the ASTEM D63-10 standard. Strips with a width of 

5 mm and a length of 50 mm were cut from the films and four specimens were tested for each material. 

The measurements were carried out using a load cell with a maximum load of 500 N at a cross speed of 

10%/min. Gauge length was 10 mm. The samples were preconditioned at 21.8 °C and 51% RH for at 

least 40 h according to the ASTM D618-08 standard prior to testing.  

 

2.10. X-Ray Diffraction analysis (XRD) 

 

XRD spectra was recorded for PLA particles formed through heat treatment at 30, 60 and 90 °C to 
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investigate the molecular structure of the crystalline material. The X-ray source was CuKR radiation 

(λ = 0.1541 nm) and the diffraction was measured by PANanalytical X’Pert PRO diffractometer at 25 

°C with a silicium mono-crystal sample holder. The intensity was determined in a 2θ angular range 

between 5 to 60° with a step size of 0.017° for all analyses.  

  

2.11. Thermogravimetric Analysis (TGA) 

 

Mettler-Toledo TGA/DSC1 was used to analyze the thermal stability of starch films containing PLA and 

PLA/GO fibers respectively. The samples were heated at 10 °C /min from 25 °C to 700 °C with nitrogen 

flow in the furnace.  

 

2.12. FTIR imaging 

 

FT-IR spectra and single-peak absorbance images of the starch films were analyzed by using a 

PerkinElmer Spotlight 400 system equipped with an optical microscope (Bucks, U.K.). The absorbance 

images of ester group absorbance of PLA at 1740 cm-1 and carboxylic group absorbance of GO at 1711 

cm-1 were used to evaluate the distribution and compatibility of PLA and PLA/GO fibers in the starch 

matrix.  

 

3. RESULTS AND DISCUSSION  

 

3.1. Evaluation of the PLA fibers and particles through SEM, TEM, DSC and XRD 

3.1.1. PLA particles  

The PLA particles were obtained by slow addition of deionized water in PLA dissolved in THF under 

stirring. The surface morphology of the precipitated and hydrated PLA can be seen in Figure 3. The 

surface of the agglomerated PLA particles is very smooth at the used magnifications and the surface also 

contains a small amount of scattered particles as can be seen in Figure 3a). The evenness can be 

explained by the rotation of the precipitate due to stirring. In Figure 3 b)-d), the bulk surface is revealed 

involving a porous structure with non-homogenous pore size. This resulting structure derives from the 

stirring of the PLA in THF/deionized water phase which created pores due to the captured air. Moreover, 

these figures illustrate that a fibrillar configuration has been developed as the material shows a porous 

fibrillar network structure. This emerged effect originates possibly from the aid of heating of PLA to 

completely dissolve in THF. The fiber structure is clearly seen in Figure 3 f) which is a magnification of 

Figure e) and in where dissimilar sized fibers are detected on the surface.            
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a)   b)  

c)    d)  

e)      f)  

Figure 3 - SEM images showing the surface morphology of formed PLA particle aggregates a)-b) and e)-f) as well as the cross-
section surface c)-d). 
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a)  b)  

 

c)   d)  

e)    f)  

Figure 4 - SEM images of PLA fibers obtained from heating at 30 °C after 20 min a)-b), 40 min c)-d) and 60 min e)-f). 
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3.1.2 PLA fibers  

PLA fibers obtained after heat treatment at 30 °C were in general in a low amount due to the low 

temperature. After 20 minutes of heat treatment at the starting temperature for fiber formation, fibers 

could be detected in the SEM images. These fibers were formed at the surface of the PLA particle 

aggregates and dispersed in the solution. The short treating time, thus, creates few and short fibers 

which are easily separated from the aggregate. The morphology of the fiber surface is irregular and the 

structure is composed of smaller fibrillar units as can be seen in figure 4 a)-b). Again, these structural 

features are dependent on the short treating time. After 20 minutes of heat treatment the resulting 

fibers had an approximate length of 20 μm.  

After the heat treatment at 30 °C for 40 minutes, there was a small increase in the amount of fibers 

formed. These fibers were formed throughout the PLA particle aggregate and were not dispersed and 

free. More over, the structure of the fibers was more regular with both straight and branchy fibrillar 

structures as can be seen in figure 4 c)-d). These features of fiber formation throughout the aggregate 

and the straighter and more even morphology of fibers were possible through the longer treating time. 

The length of the fibers also increased slightly with the heating time and was generally > 25 μm. 

After heat treatment for 60 minutes, the PLA particle aggregate created a more homogenous fiber 

formation throughout the PLA aggregate. This indicates that with a longer treating time the fiber 

formation was initiated at the majority of the aggregate surfaces. A small amount of the formed fibers 

were dispersed and free with straight fibrillar morphology. These dispersed fibers originate from being 

created at the outer surface of the aggregate. Furthermore, these fibers had an approximate length of 

20-30 μm which can be seen in figure 4 e)-f).   

In conclusion, heat treatment at 30 °C of the PLA particle aggregate created few and dispersed fibers 

with a short length of 20-30 μm. Their morphology was either irregular or straight depending on the 

treatment time.  
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a)   b)  

c)    d)  

e)      f)  

Figure 5 - SEM images of PLA fibers obtained after heating at 60 °C for 20 min a)-b), 40 min c)-d) and 60 min e)-f). 
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PLA fibers obtained afterheat treatment at 60 °C during 20 minutes resulted in the formation of 

dispersed fibers as well as small and round PLA particles from the PLA particle aggregate. The change in 

temperature from 30 to 60 °C thus created a significant amount of dispersed fibers. Presumably, the 

small and spherical PLA particles were created simultaneously as the fibers and were dependent on the 

elevated temperature of 60 °C (as these particles did not form during the heat treatment at 30 °C). As 

for the morphological structure, these fibers have a straight fibrillar structure with varying lengths 

between 5-20 μm which can be seen in figure 5 a)-b).  

The SEM images of PLA fibers created through heat treatment at 60 °C for 40 minutes showed the same 

characteristic fiber features as the fibers that were heat treated at 60 °C for 20 minutes. This suggests 

that the slight longer treating time does not affect the morphology of the fibers as can be seen while 

comparing figure 5 a)-b) with 5 c)-d).     

However, heat treatment at 60 °C for 60 minutes showed very interesting fiber features. The dispersed 

fibers have a straight fibrillar structure, though, the surface is not smooth as for the previous heat 

treated fibers but rather quite rough and coarse. This indicates that at a relatively high temperature and 

at the longer treating time complex fiber structures are able to form. More over, the length of these 

fibers varies between 5-25 μm which can be seen in figure 5 e)-f).  

In conclusion, heat treating at 60 °C during a short time resulted in large amount of dispersed fibers with 

a smooth and straight fibrillar morphology. However, after 60 minutes of heat treatment the structure 

of the fibers changed to very rough. During heating at 60 °C and during the different treating times, the 

length of the fibers did not vary from the length of 5-25 μm. This indicates that the treating times at 60 

°C affects the fiber surface rather than the length of the fibers.   
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a)   b)  

c)   d)  

e)    f)  

Figure 6 - SEM images of PLA fibers obtained after heating at 90 °C for 20 min a)-b), 40 min c)-d) and 60 min e)-f). 
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Heat treating PLA particle aggregate at 90 °C for 20 minutes, created dispersed fibers as well as small 

PLA particles. The short treating time resulted in short fibers with an approximate length of 5 μm as can 

be seen in figure 6 a)-b). As the temperature was elevated the morphology of the fibers became rough.    

The SEM images of the fibers formed after heating at 90 °C for 40 minutes, showed dispersed fibers with 

a slightly less rough surface structure and longer length of 6 μm, which can be seen in figure 6 c)-d). 

These features depend on the high heating temperature and the longer heating time, which plausibly 

creates a more stable surface structure for the fibers. With regard to the heat treatment at 90 °C during 

60 minutes, the formed fibers had the fine roughness which was observed from the treating time of 40 

minutes. The increased treating time led to a slightly longer fibers of approximately 5-15μm, which can 

be seen in figure 6 e)-f).    

In conclusion, heating at 90 °C resulted in creating fibers with a finer roughness from the longer treating 

time compared to fibers treated for only 20 minutes. Also, the longer treating times generated slightly 

longer fibers.    
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a)   b)  

c)    d)  

Figure 7- SEM images on PLA fibers containing 1 wt.% GO and PLA particles. 

3.1.3 PLA/GO fibers 

PLA/GO fibers were formed through addition of dissolved GO (1, 5 and 10 wt.%) to the dissolved PLA 

prior to heat treatment at 90 °C for 60 minutes. The GO sheets interact with the PLA fibers through 

hydrophilic bonds (the ester bond of PLA with hydrogen, carboxylic acid and ether bonds of GO). The 

fibers containing 1 wt.% GO displayed, as illustrated by the PLA fibers formed after the highest heating 

temperature and longest heating time, fine surface roughness and straight structure as seen in figure 7. 

More over, the lengths of the fibers were approximately 5-12 μm which was similar to the PLA fibers 

formed by heat treating of 90 °C for 60 minutes without GO. One distinguishable difference compared 

to fibers formed by heat treatment of 90 for 60 minutes without GO was the width of the fibers. The 

PLA/GO fibers were slightly broader. This indicates that the low amount of GO was able to influence the 

fiber morphology through addition to the fiber surface and thus creating PLA fibers covered by GO 

sheets.               
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a)    b)   

c)    d)  

Figure 8 - SEM images of PLA particles a) and PLA fibers containing 5 wt.% GO b)-d).  

 

The fibers containing 5 wt.% GO displayed similar morphological features as the fibers containing 1 wt.% 

GO with straight and slightly rough fiber surfaces. Figure 8 a) and c) show the PLA particle aggregates 

from which the fibers and particles are created from its surface. The higher GO content produced fibers 

with a shorter length of approximately < 6 μm, which can be compared to the fiber length of 11 μm for 1 

wt.% GO fibers, as can be seen in figure 7 a). This indicates that a higher GO concentration hinders the 

formation of long fibrillar structures from the PLA particle aggregates.        
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a)     b)       

c)    d)  

Figure 9 - SEM images of PLA fibers containing 10 wt.% GO and PLA particles. 

 

Once again, the fibers containing 10 wt.% GO displayed similar morphological features as the fibers 

containing 1 wt.% GO with straight and slightly rough fiber surface. Figure 9 a)-d) shows PLA particles 

and fibers with reduced length. A small amount of the fibers have a length of approximately 10 μm 

whereas the majority has a length between 1-3 μm. As previously revealed, the higher the GO 

concentration is, the shorter are the formed fibers. The length of the PLA/GO fibers is seemingly 

reduced from fibers containing 1wt.% to the fibers containing 10 wt.% GO.  
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a)  b)  

c)  d)  

e)   f)  

Figure 10 - SEM images of PLA/starch composites containing 5 wt.% starch a)-b), 10 wt.% starch c)-d) and 15 wt.% starch e)-f) 
respectively. 
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3.1.4 PLA/Starch composites 

The formation of PLA fibers in gelatinized starch through addition of starch solution into the PLA 

dissolved in THF and subjection of the solutions to heat treatment, was not successful. The hydrophobic 

PLA and the hydrophilic starch are thus components with poor affinity. Upon the mixing of these 

components the dissolved PLA was converted into PLA particle aggregates and the surrounding and 

dissolved starch, the continuous phase, affected the PLA aggregate surface by inhibiting the formation 

of PLA fibers. The SEM images of PLA/starch composite containing 5, 10 and 15 wt.% starch showed no 

PLA fibers, as can be seen in figure 10 a)-f). These images display a starch matrix containing undissolved 

starch particles of different sizes as well as cracks due to the brittle behavior of starch films. The 

different concentrations of starch are affecting the thickness of the starch film as can be seen comparing 

figure 10 c) and e).             
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a)  b)  

c)   d)  

e)   f)  

Figure 11 - SEM images of PLA/GO/starch composite containing 5 wt.% starch a)-b), 10 wt.% starch c)-d) and 15 wt.% starch e)-
f) respectively. 
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Addition of GO and starch dissolved in water to the PLA dissolved in THF and heat treating this solution 

created PLA/GO fibers dissolved in starch solution. The produced PLA/GO/starch fibers contained 1 wt.% 

GO and 5, 10 or 15 wt.% starch, respectively. The SEM images of PLA/GO/starch (with 5wt.% starch 

content) fibers, in figure 11 a)-b), show a starch matrix covering PLA particle aggregate and the fibers 

are poorly visible. The round particles with a diameter of approximately 1 μm, in figure 11 a), implies 

that starch was not completely dissolved during the separate dissolution of starch. The low content of 

starch in matix creates a thin layer, which is shown by the clear contour of the PLA particle aggregates. 

The thin layer also resulted in small cracks and poor attachment between the matrix and the 

undissolved starch particles.       

The composite containing PLA/GO fibers in 10 wt.% starch, see figure 11 c), shows a matrix with a better 

attachment between the starch particles and matrix. This depends on the higher starch concentration, 

which creates good bonding to the starch particles. More over, these particles have a diameter of 

approximately 3 μm which implies that the dissolution of starch was poorer compared to the composite 

produced from 5 wt.% starch. The PLA/GO fibers in the matrix show a branched structure with a length 

of < 10 μm. This branching may depend on the good bonding between the hydrophilic GO and starch as 

well as the branched structure of starch.  

Furthermore, the SEM images of the composite containing PLA/GO fibers in 15wt.% starch, in figure 11 

e), show a poor contour of the PLA aggregate (the aggregate is present due to only a small amount of 

the dissolved PLA in water solution create distinct fibrillar structure). This indicates that the increased 

starch concentration created a thicker matrix layer. The PLA/GO fibers in the matrix have similar 

morphology as those formed by using 10 wt.% starch. This feature indicates that the PLA/GO fibers 

obtain a branched structure when produced in a solution containing starch and that the length of the 

fibers is independent of the starch concentration. As the length of these fibers are similar to those 

obtained from the production of pure PLA/GO fibers containing 1wt.% GO, it may be suggested that the 

PLA/GO fibers are formed similarly in the starch solution and later are interacting with starch to form 

the branched structure. In conclusion, the addition of starch to form PLA/GO/starch fibers created a 

starch matrix containing branched fibers for which the morphology did not alter with concentration of 

starch.                     
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a)    b)  

Figure 12 - TEM images of PLA fibers fromed though heat treatment at 90 °C for 60 minutes.  

 

 

a)    b)  

Figure 13 - TEM images of PLA/GO (1 wt.%) fibers fromed though heat treatment at 90 °C for 60 minutes.  

3.1.5 TEM  

TEM images of PLA fibers and PLA/GO fibers formed through heat treatment at 90 °C for 60 minutes 

demonstrate interesting morphological properties. The PLA fibers have a straight structure, however 

they are fibrous/stringy and contain some PLA particle, as can be seen in figure 12 a)-b). This feature 

indicates that these fibers may not have a good stability and strength. The PLA/GO fibers on the other 

hand show fibers with an even and continuous structure as well as having a loose twist arrangement, 

see figure 13 a)-b). Though the GO concentration is low for the production of the PLA/GO fibers, the 

hydrophilic and hydrophobic character of GO sheets interacted in a favorable way with the mainly 

hydrophobic PLA fibers. The GO is thus serving as a surface reinforcement for the PLA fibers and 

provides both increased strength and function as compatibilizer.             
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a)     b)  

 

    

 

 

 

 

c) 

Figure 14 – DSC thermograms for PLA particles produced at 
30°C after heat treatment for 20 minutes (a), 40 minutes (b) 
and 60 minutes (c).  

 

3.1.6 DSC  

The DSC measurements showed both Tg and melting peak for all the PLA particles and PLA/GO particles. 

The melting point for PLA particles produced after 20, 40 and 60 minutes of heating at 30 °C, showed 

almost constant values (table 2). This feature indicates that the heat treatment did not alter the 

crystalline structure and the degree of crystallinity of PLA. The Tg on the other hand displayed a slight 

degrease between 20 and 60 minutes sample, from 61,41°C to 59,89 °C. As the measurements confirm, 

the Tg and Tm were not affected by the mild heat treatment.    

 

DSC - 
PLA30d 
particles 

     PLA30d20min PLA30d40min PLA30d60min 
Tg (°C)  61,41 61,14 59,89 
Tm (°C ) 150,13 150,13 149,66 

Table 2 - Tg and Tm of PLA particles produced at 30°C after heat 
treatment for 20, 40 and 60 minutes.  
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a)   b)                                 

c)                                 

Figure 15 – DSC thermograms for PLA particles produced at 60°C 
after heat treatment for 20 minutes (a), 40 minutes (b) and 60 
minutes (c).  

 

 

When heat treating the PLA particles at 60 °C, which is the Tg temperature of the PLA particles, and for 

different times, the Tg and Tm values were still stable at 60 °C and 150 °C, respectively (table 3). This 

signifies that although the particles were treated at the Tg temperature in water solution, the PLA 

particles did not get hydrolyzed to any significant extent.      

 

DSC - 
PLA60d 
particles 

     PLA60d20min PLA60d40min PLA60d60min 
Tg (°C)  59,68 60,12 60,27 
Tm (°C ) 149,95 150,13 150,46 

Table 3 - Tg and Tm of PLA particles produced at 60°C after 
heat treatment for 20, 40 and 60 minutes.  
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a)   b)  

c)    

Figure 16 – DSC thermograms for PLA particles produced at 
90°C after heat treatment for 20 minutes (a), 40 minutes (b) 
and 60 minutes (c).  

 

Heat treatment of PLA particles at 90 °C during different times lead to scarce changes in Tg and Tm. 

Although the heat treatment took place above the Tg of PLA, the crystalline structure of PLA was barely 

affected by the increased temperature. This indicates that the crystal structure of the fibers created by 

heat treatment at 30, 60 or 90°C was similar and did not influence Tg and Tm temperatures.   

 

 

 

 

 

 

 

 

DSC - 
PLA90d 
particles 

     PLA90d20min PLA90d40min PLA90d60min 
Tg (°C)  60,06 62,34 61,66 
Tm (°C ) 150,64 150,15 149,82 

Table 4 - Tg and Tm of PLA particles produced at 90°C after 
heat treatment for 20, 40 and 60 minutes.  
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a)      b)  

                                                                                                     

c)                     

Figure 17 – DSC thermograms for PLA/GO particles 
containing 1 wt.% GO (a), 5 wt.% GO (b) and 10 wt.% GO (c).  

 

The PLA/GO particles produced by heat treatment at 90°C for 60 minutes, showed equal Tm and Tg as 

the PLA particles heat treated at 30, 60 and 90 °C, table 2. This implies that the amount of incorporated 

GO in the PLA matrix was low and had scarcely any influence on the crystalline structure of PLA (the free 

volume may not have changed to a considerable degree due to the GO). 

 

 

 

 

 

 

 

DSC - PLA/GO 
particles  

   

 
PLA/GO1 PLA/GO5 PLA/GO10 

Tg (°C)  60,55 60,99 60,16 

Tm (°C ) 150,92 150,46 150,25 

Table 5 - Tg and Tm of PLA/GO particles containing 1, 5 and 10 
wt.% GO. 
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Figure 18 - XRD spectra of PLA particles formed from 30, 60 and 90 °C heat treatment. 

3.1.7 XRD  

XRD spectra of PLA usually show two characteristic peaks at 16.7 and 19.0 for the α-crystals. The peak at 

16.7 is assigned to the lattice plane (200) or (110) and the peak at 19.0 is assigned to the lattice plane 

(203). The resulting XRD spectra of the semi-crystalline PLA particles, demonstrates peaks at 16.5 and 

18.7 for PLA30, PLA60 and PLA90 (figure 18). This indicates that wall crystal is equal for these PLA 

particles as there is no shift in diffraction angle. However, the different heating conditions of PLA 

particles have produced material with different crystallinity (equivalent to the intensity of the peaks). 

The higher temperature treatment leads to a decrease in crystallinity. As the DSC analysis proved that 

the Tm and Tg was relatively the same for PLA particles heat treated at 30, 60 and 90 °C, this indicates 

that the loss in crystal thickness for PLA60 and PLA90 was not significant.  

3.2 Evaluation of starch films containing PLA or PLA/GO fibers by IR imaging, tensile testing and TGA 
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a)  

b)  

Figure 19 – Ester group of PLA component single peak absorbance images of reference film (a) and starch film containing 1 ml of 
PLA fibers solution.  

3.2.1 IR imaging  

The solution casted films containing PLA and PLA/GO fibers were further examined by FTIR imaging. The 

distribution and concentration of ester group and carboxylic group at the film surface were evaluated by 

single-peak bond absorbances (1740 cm-1 and 1711 cm-1 ) images, see figure 19. Surface area of the 

analysis images are 200x200 μm2. The reference film containing no PLA fibers shows a very low 
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intensity. However, starch film containing 1 ml of PLA fiber solution demonstrates a higher intensity of 

ester and carboxylic acid groups as well as a poor dispersion of them on the film surface.      

a)  

b)  

Figure 20 – Ester group of PLA component single peak absorbance images of starch film containing 3 ml (a) and 5 ml (b) of PLA 
fiber solution.  

Both starch films containing 3 and 5 ml of PLA fiber solution reveal a lower density of ester groups and 

thus indicates uneven dispersion of the fibers on the film surface. This feature may depend on the 

hydrophobicity of PLA fibers as well as the relatively low content of fibers.    
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a)  

b)  

Figure 21 – Carboxylic group of GO component single peak absorbance images of starch film containing 1 ml (a) and 3 ml (b) of 
PLA/GO fiber solution.  

The films containing 1, 3 and 5 ml of PLA/GO fiber solution present a relatively uniform distribution of 

fibers compared to the starch films containing PLA fibers. The density of carboxylic groups is very high 

and relatively similar for all three films. This indicates that the GO aids in increasing the compatibility 

between the PLA fibers and the starch matrix. Also, the fiber content is not increasing significantly 

between the analyzed fiber solution volumes.   
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Figure 22 – Carboxylic group of GO component single peak absorbance image of starch film containing 5 ml of PLA/GO fiber 
solution.  
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Figure 23 – Tensile stress at break for starch films containing no fibers, PLA and PLA/GO fibers.   

 

Table 6 - Mean values and standard deviation of tensile stress for starch films. 

3.2.2 Tensile testing  

The tensile strength of the starch films containing no PLA fibers, different concentrations of PLA and 

PLA/GO fibers were analyzed through tensile testing. Figure 23 show the mean values of tensile stress at 

break as well as the standard deviations. The high mean value of tensile stress at break for the reference 

film is highly influenced by the absence of air bubbles and by even drying which resulted in a film with 

very even thickness. The large standard deviation confirms that the measured film stripes contained 

some differences, primarily due to drying. The drying condition resulted in films that were completely 

dry and stiff which gradually turned soft and ductile at the center of the films.  

The films containing PLA fibers with 1, 3 and 5 ml fiber solution showed close tensile stress values.  This 

indicates that increasing the fiber concentration in the films did not influence the strength of the films. 

This also signifies that the difference in the amount of PLA fibers in 1, 3 and 5 ml fiber solution was 

rather small.   

For the films containing PLA/GO fibers the tensile stress values show a clear tendency of escalation. This 

implies that the small increase of fiber concentration have a visible effect on the strength of the films. 

The film containing 5 ml PLA/GO fiber solution resulted in the highest tensile stress value compared to 

both PLA and PLA/GO films. These results signify that the PLA/GO fibers contribute to better interaction 

with the starch film due to GO which acts as compatibilizer and these fibers also provide a strong 

morphological structure compared to plain PLA fibers (as seen by the TEM analysis). Both PLA and 

PLA/GO films show small standard deviations, which indicates that the measured species had equal 

quality and had similar physical properties.          
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Figure 24 – Tensile strain at break for starch films containing no fibers, PLA and PLA/GO fibers.   

 

Table 7 - Mean values and standard deviation of tensile strain for starch films. 

The tensile strain at break for the starch films is shown in figure 24. The reference film, which had the 

highest tensile stress at break, has a relatively low strain at break. The good strength and low strain 

indicates that these films were stiff.  The PLA-fiber films showed a higher tensile strain at break 

compared to films containing PLA/GO fibers. This may depend primarily on the elasticity of the films 

(due to uneven drying) and the morphologically weak PLA fibers. As the different concentration of PLA 

fibers did not influence the strain property in a distinct way, this is clear evidence that the PLA fibers did 

not reinforce the starch films. The reason is most probably the poor interaction between the 

hydrophobic fibers and the hydrophilic starch. 

The PLA/GO-fiber films showed a light tendency of increased strain at break with increased quantity of 

fibers. This signifies that the PLA/GO fibers have good interactions with the starch matrix (due to the 

stable and compact fiber morphology and compatibility property of GO), which results in a reinforcing 

property. The reinforcing property is shown in a slight increase in tensile strain. 

The high standard deviation throughout the films indicates that the films had some physical differences 

probably mainly due to uneven drying as well as air bubbles.   
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Figure 25 – TGA curves of starch films containing no fibers, PLA fibers and PLA/GO fibers in different fiber quantity.    

3.2.3 TGA  

The PLA and PLA/GO fibers in the starch films have shown an increased thermal stability, as can be seen 

in figure 25. Both PLA and GO have better thermal properties than starch which improves the thermal 

properties of the final product. The reference film starts already to degrade drastically at 140 °C due to 

the glycerol content and decomposes to a greater extent around 300 °C. For starch films containing 1 

and 3 ml of PLA fiber solution, the thermal resistance is positively affected, as the decomposition is slow 

up to 250 °C. These films show a very similar decomposition property, which indicates that the small 

increase in PLA fibers did not influence the thermal properties. However, starch film containing 5 ml of 

PLA fiber solution displayed a slight improvement of the degradation process. This indicates that the 

small content of PLA fibers were able to stabilize the decomposition property and thus improve the 

thermal resistance.      

Both starch and PLA fibers decompose at around 300 °C as is demonstrated by TGA curves. More over, 

both PLA and PLA/GO fibers have the ability to increase the thermal resistance. Starch films containing 1 

and 5 ml of PLA/GO fibers show a trend of improved heat resistance compared to PLA fibers. This 

signifies that the different and strong chemical bonds in GO resulted in better thermal property of the 

film. The starch film containing 5 ml of PLA/GO fiber solution decomposed 10% at 290 °C which confirms 

a great thermal stability compared to the reference film which decomposed to 50%. The TGA also show 

that all the films still contained ash residues at a temperature of 680 °C.  

The starch film containing 3 ml of PLA/GO fibers shows an impaired thermal resistance compared to the 

other two PLA/GO starch-films, which may be due to the film being contaminated.   
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4. CONCLUSIONS  
 

PLA fibers were successfully and easily created from PLA particles. The heat treatments of PLA particles 

were able to form PLA fibers of different morphological structure. The most preferable fiber morphology 

was created by heat treating at 90°C for 60 minutes producing fibers with fine roughness and an 

adequate length of 5-15 μm. The addition of GO for the formation of PLA/GO fibers resulted in with a 

stable and stronger fibers. The fibers containing 1 wt.% formed the most preferred fibers with a fine 

roughness, width and a length of 5-12 μm. The melting temperature was very stable and the glass 

transition temperature was merely affected by the different heat treatment of both PLA particles and 

PLA/GO particles with different amount of GO content.       

More over, the PLA and PLA/GO fibers were integrated in starch films formed through solution casting. 

The highest tensile stress at break was obtained from starch film containing 5 ml PLA/GO fiber solution 

and the starch film containing 3 ml PLA fiber solution displayed the highest tensile strain at break. Both 

PLA and PLA/GO fibers in starch films revealed a great increase in thermal stability compared to the 

reference film. The most thermal stable starch film contained 5 ml PLA/GO fiber solution. The dispersion 

of the fibers in the film was studied resulting in films containing PLA/GO fibers having a uniform 

distribution whereas the PLA fibers a poor distribution.   

 

Furthermore, this relatively simple procedure of formation of starch films containing PLA/GO fibers 

offers a good possibility for up scaling. The bio-based components of the produced films are providing 

green materials with improved mechanical and thermal properties.  
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