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Bacterial cellulose nanofibers (BCNF), obtained by the mechanical 
disintegration of BC pellicles, were used without any surface treatment 
for the fabrication of poly(lactic acid) (PLA) nanocomposites by a melt 
compounding process. The addition of BCNF in different amounts 
improved both the Young’s modulus and tensile strength of PLA. A 22% 
increase in these properties was observed in the nanocomposite with 2 
wt.% nanofibers, due to the BCNF network formed at this concentration 
and characterized by atomic force microscopy. BCNF addition also 
increased the crystallinity and thermal stability of PLA, which were 
evaluated by thermal analysis. Due to the high purity of BCNF and the 
environmental friendliness of melt processing, it was concluded that 
PLA/BCNF nanocomposites can be designed for biomedical field and 
food packaging. 
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INTRODUCTION 

 

New “green” materials have been developed from renewable resources to replace 

petroleum based materials and to protect the environment. Poly(lactic acid) (PLA), an 

aliphatic polyester, is produced from maize, wheat, sugar beets, or agricultural waste, and 

it is one of the most studied materials due to its outstanding properties (Inkinen et al. 

2011; Panaitescu et al. 2016a). The large application of PLA in food packaging and 

biomedicine is hindered by its brittleness and slow crystallization, as well as poor barrier 

properties (Frone et al. 2016). Cellulose micro- and nano-reinforcements have been 

extensively studied to improve PLA properties (Tawakkal et al. 2012; Frone et al. 2013; 

Indarti et al. 2016). Bacterial cellulose (BC) is a promising reinforcing material in 

aliphatic polyesters for biomedical and packaging applications (Chiulan et al. 2016; 

Panaitescu et al. 2016b). PLA/BC laminated composites have been prepared by sinking 

the dried BC pellicles in a PLA solution in chloroform (Kim et al. 2009) or by 

compression molding BC strips between two PLA films (Quero et al. 2010). Wider 

processing possibilities and improved mechanical properties may be obtained by 

dispersing individual BC nanofibers (BCNF) in PLA. The fine dispersion of BCNF in 

PLA and other hydrophobic polymers is difficult due to the strong bonds between 

nanofibers in the BC pellicle and their hydrophilic character, opposite to the 

hydrophobicity of the matrix (Panaitescu et al. 2016b).  



PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Panaitescu et al. (2017). “PLA/cellulose composites,” BioResources 12(1), 662-672.            663  

Only a few attempts to disperse BCNF or BC nanowhiskers (BCNW) in PLA 

have been reported (Lee et al. 2009; Blaker et al. 2010; Martínez-Sanz et al. 2012; Luo et 

al. 2014). BCNW, prepared by acid hydrolysis, were incorporated in PLA by 

electrospinning, which resulted in masterbatches (Martínez-Sanz et al. 2012). 

Nanocomposites, obtained by melt-mixing these masterbatches with PLA, showed up as 

a 17% increase in Young’s modulus and up to 14% increase in tensile strength in 

PLA/3% BCNW (Martínez-Sanz et al. 2012). After solvent exchange, BCNW were 

dispersed in chloroform or dimethyl carbonate to obtain porous PLA nanocomposites 

(Blaker et al. 2010). Likewise, BCNF prepared by wet mechanical disintegration were 

surface functionalized and mixed with PLA in 1,4-dioxane (Lee et al. 2009). A 

temperature induced phase separation technique was further used to prepare composite 

microspheres, which allowed processing of PLA/BC composites using a conventional 

extrusion process (Lee et al. 2009). A 50% increase of tensile modulus was reported in 

this case.  

BCNF were obtained in a previous work by mechanical disintegration, using two 

approaches (Panaitescu et al. 2016b). BCNF prepared by wet disintegration, followed by 

freeze drying and dry mechanical treatment (Panaitescu et al. 2016b), were incorporated 

in different amounts in PLA using a melt processing technique. The effect of different 

amounts of BCNF on the morphology, thermal, and mechanical properties of PLA 

nanocomposites was studied in this paper. PLA/BCNF nanocomposites have been 

designed for both the biomedical field and food packaging. Compared to other micro- or 

nano-celluloses, BCNF have high purity due to their precursor (BC) and a chemicals-free 

preparation route.  

 

 

EXPERIMENTAL 

 

Materials 

PLA 4032D with high molecular mass (195,000 to 205,000 Da) and a density of 

1.24 g/cm3 was purchased from Nature Works, LLC (Minnetonka, MN, USA). BCNF 

were prepared from fresh bacterial cellulose pellicles by mechanical disintegration, as 

described elsewhere (Panaitescu et al. 2016b, method I). After the mechanical treatment, 

the nanofibers were released from the initial BC pellicle (Fig. 1a) as individual nanofibers 

of micrometric length and less than 150 nm in width and as tapes (Fig. 1b). 

 

Preparation of Nanocomposites 

PLA pellets and BCNF were dried in a vacuum oven for 4 h at 80 °C and 24 h at 

40 °C, respectively. Dried BCNF were added into melted PLA using a mixing chamber 

of 50 cm3, connected to a Brabender LabStation (Duisburg, Germany). Melt mixing was 

performed at 170 °C for 7 min and a rotor speed of 100 rpm. The compounded mixtures 

containing 0, 0.5, 2, and 5 wt.% BCNF were shaped in foils on a laboratory two-roll mill 

(Polymix 110L, Duisburg, Germany) at 140 °C with 27/22.5 rpm. Sheets with the 

thickness of 0.5 mm were obtained by compression molding using an electrically heated 

press (P200E Dr. Collin, Munich, Germany) at 180 °C, with 3 min of preheating (5 bar), 

2 min under pressure (150 bar), and cooling for another 1.5 min in a cooling cassette. A 

neat PLA sheet prepared in the same conditions served as a reference. 
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Fig. 1. AFM - Peak force error images of BC pellicle (a) and BCNF (b) 
 

Characterization of PLA/BCNF Nanocomposites 

The surface morphology of PLA nanocomposites was investigated by atomic 

force microscopy (AFM), Quantitative Nanomechanical Mapping – Peak Force QNM 

mode, using a Bruker MultiMode 8 instrument (Santa Barbara, CA, USA). A silicon tip 

with the spring constant of 40 N/m and a resonant frequency of 300 kHz was used at a 

scanning rate of about 0.7 Hz.  

Tensile properties of nanocomposites were measured at room temperature with a 

crosshead speed of 2 mm/min, using an Instron 3382 universal testing machine 

(Norwood, MA, USA) with a video extensometer. Five specimens 5A according ISO 527 

(2012) were tested for each sample.  

The thermo-mechanical properties of PLA matrix and nanocomposites were 

analyzed using a dynamic mechanical analyzer DMA Q800 (TA Instruments, New 

Castle, DE, USA) operating in the tensile mode, at a heating rate of 3 °C /min. The 

experiments were performed on parallel specimens with length × width × thickness of 18 

mm × 4 mm × 0.5 mm, from the room temperature to 100 °C. The effectiveness of the 

filler in nanocomposites (Coefficient C) was determined from the storage modulus in the 

glassy (EG) and rubbery (ER) regions (Etaati et al. 2014), as shown in Eq. 1. 

      (1) 

Thermo-gravimetric analysis (TGA) was performed on a TA-Q5000 V3.13 (TA 

Instruments Inc., New Castle, DE, USA) device using nitrogen as the purge gas at a flow 

rate of 40 mL/min. The thermograms were acquired between 25 C and 700 C at a 

heating rate of 10 C/min. Differential scanning calorimetry (DSC) analysis was carried 

out on an SDT Q600 V20.9 (TA Instruments) under helium flow (100 mL/min). Samples 

weighing around 10 mg were packed in aluminum pans and tested from the ambient 

temperature to 300 °C at a heating rate of 10 °C/min. The degree of crystallinity (Xc) was 

obtained as follows, 

https://en.wikipedia.org/wiki/Differential_scanning_calorimetry
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        (2) 

where ΔH and ΔHo are the heats of fusion for the nanocomposite and for 100% crystalline 

PLA, respectively. ΔHo was set at 93 J/g (Frone et al. 2013), and w was the mass fraction 

of PLA in the composite.  

 

 

RESULTS AND DISCUSSION 

 

Thermal and Thermo-Mechanical Behavior of PLA/BCNF 

Because bacterial cellulose begins to degrade at a lower temperature (290 C) 

than PLA (350 C) (Panaitescu et al. 2016b), TGA was performed to investigate the 

influence of different concentrations of BCNF on the thermal stability of 

nanocomposites. Figure 2a shows that the thermal stability of PLA nanocomposites was 

not reduced by BCNF, regardless of its concentration. The temperature of maximum 

degradation rate (Td) and at 5% weight loss (T5%) are shown in Table 1. The 

nanocomposite with 0.5 wt.% BCNF exhibited a Ton and T5% that were increased by 2 °C 

and 5 °C, respectively, compared with pure PLA. Higher concentrations of BCNF also 

improved the thermal stability of PLA, but to a lesser extent. This behavior can be related 

to a fine dispersion of BCNF in the PLA and to the higher crystallinity of the fibers 

compared with that of the matrix. Thus, BCNF may form a protective barrier, lowering 

the diffusion of volatile degradation products and increasing the thermal stability. This 

behavior is opposite of that observed in PLA reinforced with 2 wt.% BCNW, prepared by 

acid hydrolysis, where the Ton of the composite was decreased by about 9 °C (Martínez-

Sanz et al. 2012).  

 

 
Fig. 2. TGA/DTG curves of PLA/BCNF nanocomposites (a) and DSC thermograms (b) 
 

Table 1. TGA Results for PLA/BCNF Nanocomposites 

Sample Ton (C) T5% (C) Td (C) 
PLA 347.3 329.0 371.8 

PLA/0.5BCNF 349.0 334.2 373.5 
PLA/2BCNF 347.2 330.5 371.6 
PLA/5BCNF 348.1 332.7 371.2 
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DSC thermograms from Fig. 2b show that BCNF influenced the thermal behavior 

of PLA. The values of the glass transition (Tg), cold crystallization temperature (Tcc), 

melting temperature (Tm), and the corresponding enthalpies are shown in Table 2.  

A slight increase of Tg and a noticeable decrease of Tcc values were observed 

when the concentration of BCNF was increased (Table 2). Higher Tg values in polymer 

nanocomposites are, generally, related to the reduced mobility of macromolecular chains 

due to the nanofiller/matrix interface adhesion (Frone et al. 2016). Lower Tcc values of 

more than 15 °C in PLA/5 wt.% BCNF indicated the accelerated crystallization of PLA, 

which was due to the nucleating activity of BCNF. The influence of the nanofillers or 

nanodomains size on the nucleating efficiency in PLA nanocomposites or blends has 

been extensively studied; smaller nano-particles or nano-domains have higher nucleating 

efficiency (Ni et al. 2009; Ortenzi et al. 2015). Thus, the decrease of Tcc in 

nanocomposites (Fig. 2b) can be related to both the high efficiency of BCNF as 

nucleating agent and to the fine dispersion of BCNF in PLA. Moreover, the decrease of 

Tcc with the increase of BCNF amount in the composites was steeper, almost linear, 

between 0 and 2 wt.% BCNF and tended to flatten between 2 and 5 wt.% BCNF, 

suggesting lower interfacial area and the possible agglomeration of fibers. 

 

Table 2. DSC Results for PLA/BCNF Nanocomposites  

Sample Tg (C) Tcc (C) ΔHcc
* (J/g) Tm (C) ΔHm (J/g) Xc (%) 

PLA 61.8 114.4 16.5 163.7/169.6 22.2 23.9 
PLA/0.5BCNF 63.6 109.3 17.3 169.4 20.3 22.0 
PLA/2BCNF 62.9 102.4 16.9 168.4 25.4 27.9 
PLA/5BCNF 63.2 98.9 16.4 168.0 25.9 29.3 

* ΔHcc, Cold crystallization enthalpy  
 

A double endothermic peak was observed for the PLA matrix, at 163.3 C (Tm1) 

and 169.6 C (Tm2). Two melting peaks were previously reported for PLA and explained 

by polymorphism and melt recrystallization of the unstable crystals formed during the 

cold-crystallization process (Frone et al. 2016). Regardless of BCNF concentration, PLA 

nanocomposites showed only one melting peak (Tm) close to the higher melting peak of 

the matrix and similar crystallinity percentage due to cold crystallization (about 18.6 %). 

These results suggest that BCNF favored the formation of larger crystals with a higher 

melting temperature. This claim is also supported by the small exothermic hump, 

observed before the melting peak of the nanocomposites with 2 and 5 wt.% BCNF (Fig. 

2b), which indicates additional recrystallization of thinner or less perfect crystals. A 

similar exothermic hump was observed in PLA composites with cellulose nanofibers 

from plants (Frone et al. 2013). The increase of PLA crystallinity because of BCNF 

addition is important in nanocomposites with 2 and 5 wt.% BCNF (with 24% and 30%, 

respectively), also showing the nucleating activity of BCNF.  

Dynamic mechanical analysis (DMA) elucidated the influence of BCNF 

concentration on the viscoelastic properties of PLA matrix. The variation of storage (E') 

and loss (E") moduli with temperature is shown in Fig. 3. The influence of temperature 

on the stiffness of nanocomposites was low in the glassy region, but a sharp decrease of 

E' values was noted between 50 and 70 ºC, which corresponds to the α relaxation of the 

amorphous PLA. The addition of 2 and 5 wt.% BCNF in PLA led to an increase of E' 

modulus before Tg. Moreover, the peak of loss modulus was shifted to higher 
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temperature, regardless of nanofiber concentration (Table 3). Similar Tg values around 

63.3 ºC were obtained for all nanocomposites, which was 2 ºC higher than that of the 

matrix. This data confirmed the DSC results (Fig. 2b, Table 2).  

 

 
 

Fig. 3. DMA results: storage modulus (―) and loss modulus (- -) of PLA nanocomposites  
 

Both the increase of E' and the shift of the E" peak show the influence of BCNF 

in restricting the segmental motion of the PLA chains and increasing the stiffness. These 

effects are directly related to the adhesion at the fiber-matrix interface. Because no 

treatment was applied to BCNF, it can be assumed that the dispersion of nanofibers in 

PLA was good, providing high interfacial area. Moreover, lower E" values 

(corresponding to the peak) were noted for nanocomposites compared with the matrix 

(Fig. 3), showing lower energy dissipation. These results suggest lower interfacial friction 

and, therefore, good PLA/BCNF interface (Etaati et al. 2014). 

 

Table 3. DMA Results for PLA/BCNF Nanocomposites 

Sample Tg (C) E´40 (MPa) E´70 (MPa) Coefficient C 
PLA 61.5 3521 22 - 

PLA/0.5BCNF 63.4 3496 39 0.56 
PLA/2BCNF 63.3 3734 44 0.53 
PLA/5BCNF 63.2 3834 51 0.47 

 

The effectiveness of BCNF in the composite was measured by the coefficient C 

(Table 3), which characterizes the drop in modulus in the glass transition region. High 

values of coefficient C means low effectiveness of the filler (Etaati et al. 2014). Slightly 

lower C values were obtained with the increase of BCNF concentration in the 

composites. PLA/5 wt.% BCNF showed the smallest difference between E´ values in the 

glassy and in the rubbery state and the lowest C value (the highest effectiveness). 

 

Tensile Properties 

The mechanical properties of nanocomposites are shown in Table 4. The tensile 

strength of PLA increased by 15% and the Young’s modulus (YM) increased by 10% 

when BCNF were added in very low amount (0.5 wt.%). No significant change in 

elongation at break was observed at this concentration of nanofibers. The composite with 
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2 wt.% BCNF showed an increase in both strength and modulus of about 22 to 23%, 

while the elongation at break was halved. Similar results were reported for PLA/2wt.% 

BCNW, prepared by masterbatch and electrospinning; these techniques ensured a 

homogenous dispersion of BCNW in PLA (Martínez-Sanz et al. 2012). Therefore, PLA/2 

wt.% BCNF was also characterized by a good dispersion of nanofibers. The tensile tests 

results emphasized both the reinforcing effect of BCNF and their dispersion in the matrix, 

knowing that nanofillers can act as reinforcements to strengthen the polymer matrix only 

if they are dispersed homogeneously on the nanoscale. 

 

Table 4. Mechanical Properties of PLA/BCNF Nanocomposites 

Sample 
Elongation at Break 

(%) 
Tensile Strength 

(MPa) 
Young’s Modulus 

(MPa) 
PLA 7.6 ± 0.9 46.6 ± 1.7 2892 ± 96 

PLA/0.5BCNF 6.5 ± 0.5 53.7 ± 1.4 3192 ± 102 
PLA/2BCNF 4.2 ± 0.4 57.5 ± 2.1 3512 ± 87 
PLA/5BCNF 2.1 ± 0.2 55.3 ± 2.8 3678 ± 110 

 

Further addition of BCNF increased the modulus but drastically decreased the 

elongation (Table 4). The dependence of YM on BCNF volume fraction (f) is complex 

because the experimental data could be fitted with a second-order polynomial function.  

 

 
Fig. 4. The dependence of YM on BCNF volume fraction: experimental results and Voigt model; 
correlation with DSC crystallinity  

 

The Young’s modulus of the composites was also calculated using the rule of 

mixtures (Voigt model – upper-bound modulus),  

YM = f × Mf + (1 - f) × Mm        (3) 

where Mf and Mm are the Young’s moduli of the fibers and of the matrix. The modulus of 

BCNF was considered to be 78 GPa, in accordance to the value reported for single 

bacterial cellulose fibers (Guhados et al. 2005). The YM value was well estimated by the 

Voigt model only for the composite with 0.05 wt.% BCNF (Fig. 4); for higher 
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concentrations of nanofibers, the differences between the theoretical and experimental 

values were large. The reinforcement effectiveness of BCNF was estimated by 

calculating an effective modulus of the fibers (Mf*) using the experimental YM data in 

Eq. 3. Smaller Mf* values were obtained for the composites with 2 and 5 wt.% BCNF (40 

GPa and 22 GPa, respectively, instead of 78 GPa), showing that the reinforcing capacity 

of BCNF had not been completely used. Various factors might contribute to this 

behavior, e.g., the air incorporated with the nanofibers during melt processing, lack of 

compatibilization between the fibers and the matrix, and the lower increase of 

crystallinity in the composites with higher amount of fibers (Fig. 4). Some agglomeration 

of nanofibers is also possible because no treatment or coupling agent was used.  

Nanocomposites were investigated by AFM to observe the dispersion of the fibers 

and their size (Figs. 5 and 6). Both individual nanofibers and bundles were observed on 

the surface of PLA/0.5 wt.% BCNF (Fig. 5, c and d images). The length of the fibers 

varied within wide limits, from 120 nm to more than 500 nm and their width from 35 nm 

to 50 nm, as highlighted by AFM software. A homogeneous dispersion of nanofibers was 

observed in the nanocomposite with 2 wt.% BCNF (Fig. 5). A network was noted at this 

concentration of nanofibers. Analysis of the images with NanoScope software (Bruker, 

Santa Barbara, CA, USA) emphasized the average width of BCNF in this composite (47 

± 4 nm) and their length in the range from 130 to 400 nm.  

 

 
Fig. 5. AFM topographic and peak force error images of PLA (a and b) and PLA/0.5 wt.% BCNF 
(c and d) 
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Fig. 6. Topographic and peak force error images (different magnification) of PLA/2 wt.% BCNF 
 

Topographic and peak force error images captured on the surface of the composite 

with 5 wt.% BCNF showed mostly small fibers, with the length from 150 nm to 250 nm, 

homogenously dispersed in PLA ((Panaitescu et al. 2016b).  

Both the length and the width of the nanofibers in the composites (Fig. 5 and 6) 

were smaller than before the melt processing step (Fig. 1). This result showed the effect 

of the shear forces in splitting and breaking the fibers, thus ensuring a good dispersion of 

BCNF in the matrix. The best dispersion was noticed for PLA/2 wt.% BCNF, and it can 

be hypothesized that a concentration of about 2 to 3% BCNF is optimum in PLA due to 

the good mechanical properties and dispersion. 

 

 

CONCLUSIONS 

 

1. BCNF obtained by mechanical defibrillation of BC pellicles is a valuable 

reinforcement in PLA, improving its modulus, increasing the crystallinity, and 

thermal stability.  

2. BCNF formed a network from a concentration of only 2 wt.% in PLA, which 

improved the mechanical properties in the absence of a compatibilizer or surface 

treatment.  
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3. BCNF accelerated the crystallization of PLA, leading to increased crystallinity, and a 

decrease in the cold crystallization temperature.  

4. PLA/BCNF nanocomposites are valuable materials for both biomedical field and food 

packaging, considering the high purity of BCNF and the environmental friendliness 

of the melt processing process.  
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