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Abstract
Poly(lactic acid) (PLA) nanocomposite films reinforced with acetylated bacterial cellulose nanoribbons were prepared 
by solvent casting. Acetylation of bacterial cellulose (BC) was performed by an innovative and sustainable direct solvent-
free route catalyzed by citric acid. The effect of derivatization and its extent on the morphological, optical, thermal and 
mechani-cal properties of the nanocomposites was analyzed. Data collected from the above studies showed that 
acetylation of BC nanoribbons clearly improved the nanofibers dispersion in the PLA matrix with respect to unmodified 
BC, which in turn resulted in increased transparency and mechanical properties of the nanocomposites produced.
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Introduction

In the context of the current concern for the environment, 
the use of biodegradable polymers derived from natural 
resources deserves great attention from academy, industry 
and consumers. Among biobased polymers, poly(lactic acid) 
(PLA), a biodegradable aliphatic thermoplastic polyester, 
has a number of characteristics which make it unique in the 
marketplace. In the first place, the starting material, lactic 
acid, can be produced by fermentation of 100% annually 

renewable resources. Besides, PLA can be designed to con-
trollably biodegrade, with a CO2 generation balanced by the 
amount taken from the atmosphere during the growth of 
plant feedstocks. Apart from its origin and biodegradability, 
the wide application of PLA in packaging, paper coating, 
fibers, films, and molded articles is mainly based on its high 
modulus, high strength and transparency; being in many 
applications (e.g. food packaging) a cost-effective alterna-
tive to commodity petrochemical-based plastics. Depending 
on the stereopurity of the polymer backbone, PLA can be 
semi-crystalline or totally amorphous. PLA can be stress 
crystallized, thermally crystallized, impact modified, filled, 
copolymerized, and processed in most polymer processing 
equipment. It can also be formed into transparent films, fib-
ers, or injection molded into blow moldable preforms for 
bottles [1].

In the last years, a number of contributions have dealt 
with the reinforcement of PLA with cellulose nanocrystals 
[2–5], and cellulose nanofibers from vegetal [6–10] and 
microbial sources [11–14]. The aim of these contributions 
has been mainly to prepare totally biodegradable nano-
composites with reduced water vapor permeability and 
oxygen transmission rate, and/or enhanced thermal and 
mechanical properties. However, the high surface area and 
hydrophilic nature of nanocelluloses often leads to poor 
dispersibility/compatibility with nonpolar media, resulting 
in inefficient compounding with most nonpolar polymeric 
matrices in which repulsive forces lead to aggregation 
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and poor interfacial contact. To overcome this problem, 
lately, most contributions dealing with PLA/nanocellulose 
composites have incorporated the use of amphiphilic sur-
factants or previous steps devoted to chemical modification 
or grafting of nanocellulose [15–33]. In terms of chemi-
cal modification options, the possibility of conferring a 
hydrophobic character only to the surface of cellulose 
nanofibers/nanocrystals, while keeping the integrity of 
their crystalline core unchanged, is a challenge that has 
been triggering much research [34].

In the current contribution, bacterial cellulose (BC) 
was used as reinforcement of PLA. Chemically identical 
to plant cellulose, BC is recognized for its naturally occur-
ring nanometric dimensions and its high purity, as it is 
obtained free of lignin, hemicelluloses, and pectins found 
in lignocellulosic materials. BC is also characterized by 
high transparency, a high degree of polymerization (i.e., 
2000–10,000 anhydroglucose units), high crystallinity, 
tunable porosity, high elasticity and mechanical stability, 
light weight, renewability, biodegradability, indigestibility 
in the human intestinal tract, high liquid loading capac-
ity, high degree of conformability, biocompatibility, non-
toxicity, non-pyrogenicity, and extensive surface area [35, 
36].

BC has been previously used as reinforcement of dif-
ferent polymeric matrices with promising results [37, 38]. 
In this context, and in order to broaden the uses of BC as 
reinforcement of nonpolar matrices, a number of chemical 
methodologies devoted to hydrophobize the surface of BC, 
mainly by esterification of exposed hydroxyl groups, have 
been reported [28, 30, 39–52]. Although generally efficient 
for attaining the hydrophobization extent required, most 
acetylation methodologies reported to derivatize BC relay 
on the use of highly corrosive strong acids as catalysts 
(e.g. perchloric or sulphuric acids), and/or involve media 
containing highly flammable or toxic organic solvents 
such as pyridine or toluene. On the other hand, previous 
contributions of some of us have recently referred to a 
non-conventional acetylation protocol of BC performed 
in the absence of cosolvents and catalyzed by naturally 
occurring α-hydroxy acids, which succeeded in reducing 
the hydrophilic character of BC nanoribbons surface while 
keeping the ultrastructure of BC intact [53–55]. The intrin-
sic benefits of the route proposed include the natural origin 
of the catalysts used (e.g. lactic, tartaric and citric acid) 
which can be produced at large scale by biotechnological 
routes, their non-toxic and biodegradable character, and 
the fact that no cosolvent is used [56]. In the present work, 
surface acetylated BC obtained by esterification catalyzed 
by citric acid with varying derivatization extents was used 
as reinforcement of PLA for the first time. Morphological, 
optical, thermal and mechanical characterization of the 
obtained nanocomposites is provided.

Experimental

Materials

Commercial PLA (3051D, Nature Works®) with a molecu-
lar weight (Mn) of ca. 1.42 × 104 g/mol, a specific gravity of 
1.24 and a melt flow index (MFI) of 7.75 g/10 min (210 °C, 
2.16 kg) [16] was used as the matrix of the nanocomposites. 
PLA pellets were dried at 98 °C for 3 h under vacuum before 
use. Bacterial cellulose (BC) was produced in static culture 
using the bacterial strain Gluconacetobacter xylinus, NRRL 
B-42. The culture medium was formulated using anhydrous
dextrose (Biopack), meat peptone (Britania, Laboratorios
Britania S.A.), yeast extract (Britania, Laboratorios Britania
S.A.), disodium phosphate (Anedra), citric acid (Merck),
glycerol (Sintorgan) and corn steep liquor (Ingredion). Ace-
tic anhydride (Cicarelli), acetic acid (Cicarelli), citric acid
(Merck), hydrochloric acid (Cicarelli), sodium hydroxide
(Biopack), acetone (Sintorgan) and chloroform (Cicarelli),
were all reagent grade chemicals which were used as
received.

Bacterial Cellulose Production

BC was produced in static culture using a Gluconacetobac-
ter xylinus strain under previously optimized conditions 
[57]. Briefly, the inocula of G. xylinus NRRL B-42 were 
cultured in 100 mL Erlenmeyers flasks containing 20 mL 
of Hestrin and Schramm (HS) medium [58] and incubated 
with orbital agitation (200 rpm) for 48 h at 28 °C. For BC 
production, 1% (v/v) inocula were transferred to 10 L steel 
trays with 5.0 L of fermentation medium containing 4.0wt% 
glycerol and 8.0wt% corn steep liquor, and statically incu-
bated at 28 °C during 14 days. Pellicles were then harvested, 
thoroughly rinsed with distilled water to remove the culture 
medium, and homogenized in a blender in KOH solution 
(5% w/v) for 5 min. The suspension was left in alkali at room 
temperature for 14 h to eliminate the bacterial cells, and 
finally rinsed with distilled water till neutralization.

Citric acid‑catalyzed acetylation of BC

Homogenized BC pellicles (0.5 g dry weight) were sol-
vent exchanged from water through acetic acid into acetic 
anhydride, using 20 mL each time. The solvent exchanged 
BC was then contacted with citric acid (0.34 mmol/mmol 
AGU) and 50 mL of acetic anhydride in a 100 mL glass 
flask equipped with a reflux condenser. The mixture was 
then heated to 120 °C under continuous magnetic agitation 
in a thermostatized oil bath. The level of acetylation of BC 
was modulated by manipulation of reaction time (0.5, 2.0, 



and 5.0 h). After those reaction intervals, the derivatized BC 
was separated by vacuum filtration and thoroughly washed 
with ethanol and distilled water.

The level of esterification conferred to BC was deter-
mined by heterogeneous saponification and back titration 
with HCl, as detailed elsewhere [53]. The acyl content and 
the degree of substitution (DS, i.e. average number of sub-
stituted hydroxyl groups per anhydroglucose unit (AGU), 
maximum value = 3) achieved were then calculated as stated 
in Eqs. (1) and (2), respectively:

where  VB (ml) is the volume of HCl required for blank 
titration,  VS (mL) is the volume of HCl required to titrate 
the sample,  NHCl is the normality of the HCl solution, and 
W (g) is the mass of sample used.

Preparation of PLA/BC nanocomposites

Native and acetylated BC with different DS were solvent 
exchanged from water through acetone (twice) into chlo-
roform (twice). In each step, samples were homogenized 
at 18,000  rpm using an Ultra Turrax D160 handheld 
homogenizer.

PLA nanocomposite films were prepared by solvent cast-
ing. For the neat PLA film, 2 g of PLA were dissolved in 
65 mL of chloroform with magnetic stirring (RT, 1000 rpm, 
3 h). Subsequently, the PLA solution was poured onto a 
90 mm glass Petri dish and allowed to dry for 48 h at RT. 
For the nanocomposite films, the PLA solution previously 
prepared was mixed with BC and acetylated BC suspensions 
(0.06 g, dry weight) in chloroform to a final reinforcement 
content of 3 wt % (chosen as an intermediate value from 
previous contributions dealing with PLA reinforced with BC 
[14, 28, 30]). The mixtures were homogenized at 18,000 rpm 
for 15 min before they were casted onto glass Petri dishes 
following the same protocol used for neat PLA. All films 
were placed in a vacuum oven at 40 °C for 4 weeks before 
characterization in order to remove the remaining chloro-
form. Films obtained had a nominal thickness of ≈ 250 µm.

Characterization

Transmission electron microscopy (TEM)

Aiming to illustrate its nanofibrillar nature, drops of a 
diluted aqueous suspension of BC were deposited onto 
glow-discharged carbon-coated electron microscopy grids 
and negatively stained with 2 wt% uranylacetate. 
Samples 

(1)Acyl(%) = [(VB − VS) × NHCl × 4.3]∕W

(2)DS =
(162 × Acyl%)

[4300 − (42 × Acyl%)]

were observed using a TEM Philips EM 301 microscope 
operating at an acceleration voltage of 40 kV.

Field Emission Scanning Electron Microscopy (FESEM)

Drops of diluted aqueous suspensions of native and acety-
lated BC (0.2wt%) were deposited on microscope glasses 
and dried at 100 °C for 5 min. For the PLA/BC nanocompos-
ites cryo-fractured cross sections of the specimens obtained 
at liquid nitrogen temperature were analyzed. All samples 
were sputtered coated with a thin layer of gold before obser-
vation in a scanning electron microscope Zeiss Supra 40 
with field emission at an accelerating voltage of 3 kV.

Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared spectra of native and acetylated 
grinded BC samples were acquired on an IR Affinity-1 Shi-
madzu Fourier Transform Infrared Spectrophotometer in 
absorbance mode. Carefully dried (12.5 mg, 110 °C, 1 h) 
samples were mixed with previously dried KBr (130 °C, 
overnight) at 1:20 ratio and pressed into a disc. Samples 
were scanned 40 times at a resolution of 4 cm−1 in the range 
of 4000 to 700 cm−1. The derived spectra were baseline cor-
rected and normalized against the intensity of the absorp-
tion at 1165 cm−1, corresponding to the (C–O–C) link of 
cellulose [48, 59].

Solid‑State Nuclear Magnetic Resonance Spectroscopy (CP/
MAS 13C NMR)

High-resolution 13C solid-state spectra of native and acety-
lated grinded BC samples were collected using the ramp 
{1H} → {13C} CP/MAS pulse sequence with proton 
decoupling. 13C NMR spectra were collected in a Bruker 
Avance II-300 spectrometer equipped with a 4-mm MAS 
probe at room temperature. The operating frequency for 
protons and carbons was 300.13 and 75.46 MHz, respec-
tively. Glycine was used as an external reference for the 13C 
spectra and to set the Hartmann-Hahn matching condition 
in the cross-polarization experiments. The recycling time 
varied from 5 to 6 s, and the contact time during CP was 
2 ms. The SPINAL64 sequence (small phase incremental 
alternation with 64 steps) was used for heteronuclear decou-
pling during acquisition with a proton field H1H satisfying 
ω1H/2π = YHH1H = 62 kHz. The spinning rate for all the 
samples was 10 kHz.

X‑ray Diffraction Analysis (XRD)

The structure of native and acetylated BC, and PLA/
BC nanocomposites was analyzed with a Rigaku D/
Max-C Wide Angle automated X-ray diffractometer with 



vertical goniometer operating with a Cu/Kα radiation source 
(0.154 nm) at 40 kV and 30 mA. The X-ray diffraction pat-
tern was recorded in the 10-45° 2θ interval at a step size of 
0.02°. The crystallinity index of BC samples was estimated 
from diffraction intensity data by use of Segal’s empiri-
cal equation [60], where  I002 corresponds to the maximum 
intensity of the 002 lattice diffraction and accounts for both 
crystalline and amorphous material, and  Iam is the intensity 
at 2θ = 18° which represents amorphous material only.

The crystallinity fraction of the nanocomposite films was 
determined based on the ratio of the crystalline peaks area 
and the total diffractogram area.

Optical Properties

The transparency of the nanocomposite films was deter-
mined both qualitatively, by the assessment of their contact 
transparency; and quantitatively by recording of their trans-
mittance in the 200–800 nm range using a Shimadzu UV/
visible spectrophotometer (Model UV-1650 pc). Due to the 
films-thickness inhomogeneities, spectra were recorded in at 
least three different positions within the films.

Differential Scanning Calorimetry (DSC)

Thermal analysis of neat PLA and PLA/BC nanocompos-
ites was carried out in a differential scanning calorimeter 
(DSC) Shimadzu DSC- 60. A first heating scan from 25 °C 
to 200 °C at 10°C/min was applied. Samples were then kept 
at 200 °C for 2 min in order to erase any thermal history, and 
further cooled from 200 °C to -25 °C at 10°C/min. A sec-
ond heating scan from − 25 °C to 200 °C at 10°C/min was 
applied. Cold crystallization (Tcc) and melting (Tm) tempera-
tures were determined as the maximum of the exothermic 
and endothermic signals, respectively. Glass transition tem-
perature values (Tg) were obtained from the cooling scan. 
The degree of crystallinity of the casted films was calculated 
from the first heating scan using Eq. 4, where the wPLA is 
the weight fraction of PLA in the sample and ΔHm0 is the 
enthalpy of melting for a 100% crystalline PLA sample taken 
as 93.6 J/g [61]:

Mechanical Characterization

Uniaxial tensile tests were carried out on type IV (ASTM 
D638) dumbbell samples cut out from the PLA matrix 

(3)CI =

(

I002 − Iam
)

I002
× 100

(4)X =
1

W
PLA

(

ΔH
m

ΔH
m0

)

× 100

and the PLA/BC nanocomposites films in an INSTRON 
dynamometer 5982 at a crosshead speed of 1 mm/min and 
using a load cell of 1 KN. Stress–strain curves were obtained 
from these tests, and tensile parameters values (Young’s 
modulus, tensile strength, and strain at break) were deter-
mined from the curves. The measurements were performed 
at room temperature and at least five samples for each mate-
rial were tested. Average values and their deviations were 
reported.

Results and Discussion

Production and Characterization of Nanofillers

In static culture bacterial cellulose is obtained as an entan-
gled nanoribbons network grown in the air–liquid interface 
of the fermentation vial. Although a relatively great number 
of microorganisms can synthetize cellulose, few species are 
reported to produce it in good yields compatible with large 
scale fermentations, as it is the case of Gluconacetobacter 
xylinus (formerly, Acetobacter xylinum, now syn. Komaga-
taeibacter xylinus), the strain used herein to produce BC. 
BC cellulose ribbon biogenesis is recognized as a hierarchi-
cal, cell-directed self-assembly process [62], in which sub-
elementary fibrils of a lateral width of ≈ 1.5 nm composed 
of 12–15 cellulose chains produced by cellulose synthases 
enzymes, aggregate to form first microfibrils of ≈ 3–6 nm 
in width and then typical ribbons with a lateral width of 
40–60 nm [63]. Figure 1a is a photograph of a BC pellicle 
obtained under the conditions set, whereas Fig. 1b shows a 
TEM image of a diluted BC suspension obtained after 5 min 
of homogenization in a blender. The histogram in Fig. 1c 
shows the distribution of nanoribbons widths determined 
from TEM images.

Homogenized BC pellicles were acetylated by means of a 
non-conventional methodology relaying on the use as cata-
lyst of a naturally occurring α-hydroxy acid such as citric 
acid. Acetylation was performed in the absence of cosol-
vents, following previously optimized conditions [55] sum-
marized in “Citric acid-catalyzed acetylation of BC” section. 
These protocols have proved to result in surface hydrophobi-
zation of BC ribbons with no detectable concomitant citric 
acid grafting or induced crosslinking [53–55]. The extent of 
esterification expressed as the degree of substitution (DS) 
was herein tuned by manipulation of reaction time, keeping 
all other reaction conditions constant (“Citric acid-catalyzed 
acetylation of BC” section). Acetylation carried out during 
0.5, 2.0 and 5.0 h led to DS values of 0.25, 0.43 and 0.61, 
respectively.

Figure 2 collects 13C NMR, FTIR, XRD and FESEM data 
from native BC and acetylated BC samples. Introduction of 
acetate groups in BC was confirmed by CP/MAS 13C NMR 
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spectroscopy of derivatized samples (Fig. 2a) by appearance 
of two new resonances centered at 21 ppm and 172 ppm 
assigned to the methyl and carbonyl carbons of the acetate 
group, respectively. Besides, the absence of resonances at 
≈ 44 ppm indicated no detectable citric acid presence either 
as impurity or esterified onto BC. In FTIR spectra (Fig. 2b), 
the appearance of new signals typical of ester groups, i.e. 
1745 cm−1 due to C=O stretching, and 1243 cm−1 due to 
C–O stretching, was also considered a diagnostic of esterifi-
cation. The X-ray diffraction profiles of native and acetylated 
BC are presented in Fig. 2c. The diffraction peaks typical 
of cellulose I were observed centered at 2θ = 14.4° (101), 
16.7° (10–1) and 22.6° (002). As observed previously by 
other authors dealing with surface-only BC acetylation [45, 
48], acetylation showed to induce some modification in the 
relative area of the crystalline peaks centered at 14.4° and 
16.7°. Crystallinity index (CI) values were calculated using 
the Segal equation after baseline subtraction of the spec-
trum. As it is shown, the acetylation levels conferred to the 
BC samples had a minor effect on crystallinity, i.e. 91% for 
DS = 0.25, 89% for DS = 0.43, 86% for DS = 0.61, versus 
92% for native BC. The previous suggests that the citric 
acid-catalyzed acetylation of BC performed was mainly a 
surface phenomenon which did not affect the ultrastructure 
of the nanofibers. FESEM images of native and acetylated 
BC samples are shown in Fig. 2d. Micrographs illustrate 
that acetylation induced no significant changes on the fibrils 
surface, with the web-like fibrous structure typical of BC 
being preserved even for the highest DS value conferred.

Nanocomposites Characterization

Native BC and acetylated BC were used as reinforcement 
of PLA at 3 wt%. Figure 3a collects the photographs of the 
films obtained, evidencing the effect of acetylation on the 
relative dispersion of the nanofiller within the matrix.

While the PLA film is transparent, in the PLA/native 
BC film aggregates of bacterial cellulose are clearly evi-
dent to the naked eye. This indicates that poor dispersion 
of unmodified BC into PLA was obtained in spite of the 
homogenization included in all the steps of composites prep-
aration, and also despite the use of never dried BC aimed at 
avoiding extensive self-association of cellulose nanoribbons 
through hydrogen bonding during drying processes. Poor 
dispersion of unmodified BC results from incompatibility 
between hydrophilic BC and less polar PLA, which leads to 
aggregation of nanofibers and poor interfacial contact. On 
the other hand, nanocomposites derived from acetylated BC 
were much more homogenous, suggesting that acetylation 
resulted in improved compatibility with the matrix and bet-
ter dispersion of the nanofiller. Significant improvements in 
BC dispersion in PLA upon acetylation by other routes have 
been reported previously [30].

The relative contact transparency of the films obtained 
is further illustrated in Fig. 3b. The nanocomposite result-
ing from unmodified BC shows reduced transparency when 
compared with pure PLA, whereas the transparency of 
acetylated BC-PLA films recalls that of the matrix. The 
results can be explained in terms of the better dispersion of 
cellulose nanofibers upon derivatization described before, 
which resulted in reduced scattering. Analysis of the light 
transmittance in the wavelength from 200 to 800 nm fur-
ther confirmed the previous observations. As exemplified 
in Fig. 3c, the film containing the derivatized BC led to a 
transmittance curve much closer to that of the neat PLA film 
than that of PLA/Native BC.

Figure 4 shows FESEM micrographs of cryogenic frac-
ture surfaces of the different nanocomposite films investi-
gated. In accordance with transparency results, in Fig. 4a 
native BC nanoribbons highly aggregated within the PLA 
matrix were clearly observed. Nanocomposites containing 
modified BC, on the other hand, presented less distinguish-
able nanoribbons and improved morphology. Better filler 
dispersion may be associated with higher compatibility of 
BC with the PLA matrix as a consequence of derivatization, 
as previously observed for PLA/BC nanocomposites includ-
ing BC acetylated by other routes [30, 31]. On the other 
hand, no significant differences in nanofiller dispersion were 
observed among the three substitution degrees investigated.

Figure 5 shows the DSC thermograms of neat PLA and 
the different nanocomposites obtained. Upon first heating 
(Fig. 5a), neat PLA and their nanocomposites only pre-
sented an endothermic melting peak (Tm and ΔHm values 
are presented in Table 1). No significant changes neither in 
the melting enthalpy nor in the melting temperature among 
the different materials investigated were observed. In addi-
tion, for all films crystallinity (X) values were in the 35–37% 
interval, suggesting that the incorporation of the nanofill-
ers did not significantly affect the degree of crystallinity of 
the matrix. Similar results have been previously reported 
for other PLA/BC systems [28]. During cooling (Fig. 5b), 
no crystallization peak was observed neither in the neat 
PLA matrix nor in the composites including derivatized 
BC. PLA is a slow crystallization polymer and, in order to 
induce crystallization, relatively low cooling rates are often 
required [13]. However, when neat BC was used as filler, 
a small crystallization peak appeared in the cooling curve 
centered at 96 °C, suggesting that the unmodified BC aided 
PLA crystallization. On the other hand, a glass transition 
temperature close to 59 °C could be detected independently 
of the system. During the second heating (Fig. 5c), no exo-
thermic peak attributed to the cold crystallization occurred 
in neat PLA. Contrarily, the nanocomposite with native BC 
did show an exothermic peak followed by the melting endo-
thermic peak, further implying that this filler aided PLA 
crystallization by acting as a nucleating agent as previously 



observed by others for similar systems [12–14, 28, 64]. On 
the other hand, on second heating the composite with the 
less acetylated BC (i.e. DS = 0.25) led to much less intense 
crystallization and melting peaks, and higher cold crystal-
lization temperature values (Table 1). The magnitude of 
both peaks increased with the acetylation extent conferred 

to BC. Besides, lower (but still higher than the native BC 
counterpart) cold crystallization temperature values were 
observed as BC with higher DS was used as filler. Evidently, 
the chemical nature of BC surface, -and thus its dispers-
ibility and relative compatibility with the hydrophobic PLA 
matrix-, played a key role in controlling PLA crystallization 
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feasibility. The previous is probably a consequence of coun-
teracting phenomena associated to hindered diffusion and 
folding of the PLA chains as a result of compatibilization, 
and nucleation effects induced by relative dispersion of the 
fillers.

The structure of the different nanocomposite films was 
analyzed by XRD (Fig. 6). PLA exhibited a strong crys-
talline peak at 2θ = 16.8° and a weaker peak at 19.2°, in 
accordance with diffractograms of other semycristalline 
PLAs [65, 66]. Minor peaks at 2θ = 15.0° and 22.4° were 
also observed in the diffractogram of neat PLA. On the other 
hand, native and acetylated BC with varying DS have a typi-
cal cellulose I structure with three well-defined diffraction 
peaks centered at 2θ = 14.4° (101), 16.7° (10 − 1) and 22.6° 
(002). However, the characteristic peaks of BC could not be 
observed in the X-ray diffraction patterns of the nanocom-
posites, not even the most intense BC peak at 22.5°, due 
to the overlapping with PLA crystalline peaks. This result 
differs from previous contributions in which a more amor-
phous nature of the PLA used allowed the observation of BC 
crystalline peaks, especially as higher nanofiller contents 
were assayed [11, 27]. In terms of the degree of crystallinity 
of the films analyzed, and in accordance with DSC results, 

neither neat BC nor acetylated BC had a significant effect 
on the nanocomposites crystallinity, with X (%) values in 
the 36–41% interval for all samples. Moreover, comparison 
of nanocomposites XRD patterns with that of neat PLA, 
showed no other effect of the nanofiller incorporation, with 
no evident variation in peaks width or angle position.

Figure 7 shows typical stress–strain curves for neat PLA 
and PLA/BC nanocomposites obtained in uniaxial tensile 
tests. It can be observed in this figure that neat PLA pre-
sented completely ductile behavior, characterized by the 
presence of a yield point followed by strain softening and 
a significant plateau before final fracture [67]. The nano-
composites, in contrast, displayed a more brittle behavior 
and failed after limited plastic deformation. Tensile param-
eters values are listed in Table 2 along with their deviations. 
Despite the well-known strength and stiffness of dried BC 
pellicles, the incorporation of unmodified BC into PLA was 
clearly detrimental to the material’s tensile behavior. This 
was attributed to the aggregation of native BC nanoribbons 
within the PLA matrix described before, which hindered 
proper interfacial adhesion and load transfer. Modification of 
BC, on the other hand, led to improved filler dispersion and 
filler/matrix interaction, and hence, to some improvements 

5 µm 5 µm

5 µm 5 µm

PLA/Native BC PLA/BC (DS= 0.25)

PLA/BC (DS= 0.43) PLA/BC (DS= 0.61)

a b

c d

Fig. 4   SEM micrographs of cryogenic fracture surfaces of nanocomposites with different reinforcements. a Native BC, b DS 0.25, c DS 0.43, d 
DS 0.61



in tensile stiffness and strength. These improvements are 
similar to those reported in the literature for PLA/BC nano-
composites with the same range of filler content used here 

[28, 37, 38]. Ductility, characterized by strain at break val-
ues, was found to be significanlty lower in the nanocom-
posites respect to neat PLA, which is a consequence of 

a b

c

Fig. 5   DSC thermograms of neat PLA and PLA/BC nanocomposites. a First heating scan, b cooling scan, c second heating scan

Table 1   Thermal properties 
of neat PLA and PLA/BC 
nanocomposites

Sample First heating scan Cooling scan Second heating scan

Tm
(ºC)

ΔHm
(J/g)

X
(%)

Tg
(ºC)

Tcc
(ºC)

Tcc
(ºC)

Tm
(ºC)

Neat PLA 151 32 35 59 – – –
PLA/native BC 151 34 36 59 96 107 149, 153
PLA/BC (DS = 0.25) 151 33 36 59 – 129 152
PLA/BC (DS = 0.43) 152 34 37 59 – 127 151
PLA/BC (DS = 0.61) 152 34 37 59 – 117 150



the introduction of the stiffer filler into the ductile matrix 
[68]. However, and in accordance with previous data shown 
herein, no significant differences among the three DS inves-
tigated were observed in tensile parameters.

Conclusions

PLA nanocomposite films reinforced with native and acety-
lated bacterial cellulose were prepared. Acetylation of BC 
nanoribbons was performed by a non-conventional route in 
presence of citric acid. Manipulation of esterification time 
allowed obtaining BC with three different derivatization 
extents (i.e. DS), and in all cases surface-only acetylation 
of the nanofibers was observed.

PLA/BC nanocomposite films were produced by solvent 
casting and characterized by means of transparency analysis, 
FESEM, DSC, XRD and uniaxial tensile testing. Results 
evidenced the enhanced nanofiller dispersion accomplished 
upon derivatization of BC, as a result of better compatibility 
between nanocomposite components. However, no signifi-
cant differences were observed among the different acetyla-
tion extents conferred to BC, suggesting that the minimum 
DS used (i.e. 0.25) was enough to reduce the repulsive forces 
between hydrophilic BC and less polar PLA and improve 
their interfacial contact. The results of mechanical properties 
further supported the described findings.

Overall, the non-conventional sustainable route proposed 
in this work to derivatize the surface of bacterial cellulose 
nanoribbons, seems to be a promising approach to obtain 
PLA/BC nanocomposites with reinforcement levels typically 
achieved for similar materials.
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