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Abstract. Cellulose nanofibres, 20 nm in diameter and 300 nm long, were prepared by acid hydrolysis of flax yarns. Composite films containing 2.5 and 5.0 wt% flax cellulose (FC) fibres were prepared by solution casting of mixtures of
poly(lactic acid) (PLA) solution and cellulose nanofibre suspension in chloroform. The resulting composite films and solution cast pure PLA film, with thickness of around 160 μm, showed good transparency. For composites with 2.5 and
5.0 wt% FC, the tensile strength increased by 25 and 59% and tensile modulus by 42 and 47%, respectively, compared to
pure PLA film. The composite film with 2.5 wt% FC combined high strength and ductility with tensile strength of
24.3 MPa and 70% elongation at break. Flax cellulose appeared to facilitate nucleation and subsequent crystallisation of
PLA more effectively in the amorphous composites than in the crystalline composites.
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1. Introduction

gas barrier properties of PLA are inferior to those
of conventional petroleum-based polymers [2, 3].
To tailor the properties of PLA it is desirable to
combine the polymer with reinforcing elements.
Much research is focused on the use of natural
fibres as reinforcements for polymer composites,
because natural fibres are renewable and abundant
[4]. Purified cellulose fibres with one nano-scale
dimension have more potential as reinforcing fillers
in polymer matrices due to their good mechanical
properties with very high bending strength, and
stiffness (e.g. Young’s modulus of about 150 GPa
[5, 6]). Cellulose in nano-scale has been investigated extensively [7] for preparation of polymer
composites and is available from various sources,
such as cotton, tunicate, bacteria, ramie and wood.
The high aspect ratio and good dispersability of
cellulose enhance barrier properties to gases and
vapours, because the presence of the impermeable

Biopolymers are attractive materials because they
are biodegradable, recyclable and compostable, and
are regarded as the best replacement for conventional packaging materials in respect of energy
resources and environmental impact. PLA is a versatile biopolymer made from the renewable agricultural raw material corn, and shows good potential for applications in packaging, and the automotive and biomedical fields. For the packaging
industry in particular, PLA has significant potential
because of the combination of high clarity and stiffness, and excellent printability, and because it can
be manufactured using readily available production
technology. PLA is being commercialised as a food
packaging polymer for short shelf-life products in
common applications such as containers, drinking
cups, and overwrap and lamination films [1]. However, the thermal properties and water vapour and
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centrifugation, then neutralised with 1.0 wt% aqueous NaOH. The suspension was then frozen and
freeze dried for 48 h.

crystalline fibres can increase the travel path for gas
or vapour movement through the composite (detour
factor) and lead to slower diffusion processes [8, 9].
Thus, preparation of composites with nano-scale
fillers has been considered a promising method to
improve gas barrier properties and mechanical
properties without affecting transparency for packaging applications [10].
In the present work, cellulose fibres, 20 nm in
diameter and 400 nm long, were obtained from flax
yarns by the sulphuric acid hydrolysis method. Pure
PLA and its composite films with 2.5 and 5.0 wt%
flax cellulose (FC) were prepared by casting PLA
solution, and mixtures of cellulose suspension and
PLA solution. The objective of the study was to
investigate the effects of addition of nano-FC on
the properties of the PLA matrix. The morphology,
structure, thermal and mechanical properties are
presented in this paper.

2.3. Preparation of neat PLA and PLA
composite films
The neat PLA films were prepared by casting PLA
solution in chloroform at a concentration of
5.0 wt%. The PLA/chloroform mixtures were continuously stirred at room temperature until the pellets were fully dissolved. The composite films were
obtained by mixing a 5 wt% suspension of FC in
chloroform with varying proportions of the PLA
solution, and stirring for 12 h. The mixtures were
then poured into Petri dishes and chloroform was
allowed to evaporate at ambient temperature and
pressure. The resulting films were finally oven
dried for 12 h at 40°C.

2. Experimental methods
2.1. Materials

2.4. Characterisation
The structure of hydrolysed flax cellulose was
investigated using transmission electron microscope (TEM – Philips CM 12, Holland). A droplet
of the diluted suspension was allowed to float on
and eventually flow through a copper grid covered
with a carbon film. The samples were then stained
by allowing the grids to float in a 2.0 wt% solution
of uranyl acetate for 1 min. X-ray diffraction (XRD
– Bruker D 8 Advance, Germany) measurements
were performed using CuKα radiation at a scan
speed 0.02°·s–1 from 5 to 50°. The tensile properties
were evaluated with an Instron universal testing
machine (model 5567, USA), with a 200 N load
cell. The crosshead speed was maintained at
50 mm·min–1 during testing. The samples were
15 mm wide and 85 mm long, and the distance
between the grips was 60 mm. The results presented here are the average values of six individual
samples. Thermal behaviour was investigated by a
differential scanning calorimeter (DSC, TA Instruments Q1000, USA) using approximately 7.0 mg of
sample material. For heating-cooling-heating measurements, the following procedure was performed:
isotherm at 0°C for 1 min; heat at 10°C·min–1 from
0 to 200°C; isotherm at 200°C for 1 min; cool at
5°C·min–1 from 200 to 0°C.

Poly(lactic acid) (PLA), 2002 D, was purchased in
pellet form from Natureworks Co., Minnetonka,
USA. Bleached flax yarns were purchased from
Jayashree Textiles, Kolkata, India. Microcrystalline cellulose powder was supplied by SigmaAldrich Inc., St. Louis, USA. Sodium hydroxide
was purchased from Ajax Finechem Pty Ltd., Taren
Point, Australia. Sulphuric acid with concentration
95–97%, and chloroform (purity 99.0–99.4%, lab
grade) were bought from Merck KGaA, Darmstadt,
Germany.

2.2. Preparation of flax nanocellulose fibres
Bleached flax yarns were boiled in distilled water
for 30 min and oven-dried to constant weight. The
dried yarns were then soaked for 30 min in 1%
(w/w) aqueous NaOH at 80°C, and were washed
again in running water, i.e. in an alkali-free environment. An aqueous suspension of nanocellulose
fibres was prepared by acid hydrolysis for 4 h in
55 wt% sulphuric acid at 55°C with continuous stirring. After completion of the hydrolysis, the flask
was cooled in ice-cold water. The aqueous suspension of fibres was diluted and repeatedly washed by
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3. Results and discussion
The TEM micrographs in Figure 1 show that sulphuric acid hydrolysis of FC caused breakdown of
the fibres into rod-like fragments. The amorphous
parts were selectively hydrolysed, and the crystalline parts remained unaffected. The average
diameter and length for individual cellulose fibres
were measured as 20 and 300 nm, respectively.
Treating cellulose with sulphuric acid involves
esterification of hydroxyl groups by sulphate ions
[11]. Introduction of sulphate groups along the surface of the crystallites will result in a negative
charge of the surface. This anionic stabilization via
the attraction/repulsion forces of the electrical double layers at the crystallites is probably the reason
for the stability of the colloidal suspensions of the
crystallites [12]. However, upon drying the crystalline fragments were rod-like and aggregated to
some extent. The aggregation might have resulted
from the formation of hydrogen bonds from the
hydroxyl groups and the high surface energy of the
cellulose nanofibres.
The X-ray diffraction patterns of freeze dried flax
cellulose powder and non-hydrolysed flax cellulose
(bleached flax yarns), shown in Figure 2, are typical cellulose I structures. The patterns of commercial microcrystalline cellulose are also shown for
comparison. The crystallinity index was calculated
according to Equation (1) [13]:

Figure 2. X-ray diffraction patterns of non-hydrolysed
flax cellulose (bleached flax yarns) and freezedried flax cellulose. Commercial microcrystalline cellulose is shown for comparison.

where I(200) is the counter reading at peak intensity
at a 2θ angle close to 22.8° representing the crys-

talline part and amorphous part, and I(am) is the
counter reading at peak intensity at a 2θ angle
around 18.6° representing the amorphous part in
the cellulose fibres. Use of Equation (1) from Figure 2 gives for the freeze dried flax cellulose the
crystallinity index Ic = 82%, a little lower than
those of non-hydrolysed flax yarns (Ic = 83%) and
commercial microcrystalline cellulose (Ic = 85%).
The lower crystallinity index of hydrolysed flax
cellulose is because degradation of crystalline cellulose has probably occurred due to the hydrolysis
in order to obtain isolated nanofibres [14].
Representative stress-strain curves of the pure PLA
and PLA-FC composites are shown in Figure 3.
From the tensile results shown in Figure 3, it is
apparent that the composites show improvement in
tensile modulus (measured between strains of 0.05

Figure 1. Transmission electron micrograph of flax cellulose nanofibres using sulphuric acid hydrolysis

Figure 3. Stress-strain curves of pure PLA and composite
films. The inset shows the stress-strain behaviour at low strains.

I c [%] =

I ( 200 ) − I ( am )
I ( 200 )

·100

(1)
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X c [%] =

ΔH m + ΔH c
X PLA
ΔH mc

·100

(2)

where ΔHm and ΔHc are enthalpies of fusion and
crystallisation, respectively, and ΔHmc = 93 J·g–1 is
the enthalpy of fusion of 100% crystalline poly(lactic acid) [16], and XPLA is the weight fraction of
PLA in the composite. The DSC scans (first heating
scan) of pure PLA and PLA-FC composite films
are depicted in Figure 5. The as-cast composite
films show very similar thermal behaviour to that
of neat PLA film. No obvious glass transition and
crystallisation were observed upon heating up to
200°C. The enthalpy of fusion decreases from
19.6 J·g–1 for pure PLA film to 19.4 and 18.9 J·g–1
for PLA film containing 2.5 and 5.0 wt% FC,
respectively, which probably results from the lower
content of PLA matrix. The calculated percent
crystallinity Xc of the three samples is almost the
same, indicating that flax cellulose did not change
the crystallinity of PLA during the solution casting
process. The thermal parameters for the first heating run are tabulated in Table 1.
However, different thermal behaviour shown in
Figure 6 was seen during the second heating run
after the samples had been cooled at 5°C·min–1

Figure 4. Tensile properties of PLA and PLA-FC composites

and 0.25%) and tensile strength, compared to pure
PLA. The tensile strength of pure PLA film and
PLA films containing 2.5 and 5.0 wt% FC was
measured as 19.4, 24.3, and 30.9 MPa, respectively. Thus FC increased the tensile strength of
PLA by 25 or 59% with the addition of 2.5 or
5.0 wt%, respectively. The tensile modulus is
measured as 1.48, 2.10, and 2.17 GPa for pure PLA
film and PLA films with 2.5 and 5.0% FC addition,
respectively. Thus FC increased the tensile modulus by 42 or 47% with the addition of 2.5 or
5.0 wt% respectively (Figure 4). However, the
elongation at break (ductility) decreased from
194% for neat PLA film to 70 and 40% for the
composites with 2.5 and 5.0 wt% FC, respectively.
The composite film with 2.5 wt% flax cellulose
combined high strength and ductility with tensile
strength of 24.3 MPa and 70% elongation at break.
To investigate the effects of flax cellulose fibres on
the thermal behaviours of PLA matrix, a DSC study
was performed on the pure PLA and PLA-FC composite films. The thermal parameters, such as, glass
transition onset temperature (Tg), cold crystallisation onset temperature (Tc), and melting onset temperature (Tm) were measured from the DSC curves.
The degree of crystallinity of the PLA in the composites was evaluated by the percent crystallinity of
PLA in the composites, Xc, which can be calculated
by Equation (2) [15]:

Figure 5. Thermal behaviour of pure PLA, PLA-2.5 wt%
FC and PLA-5.0 wt% FC composites during the
first heating scan

Table 1. DSC results for pure PLA and PLA-FC composites from the first and second heating runs
Composition
Neat PLA
PLA-2.5 wt% FC
PLA-5.0 wt% FC

Tm [°C]

Tg
[°C]

Tc
[°C]

1nd

2nd

56.0
55.5
55.3

117.3
112.1
108.7

139.9
140.1
141.2

141.8
142.2
142.4
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ΔHm [J·g–1]
2nd
19.6
0.16
19.4
1.81
18.9
2.81
1nd

ΔHc
[J·g–1]
0.14
1.42
1.90

Xc [%]
1nd
21.1
21.4
21.4

2nd
0.0
0.4
1.0
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endotherm are very similar, and the enthalpy of
fusion is very small. Moreover, the originally cast
films for the first heating run were crystalline
because no cooling was applied to the casting
process, providing enough time for crystallisation
of dissolved polymer, while the films after cooling
at 5°C·min–1 from 200°C for the second heating run
were almost amorphous because the crystallisation
was retarded during the cooling process, which is
shown in Figure 6 that there is no obvious crystallisation from the cooling curves. This indicates that
the influence of flax cellulose on the thermal
behaviour of PLA matrix is related to the sample’s
history.

Figure 6. The cooling behaviour of pure PLA (a), PLA2.5 wt% FC (b) and PLA-5.0 wt% FC (c) composites and heating behaviour of PLA (d),
PLA-2.5 wt% FC (e) and PLA-5.0 wt% FC (f)
during the second heating scan

4. Conclusions
A suspension of cellulose nanocrystals was prepared from flax yarns by acid hydrolysis and used
as reinforcement in a PLA matrix for preparation of
composite films by a convenient casting method.
The nanocrystal contents used were 2.5 and
5.0 wt%. The tensile strength increased 25 and 59%
for PLA composites containing 2.5 and 5.0 wt%
flax cellulose, respectively, while the tensile modulus increased 42 and 47% for those composites.
However, the elongation at break (ductility)
decreased from 194% for neat PLA film to 70 and
40% for the composites with 2.5 and 5.0 wt% FC,
respectively. The composite film with 2.5 wt% flax
cellulose combines high strength and ductility with
tensile strength of 24.3 MPa and 70% elongation at
break. Flax cellulose appeared to facilitate nucleation and subsequent crystallisation of PLA more
effectively in the amorphous composites than in
crystalline composites.

from 200°C. The three samples show a well defined
glass transition, ‘cold’ crystallisation and melting,
which are different in several respects from the
thermal behaviour in the first heating scan. The
composite films show a broader cold crystallisation
temperature range and lower cold crystallisation
onset temperature than those of the pure PLA film.
The thermal parameters of this heating run are
listed in Table 1. The glass transition onset temperature (Tg) of the three samples is almost same,
between 55–56°C. The enthalpy of crystallisation
and fusion of PLA-FC increased with addition of
flax cellulose to PLA matrix, compared to pure
PLA film. The composite films show higher percent crystallinity of 0.4 and 1.0% for the films containing 2.5 and 5.0 wt% FC, respectively. The onset
crystallisation temperature decreased to 112 and
109°C for the composite films with 2.5 and
5.0 wt% FC, respectively, compared with 117°C
for the pure PLA film. This behaviour indicates that
the flax cellulose nano-fibre can induce crystal
nucleation of the PLA polymer, which implies that
this flax cellulose material can probably be used as
a nucleating agent for PLA.
The different effect of flax cellulose on the thermal
behaviour of PLA matrix during the same heating
process is probably related to the different
microstructures of the starting sample before heating. From Figure 6, the structure of pure PLA film
is almost fully amorphous, because the areas under
the cold crystallisation exotherm and melting
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