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ABSTRACT: To test the hypothesis that the introduction of a hydrophilic hemicellulose would affect viscoelastic properties and increase
water permeability, xyloglucan (XG) was adsorbed onto the surface of microcrystalline cellulose (MCC) in water dispersion prior to
the extrusion of 79-80 wt % polylactide acid (PLA), 20 wt % MCC, and 0-1 wt % XG. For comparison, composites of PLA, MCC,
and non-absorbed XG were produced. Analysis of thermal properties showed no differences for glass-transition or melting tempera-
tures, but the crystallinity of the films increased with the addition of MCC and XG. Storage modulus of the composite materials
increased with XG content; however, at higher humidities storage modulus decreased, probably because of lower interfacial adhesion.
Water permeability through the films increased more with the addition of XG adsorbed to the MCC than with the MCC and XG
simply mixed in the same amounts. © 2014 The Authors. Journal of Applied Polymer Science Published by Wiley Periodicals, Inc. J. Appl. Polym.

Sci. 2015, 132, 41219.
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INTRODUCTION

Interest in plastics derived from alternative, non-petroleum
sources has increased in recent years because they may reduce
the environmental impact of plastics.”* Bioplastic materials can
be made from plant, animal, or bacterial sources, and they can
be biodegradable or non-biodegradable. As the cost of fossil
fuels increase, bioplastics such as polylactide acid (PLA) become
more competitive on the market.” Bioplastics can be produced
in common processing plants, enabling a relatively simple shift
from petro-plastics to PLA-plastics. However, there are prob-
lems related to PLA, PLA is derived from food crops, and a
major increase in production would negatively impact the world
food supply. Furthermore, PLA has a low softening tempera-
ture (about 60°C), which reduces the range of its application.’

To meet these challenges, different composites of PLA and cellu-
lose have been produced.®™'° These composites have a better plas-
tic storage modulus, which is an advantage both during their
processing® and in their use for food packaging (e.g., in drinking
cups and blister packs).'' However, the increased strength in the
plastic region gained from the use of a PLA/cellulose composite

material is often accompanied by a decrease in the material’s elon-
gation,” which is related to poor interfacial adhesion between the
PLA and the cellulose.>>'? Attempts to improve adhesion
between PLA and cellulose have included chemical surface treat-
ments of the cellulose fibers'*™"
lizing agent.'®'” These procedures using organic solvents and
pure cellulose are not always suitable for industrial processes, in
which a simpler procedure and fewer steps to purify the cellulose
are preferred. For example bleached Kraft pulp is a cellulosic
material that incorporates both cellulose and hemicelluloses, its
mixture with biodegradable material such as PLA, is currently of
industrial interest.'® The properties of such composites are thus
of interest, both from an academic and industrial point of view.

or the addition of a compatibi-

The gas and water permeability of PLA and its composites is
interesting because the long-term goal is often to use these
composites in cars, packaging, agricultural mulch films, or bio-
medical devices, in which a higher or lower permeability may
be desired.'"'??!' Several studies have focused on the reduction
of gas and water permeability in PLA and composites.”** Fac-
tors known to reduce the permeability of a polymeric material
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are increased tortuosity path and increased crystallinity.*>¢

Increasing the tortuosity path is obtained by adding an imperme-
able filler and increasing the crystallinity of PLA by annealing.
Routes to increase water permeability have been rarely studied,””
despite their potential use in applications such as biomedical devi-
ces and agriculture.'>'*~" Incorporation of the hydrophilic hemi-
cellulose xyloglucan (XG), in which the water contact angle in
films has been measured to 29° (compared with 40° for cellulose
films),’ could be a potential way to control water permeability.

Xyloglucan is a thermostable hemicellulose extracted from non-
food sources,”® making it suitable for incorporation in bioplastic
composites. XG has been shown to coat cellulose microfibrils,*’
nanofibrils,”® and MCC.>"** Additionally, a detailed study of
atomic force measurements between PLA beads and cellulose
films showed that the adhesion force was weak, but increased if
the film was composed of pectin or XG instead of cellulose at a
lower relative humidity (RH; 2%).”> This was explained by the
rise of capillary forces between pectin and/or XG films with
PLA beads, because water molecules are present even at low RH
in both pectin and XG films. In contrast, at a higher RH (56%)
the adhesion force was not affected by the film’s composition
(cellulose, XG, or pectin). The reduced capillary forces have also
been observed and discussed in other studies. For example, Raj
and co-workers measured the adhesion between PLA and cellulose
by atomic force microscopy (AFM) and showed that the adhesion
force was dominated by capillary forces up to ~70% RH.* Xiao
and co-workers also measured the adhesion force between a
hydrophilic SiO, surface and a hydrophobic AFM tip of SisN,.**
At an RH above 80% the adhesion force decreased drastically, also
explained by reduced capillary forces at a higher RH.

In the study reported here, we investigated the effect on water
permeability of the addition of XG to a composite material con-
sisting of PLA and MCC. We found that the water permeability
of the composite films increases with the addition of XG, pro-
vided that the XG is adsorbed to the cellulose surface prior to
the composite’s production. In addition, the results of dynamic
mechanical testing of the composite materials suggest that the
adhesion between the filler (XG-covered MCC) and the matrix
(PLA) depends on the RH, as has been suggested by
others.>*?* This study clearly showed that the localization of
XG is essential for the properties of the composite films; films
with XG adsorbed to MCC have better adhesion and increased
water permeability than films with the same composition but in
which XG is not pre-adsorbed to the MCC.

EXPERIMENTAL

Filler Preparation

Xyloglucan from tamarind seed (Megazyme, Ireland) was added
to water under stirring. The suspension was heated to 35°C and
kept at that temperature overnight. MCC, Avicel PH101 (FMC
Biopolymer, USA), was sieved to a particle size of 32 to 45 um
(Retsch AS200, Germany). MCC was then dispersed in water
and different amounts of the XG solution were added to obtain
different XG : MCC ratios. The amounts of XG chosen to be
pre-adsorbed to MCC were 0, 4, 10, 15, 25, and 50 mg XG/g
MCC. In addition, two dispersions containing 25 mg XG were

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

41219 (2 of 8)

Applied Polymer

SCIENCE

prepared to produce one material consisting only of PLA and
XG, and another material consisting of PLA, MCC, and XG, in
which the surface of the MCC was not covered in advance. The
XG : MCC ratios were chosen according to studies in which low
XG : MCC ratios seemed to result in incomplete XG coverage of
the MCC particles, whereas high XG : MCC ratios corresponded
to saturated MCC particles.”"** A total of eight different materials
were studied, including the pure PLA material. The dispersions of
MCC and XG were kept on magnetic stirring overnight at room
temperature. The viscosity of the XG solution and the superna-
tants in the MCC+XG dispersions were determined using a Phys-
ica MCR300 Rheometer (Germany). The geometry used was a
cone plate; the cone had a diameter of 50 mm, an angle of 1°, and
a truncation of 52 pm. The viscosities were determined over shear
rates of 10-1000 s~ " at 20°C. All dispersions were filtered using
an Acrodisc glass—fiber filter with a pore size of 1 pm purchased
from Pall (USA). The MCC, XG, and the XG : MCC dispersions
were freeze-dried at —5°C overnight, using a FreeZone stoppering
try dryer (Labconco, USA).

Film Production

Polylactide acid 3051D with a specific density of 1.25 g cm™ > and a
molecular weight of ~1.42 X 10* g mol™" was purchased from
Nature Works, USA. The freeze-dried MCC+XG powder was
mixed with PLA at a mass ratio of 20 : 80, and the mixture was
extruded in a twin-screw extruder at 170°C (Haake micro-
compounder, Rheomex CTW5, USA). To ensure good mixing of
the melt, it was circulated for 5 min in the microcompounder. The
cylindrical shaped extrudate was cut into pellets, which were
pressed into films at 160°C for 5 min under a pressure of 5 bars.
The pure PLA film and the PLA+XG and PLA+MCC+XG films
were produced in the same manner. The films were kept in a desic-
cator with silica orange at room temperature until further use.

Film Morphology

The microstructures of the films were analyzed using a scanning
electron microscope (Leo Ultra 55 FEG-SEM, LeoElectron
Microscopy, UK). Before the analysis, the films were drawn
apart in an Instron device (Instron 5565A, USA) and the cross-
sections were surface-coated with a thin layer of gold to avoid
charging the sample.

Thermal Characteristics

Differential scanning calorimetric measurements of the PLA and
composite films were performed in a Perkin—Elmer Pyris 1,
USA. Typically, samples of 4-6 mg of the films were placed in
50 pL aluminum pans without holes. The program tempera-
tures ranged from 10 to 180°C, and the heating and cooling
rate was set to 10°C min~'. N, was used as the purging gas and
empty pans were run in advance and used as a background.
Samples were run in duplicates or larger sets. The crystallinity
of the pure PLA films was calculated according to eq. (1):

_ AH,,—AH,

%= —Amp X 100% (1)

where AH?, is the heat of melting for 100% crystalline PLA,
equal to 93.1 J g~ ' > and AH,, is the enthalpy of fusion dur-
ing melting. AH, represents the heat released during cold crys-
tallization. AH,, and AH,. were determined from the peaks of
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the first heating curve. In the composite materials the crystallin-
ity of the matrix polymer were calculated according to eq. (2)*”:

1 AH,,—AH.

Xe = AH?

X 100% (2)
I—Wf

where the weight fraction, wp of the matrix filler is subtracted.

Viscoelastic Properties

The viscoelastic properties of the films were tested in a dynamic
mechanical analyzer (DMA Q-800, TA Instruments, USA). Film
samples of 8.7mm wide were mounted using a conventional film
clamp. The average thicknesses of the films were 90 um. The meas-
urements were carried out at a frequency of 1 Hz and a strain of
0.05%. Both values were verified to lie within the linear elastic
region of the materials. The preload was set to 0.01 N. An RH acces-
sory (DMA-RH Accessory, TA instruments, USA) was connected to
the instrument and a humidity sweep was performed with deionized
water between 10% and 90% RH at 25°C. The RH was increased by
1% during 10 minutes after an equilibration period of 60 min.

Permeability Measurements

Permeability measurements were performed in diffusion cells, as
described by others.’®* Briefly, the diffusion cells consist of a
donor and an acceptor chamber, with a film separating the cham-
bers. The thickness of the films was recorded three times before the
permeability measurement. Nearly 15 mL of MilliQ-water was
added to each chamber, 10 uL of *[H]-labeled water was added to
the donor chamber, and the solution was stirred by placing the dif-
fusion chambers on a rotating table at 50 rpm (Edmund Biihler
7400, Germany). Because of the large difference in radioactivity
between the donor and acceptor chambers, the donor chamber
concentration was constant during the entire experiment. Follow-
ing the permeation measurement samples of 500 uL were taken
from the acceptor chamber and immediately replaced with an
equal amount of pure MilliQ-water. Samples were assayed with a
scintillation liquid, Ultima Gold, and run in a liquid scintillation
analyzer (Tri-Carb B2810TR, Perkin—Elmer, USA). The mass trans-
fer rate was calculated according to eq. (3), using Fick’s first law for
steady state mass transfer rate through a film:

Z—TAZMA:DKAthC“ :PAthC“
where ¢, and ¢, correspond to the donor and acceptor chamber
concentrations respectively, A is the membrane area, h is the
film thickness, and P is the permeability. The mass transfer
rate, M, was calculated from the linear slope in a plot of accu-
mulated water against time. Permeability was multiplied by the
average thickness of the films.

3)

RESULTS AND DISCUSSION

Material Characterization

The MCC particles were covered with XG in a stirred water sus-
pension overnight. Partial coverage of MCC was anticipated
with the lower amounts of added XG (4 and 10 mg g~ ' MCC)
and complete coverage and/or excess XG was expected with 25
and 50 mg g~' MCC.’"*> On removal of the beakers from the
stirrer, the appearance of the MCC+XG dispersions varied. The
sedimentation rate was lower for the dispersions containing a
higher XG : MCC ratio and the sedimentation height was
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higher. That this effect was not related to the increased viscosity
of the bulk was verified by measuring the viscosity of the super-
natant of the MCC and XG : MCC dispersions and the XG sol-
utions. The results showed highest viscosity for the XG
solution, followed by the MCC and finally the XG : MCC dis-
persions. The highest viscosity is obtained in the pure XG samples
likely because the XG is fully dissolved and contributes fully to the
viscosity of the solution. The absorption of XG onto the MCC will
result in a reduced XG concentration in the solution and thus a
reduced contribution to the viscosity. Because the XG are attached
to the MCC particles, the tendency for the MCC to aggregate will
be reduced, mainly because of the steric stabilization gained by the
absorbed XG. Such reasoning is in line with common practice in
reducing protein sedimentation and adsorbing polymers to
enhance steric stabilisation of colloidal particles.*>*'

After the extrusion and hot-melt pressing of the films, the film
consisting of pure PLA was transparent. The addition of 25 mg
XG to PLA resulted in an inhomogeneous film with several clus-
ters of XG observed, indicating poor dispersion of XG in the PLA
matrix by the current process. The PLA films consisting of MCC
that had been covered with XG showed a more homogeneous
structure and a better dispersion of the MCC particles than the
films to which MCC and XG were added separately.

Cross-sections of the films were studied using SEM after frac-
ture. Figure 1(a) shows the sieved MCC on a flat surface with-
out any further treatment. The particles are the desired sieved
size of 32-45 pm; however, their shapes are irregular, going
from cylindrical to spherical. SEM images in Figure 1(b—e)
show the cross-section of the fracture of the films obtained
upon tensile testing at room temperature. The cross-section of a
pure PLA film appears smooth despite the tensile fracture [Fig-
ure 1(b)], while the interior of the film containing 20% MCC
[Figure 1(c)] seems rough, with easily identified MCC particles
interspersed within the PLA matrix. The cross-sections of the
films containing 20% MCC and 4 and 50 mg XG/g MCC [Fig-
ure 1(d,e)] appears similar to the cross-sections of PLA+MCC
films without added XG. The interiors of the films containing
the other additional amounts of pre-adsorbed XG were similar
to those shown in Figure 1(b—e) and are therefore not shown.

Thermal and Viscoelastic Characteristics of the Composite
Films

The results of the differential scanning calorimetric measure-
ments (Table I) show that there are no major differences in
either glass-transition or melting temperature for the different
films, meaning that the addition of either MCC or XG contrib-
utes neither to plasticization or adherence to PLA. As shown in
Table I the cold crystallization temperature decreased when
MCC was added. Pure PLA crystallized at 120°C, and the com-
posite films (except the one in which PLA, MCC, and XG were
mixed without pre-adsorption of the XG to MCC) crystallized
around 100°C. The lower cold crystallization temperature for
the PLA+MCC composites indicates that MCC acts as a nucle-
ating agent in the films.”> Table I also shows crystallinity of
around 10% in the composite films and only 1% in the pure
PLA film, which strengthen the idea of MCC acting as nucleat-
ing agents. All the composite films contained the same amount
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Figure 1. Scanning electron microscopy (SEM) images showing (a) sieved
MCC particles sized 32-45 pm; (b) cross-section of the pure PLA film;
(c) cross-section of 80:20 PLA+MCC film; (d) cross-section of
PLA+MCC film with XG 4mg g ' MCC; and (e) cross-section of
PLA+MCC film with XG 50mg g~ ' MCC. The scale bar is 100 pm in the
first image (a) and 10 pm in the following images (b—e).

of MCC and had similar crystallinity. No impact on the total
crystallinity of the final composite materials was observed for
the varying amounts of XG added to each composite film.
Because the addition of only 25 mg XG to PLA resulted in an

WILEYONLINELIBRARY.COM/APP

increased crystallinity, this increased crystallinity could be due
to increased adhesion between the matrix and the filler materi-
als in the composite.

The viscoelastic properties of the films were evaluated by oscil-
lation of small deformations in the tensile mode at varying RH
(Table II). The testing was performed at 25°C and the RH was
increased from 10 to 90% over a period of 16 h. Table II shows
the storage modulus at 50% RH, which is a common environ-
mental value, and the standard deviations obtained after at least
three measurements. Taking into account the average deviations,
no differences in G’ and tan 0 were observed for the PLA,
PLA+MCC, or PLA+XG films. The value of 2.7 GPa in the
pure PLA film is similar to the modulus (2.8 Gpa) obtained for
the material with the same composition of PLA+MCC+XG,
but in which the MCC did not go through the pre-absorption
step. However, a continuous increase in the modulus was
observed when MCC had been pre-covered with up to XG
25mg g~ ' MCC, showing a storage modulus of 2.7 GPa for the
pure PLA film compared with 3.3 GPa for the XG 25mg g~ '
MCC film. Thus, the increase observed in moduli is only
obtained for the materials where XG has been preadsorbed to
the cellulose surface. Above XG 25mg g~ ' MCC, no further
increase in mechanical properties is observed. Indeed, it is likely
that the MCC surface is fully covered with XG at somewhere
between 25 and 50 mg XG g~ ' MCC, explaining why no or lit-
tle difference in mechanical properties is expected between these
films. This is in line with the higher adhesion between the
materials obtained with XG. Values of tan J ranged between
0.016 and 0.024 for the materials at 50% RH. These values
show that all materials are predominantly solid.

Viscoelastic properties as a function of RH are shown in Figure
2(a,b). Figure 2(a) shows the storage modulus upon increasing
RH for the pure PLA, PLA+XG, and PLA+MCC with 25 mg
uncovered XG. There is a slight decrease of the storage modu-
lus for the PLA+XG film compared with the pure PLA film.
The addition of MCC and non-adsorbed XG increases the stor-
age modulus to some extent. It should, however, be noted that
the differences between the materials are small when the stand-
ard deviation is taken into account. Figure 2(b) shows the stor-
age modulus for the composite films with PLA+MCC and

Table I. Thermal Characteristics of PLA and the Composite Films in which PLA+XG was Dry Mixed Prior to Extrusion, PLA+MCC Contains PLA and
MCC Particles with Preabsorbed XG (Ranging from 0 to 50 mg g~' MCC), as Well as PLA+MCC+XG Uncovered, in Which the Preabsorption Step

was Omitted

Sample Tg (°C) Tc (°C) Tm (°C) Crystallinity (%)
PLA 51+2 120+2 147 +0 1+1

PLA+XG 52+0 - 147 +1 4+0
PLA+MCC 50+1 98+ 4 148+0 8+3
PLA+MCC+XG 4 511 98+0 1481 10+0
PLA+MCC+XG 10 50+1 99+0 1480 100
PLA+MCC+XG 15 51+2 102+2 146+ 4 10+1
PLA+MCC+XG 25 51+2 104 +1 145 =3 9x2
PLA+MCC+XG 25 uncov. 52+1 120+3 146+0 11+2
PLA+MCC+XG 50 50+1 1011 147 +1 10+0
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Table II. Mechanical Properties of PLA and the Composite Films in
Which PLA+XG are Dry Mixed Prior to Extrusion, PLA+MCC+XG
Contains PLA and MCC Particles with Preabsorbed XG (Ranging from
0 to 50 mg g~ ' MCC), and PLA+MCC+XG Uncovered, in Which the
Preabsorption Step was Omitted. All Measurements were Done at T'=25°C

WILEYONLINELIBRARY.COM/APP

Tan ¢ at

Storage modulus 50% RH

Sample at 50% RH (GPa)  (x1072)
PLA 27+x01 1.6+04
PLA+XG 26+0.1 1.8+04
PLA+MCC 28+0.2 2.3+0.3
PLA+MCC+XG 4 3.0+x01 1.8+0.3
PLA+MCC+XG 10 3.0x01 19+04
PLA+MCC+XG 15 31+01 24+0.3
PLA+MCC+XG 25 3.3+0.0 1.8+0.1
PLA+MCC+XG 25 uncov. 28+0.2 1.7+04
PLA+MCC+XG 50 31+02 1.9+0.3

increasing amounts of pre-absorbed XG per gram of MCC. As
can be seen in the figure, the increasing amount of XG
increases the storage modulus up to XG 25mg g~ ' MCC. The
storage modulus values are more or less constant for the differ-
ent films up to 40% to 50% RH, demonstrating that the mate-
rials do not change at lower RHs. The storage moduli for
25 mg g ' MCC covered and uncovered are different, hence
the interface between MCC and PLA plays a role influence the
visco-elastic properties of the films and could indicate an
improved adhesion force between the filler and matrix, in
agreement with the study of Raj et al.’ This improved adhesion
force is thought to be related to capillary forces between the
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XG and PLA at lower humidities, i.e. lower than 70%.>2** It

has further been proposed that changes in the topology of the
cellulose filler can improve adhesion by mechanical anchoring
of the PLA to the cellulose filler."?

The slopes of the storage modulus at an RH between 50 and
90% increased with more XG loading (Table IIT). These results
show reductions in the strength of the material when the RH is
higher than 50%, which is most certainly explained by the pres-
ence of XG in the films and hence the reduction of capillary
forces at higher RH.»*** A probable explanation is that the
water accumulates in the more hydrophilic XG domain. Humid-
ity cycles were performed on a selected film (15 mg XG/g
MCC) to test whether any irreversible changes occurred in the
film upon being subjected to high RH for a specific length of
time (in total 16 h). No hysteresis or change between the stor-
age or loss moduli was observed between the different cycles of
increasing and decreasing RH cycles (up to 3), indicating that
no irreversible changes occurred in the material during the RH
cycles performed within this study.

Permeability Measurements

To investigate their water permeability, films were placed
between a donor and an acceptor chamber and the transport of
tritiated water was measured over time. The mass transfer rate
was calculated by plotting the accumulation of tritium-labeled
water against time, as shown in Figure 3(a). This figure shows
that the accumulation of water in the acceptor chamber is faster
for films with higher amounts of added XG than for a film con-
sisting of pure PLA. Permeability was calculated from the linear
area in this plot according to eq. (3) and is presented in Figure
3(b). The permeability for pure PLA has a value of 2.5 X 10~ "
m” s~', and when MCC was added the permeability increased
to 6.0 X 107" m? s~', which may be explained by the poor

(b)

3.50 T T T T T T T T
AAAA
An
AA N
325 v AN .
vVVYVvVy A
g v Yvy v A
A
NG 000000. v
v ‘00 v A
=] m R * v
S 300f 00888888, %e’y & -
Q 555’¢v
E 5I'
Q v
1) ° @
© DDDDDDDD o)
S 275 =P o
(%] DDD
Bg
2.50 L 1 " 1 " 1 " 1 I
0 20 40 60 80 100

Relative humidity / %

Figure 2. Storage modulus as a function of RH for (a) pure PLA films (<), PLA+XG films (@), and PLA+MCC with 25 mg uncovered XG/g MCC
(A); (b) the composite films of PLA+MCC+XG in which XG was pre-absorbed on the MCC at increasing ratios of 0 mg XG/g MCC (0O), 4 mg XG/g
MCC (M), 10 mg XG/g MCC (O), 15 mg XG/g MCC(®), 25 mg g’1 MCC (A), and 50 mg XG/g MCC (W¥). Storage modulus of the films were
obtained at 1f= Hz, strain = 0.05%, and T=25°C.
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Table III. The Effect of RH at 25°C, Shown as the Slope of the Storage
Modulus in the Range of 50-90% RH for the Pure PLA Film and the
Composite Materials, Where PLA+XG was Dry Mixed Prior to Extrusion,
PLA+MCC+XG Contains PLA and MCC Particles with Preabsorbed XG
(Ranging from 0 to 50 mg/g MCC), as well as PLA+MCC+XG
Uncovered, in Which Samples from the Pre-Absorption Step were
Omitted. Measurements were Done Using f= 1 Hz and Strain = 0.05%

Sample Slope (x1079) R?

PLA -2.5 0.99
PLA+XG -2.2 0.94
PLA+MCC+XG 0 -3.4 0.99
PLA+MCC+XG 4 -3.8 0.98
PLA+MCC+XG 10 -55 0.96
PLA+MCC+XG 15 -5.7 0.96
PLA+MCC+XG 25 -6.7 0.96
PLA+MCC+XG 25 uncov. -3.7 0.93
PLA+MCC+XG 50 -7.0 0.96

adhesion between cellulose and PLA reported elsewhere.>®'°

For the films consisting of 4 or 10 mg XG g~ ' MCC, the per-
meability decreased or showed no difference to the PLA+MCC
film. This can be explained by an improved adhesion between
the matrix and the filler, which was suggested from the dynamic
mechanical measurements. However, when higher amounts of
XG are added, the permeability increases, which may be a result
of the hydrophilic domains formed by the hemicellulose which
covers the surface of the MCC. Reaching XG above 25mg XG
g~! MCC did not result in increased permeability, which is
explained by the saturation limit expected to be reached at
higher additions of XG.*"*?
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These results should be compared with those for the film with
25 mg of XG added to the PLA, which resulted in a water per-
meability of 5.8 X 107*® m? s ! (data not shown), more than
twice as high as that of pure PLA. However, it should be
remembered, as noted earlier, that an even dispersion of the
XG in the PLA was difficult to achieve. This difficulty resulted
in a large standard deviation compared to the other samples.
The film that consisted of PLA, MCC, and 25 mg XG, in which
the MCC was not covered in advance showed a water permeabil-
ity of 6.9 X 107> m* s~'. The 25 mg XG/g MCC film in which
the MCC was covered in advance showed water permeability
almost six times as high as pure PLA. The rise in water perme-
ability is consistent with the explanation of the results obtained
from the DMA analysis; water accumulates in the interface
where the hemicellulose is sited. It should further be noted that
crystallinity is high in the composite films, and the crystalline
parts of a film are thought to decrease its permeability for
smaller molecules such as water. This strengthens the theory
that hydrophilic XG contributes to higher water permeability.

The permeability measurements indicate that water transport
takes place along the surface of the MCC particles. The presence
of XG domains between the PLA matrix and the MCC particles
allows for increased water permeability at specific XG concen-
trations, as well as an increased storage modulus of the film.
Our small deformation results support the observed increased
adhesion between PLA+MCC+XG. The results further suggest
that totally purified cellulose particles may not be the most suit-
able choice for the production of a renewable composite mate-
rial, but that a mixture of PLA and cellulose obtained
downstream in the cellulose extraction line is favorable for
interfacial adhesion. A recent study performed by Marais and
co-workers introduced the concept of grafting PLA onto XG,
with the aim of improving the adhesion of MCC to the matrix
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Figure 3. Data from permeability measurements showing (a) water accumulation as a function of time in the donor chamber for the pure PLA film (<)
compared with the composite film composed of PLA and MCC+XG particles (50 mg XG/g MCC) (@) and (b) water permeability of PLA and pre-
absorbed MCC+XG particles with increasing amounts of XG per gram MCC (<); the permeability of pure PLA (@)and composites of PLA+XG+MCC
(M) in which no pre-absorption step was done are added for comparison.
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of PLA+XG.** It would be interesting to compare the perme-
ability of such materials with those obtained using the simpler
approach adapted in this study, in which adsorption of XG on
cellulose is promoted in order to improve the compatibility of
PLA and MCC. Our permeability results suggest that such
material would have increased permeability depending on the
amount of XG required for improved mechanical properties.

CONCLUSIONS

In this study, renewable composite films of PLA, MCC, and XG
were produced via extrusion and hot-melt pressing. It was shown
that the addition of a hydrophilic hemicellulose increased the
mechanical properties as well as the water permeability of the
composite materials. However, these results were only observed
when XG was pre-adsorbed to the surface of the cellulose prior
to film production. Simply mixing the three components
increased the films’ water permeability, but no enhancement of
their mechanical properties was observed. In addition, by cover-
ing the surface of MCC with XG via a simple adsorption step
prior to blending with PLA, the dispersion of MCC+XG in the
PLA matrix was better than when the same amount of XG was
non-adsorbed to the surface of MCC. Provided that the XG was
pre-absorbed to the cellulose, water permeability of the final film
was controlled by the content of XG added. Water transport is
an important parameter to consider and control when developing
new materials (e.g., those based on PLA and paper pulp), but
also materials with distinct requirements for applications in bio-
medicine or agriculture. This study demonstrated how the water
transport properties of PLA+MCC films can be varied by the
site-specific addition of hydrophilic hemicellulose XG. These
results may also be important for the production of totally biode-
gradable composite materials based on paper pulp, in which both
cellulose and hemicelluloses can be present.
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