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ABSTRACT: The mechanical properties and morpholo-
gies of polyblends of lyocell with three different fillers are
compared. Poly(vinyl alcohol) (PVA), poly(vinyl alcohol-
co-ethylene) (EVOH), and poly(acrylic acid-co-maleic acid)
(PAM) were used as fillers in blends with lyocell produced
through solution blending. The variations of their proper-
ties with polymer matrix filler content are discussed. The
ultimate tensile strength of the PVA/lyocell blend is high-
est for a blend lyocell content of 30 wt %, and decreases as
the lyocell content is increased up to 40 wt %. The ultimate
tensile strengths of the EVOH/lyocell and PAM/lyocell
blends are highest for a lyocell loading of 20 wt %, and
decrease with the increasing filler content. The variations
in the initial moduli of the blends with filler content are
similar. Of the three blend systems, the blends with PVA
exhibit the best tensile properties. Lyocell/organoclay
hybrid films were prepared by the solution intercalation

method, using dodecyltriphenylphosphonium–Mica (C12PPh-
Mica) as the organoclay. The variation of the mechanical
tensile properties of the hybrids with the matrix polymer
organoclay content was examined. These properties were
found to be optimal for an organoclay content of up to 5
wt %. Even polymers with low organoclay contents
exhibited better mechanical properties than pure lyocell.
The addition of organoclay to lyocell to produce nano-
composite films was found to be less effective in improv-
ing its ultimate tensile strength than blending lyocell with
the polymers. However, the initial moduli of the nano-
composites were found to be higher than those of the pol-
yblend films. � 2007 Wiley Periodicals, Inc. J Appl Polym Sci
106: 2970–2977, 2007
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INTRODUCTION

Conventional plastics are generally fabricated from
petroleum-based polymers and their large-scale con-
sumption has generated serious environmental prob-
lems. As a result, much attention has recently been
devoted to the development of biodegradable and
environmentally friendly polymers.1–4

Solvent-spun cellulose fiber, lyocell, was first
investigated in the early 1980s, partly to improve the
environmental acceptability of the well-established
viscose process.5,6 Lyocell is an environmentally
benign man-made fiber, because lyocell is manufac-
tured by dissolving cellulose in N-methyl morpho-
line-N-oxide monohydrate (NMMO). The manufac-
turing process is designed to recover 99% of the sol-
vent, which minimizes effluent. The solvent itself is
nontoxic, and all the effluent is nonhazardous.7–11

Composite materials can have excellent mechani-
cal and thermal properties, and so are widely used
in various applications ranging from aerospace mate-
rials to vehicles to sports equipment. To improve the

properties of composites, crosslinking, H-bonding,
and transesterification between multifunctional groups
in the polymer chains have been used, in particular,
between hydroxyl and carboxyl groups.12–16 For exam-
ple, PVA and EVOH are more tightly bound in compo-
sites where hydrogen-bonding (H-bonding) occurs
between fillers and polymeric chains. As a result, com-
posite materials with H bonds can exhibit better prop-
erties than those of pure polymers.

Nanoscaled composites of polymers with organo-
clays have been studied extensively.17–20 Nanostruc-
tured materials often possess a combination of physical
and mechanical properties not present in conventional
polymer matrix composites. Even at low clay contents
(<10 wt %), the strength and modulus of the polymer
matrix can be substantially increased.21–26

The main objective of this study was to investigate
the variations in the mechanical properties and
morphologies with the polymer filler content of the
lyocell matrix. As fillers, we used PVA and EVOH
(containing hydroxyl groups) and PAM (containing
carboxyl groups). The introduction of hydroxyl and
carboxyl groups into the lyocell matrix, which con-
tains HO-groups, modifies the lyocell chemical struc-
ture because of the formation of H bonds. In particu-
lar, PAM is a crosslinking agent and a donor of the
hydrophilic ��COOH group. This work also investi-
gates the effects of the addition of an organoclay to
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lyocell on its mechanical properties. The variations in
the properties of the nanocomposites in film form
with matrix polymer clay content were studied. Fur-
thermore, we compare the mechanical and morpho-
logical properties of the two different lyocell compo-
sites.

EXPERIMENTAL

Materials

Lyocell and NMMO were kindly supplied by Kolon,
Seoul, Korea. The PVA (99.3–99.7% hydrolyzed, av-
erage Mw 5 74,800; Dupont) used in this study was
purchased from Dupont, Seoul, Korea. EVOH (eth-
ylene content 27 mol %; Aldrich) and PAM (50 wt %
solution in water, Mw 5 3,000; Aldrich) were pur-
chased from Aldrich Chemical, Seoul, Korea. The
water used was distilled and deionized. Common
reagents were used without further purification.

Preparation of the organoclay: C12PPh-Mica

The organically modified clay (C12PPh-Mica) used in
this study was synthesized via the ion exchange
reaction between Na1-mica and dodecyltriphenyl-
phosphonium chloride (C12PPh-Cl

2) with the
method described in our previous study.27 The
chemical structure of C12PPh-Mica is as shown:

Preparation of the lyocell blend films

It is well known that lyocell does not melt, but instead
exhibits thermal degradation at high temperatures.
Therefore, to produce lyocell films, it must be dis-
solved in NMMO.7,11 NMMO also have shown suffi-
cient solvating ability for PVA, EVOH, and PAM.
Since the synthetic procedures used for the lyocell
blend films with the three different fillers were very
similar, only the preparation of the 30% PVA/lyocell
blend film is described here. The polymer concentra-
tion in NMMO (72 g) was kept at 4 wt % (3 g) (2.1 g of
lyocell 1 0.9 g of PVA) to guarantee uniform mixing.
The polymer solution was mixed with vigorous agita-
tion for 2 h at 1158C under a steady stream of N2 gas,
and the resulting blend solution was cast onto a glass
plate. The solvent was removed in a water bath for 1–
2 h. The films were dried in a drying oven at 308C for
1 day. The resulting film thickness was 10–15 lm.

Preparation of the C12PPh-Mica/lyocell
nanocomposite films

All of the samples were prepared as solutions. Since
the syntheses of the nanocomposite films were very
similar, only a representative example, the procedure
for the preparation of the nanocomposite containing
3 wt % organoclay, is described here. About 29.1 g
of lyocell and 0.9 g of C12PPh-Mica were placed in a
three-necked flask, and the mixture was stirred for
2 h at 1158C under a steady stream of N2 gas. Me-
chanical stirring was used to obtain a homogene-
ously dispersed system. This mixture was cast onto
a glass plate. The glass plate was soaked in a water
bath to remove NMMO for 1–2 h. The films were
dried in a drying oven at 308C for 1 day. The result-
ing film thickness was 10–15 lm.

Characterization

Wide-angle X-ray diffraction (WAXD) measurements
were performed at room temperature with an X’Pert
PRO-MRD X-ray diffractometer using Ni-filtered Cu
Ka radiation. The scanning rate was 28/min over
ranges of 2y 5 28–328 for the blend films and 2y
5 28 – 128 for the nanocomposite films.

The tensile properties of the films were deter-
mined at room temperature using an Instron me-
chanical tester (Model 5564) at a crosshead speed of
20 mm/min. The experimental uncertainties in the
tensile strengths and moduli were 61 MPa and
60.05 GPa respectively. These properties were deter-
mined from the average of at least 10 individual
determinations.

The morphologies of the fractured film surfaces
were investigated using SEM (model S-2400, Hitachi).
An SPI sputter coater was used to sputter the frac-
tured surfaces with gold so as to enhance their con-
ductivity. The samples were prepared for transmis-
sion electron microscopy (TEM) by placing the lyocell
nanocomposite films into epoxy capsules and then
curing the epoxy at 708C for 24 h in vacuum. The
cured epoxies containing the lyocell nanocomposites
were then microtomed into 90-nm thick slices, and a
layer of carbon, about 3 nm thick, was deposited onto
each slice on a mesh 200 copper net. TEM photo-
graphs of ultrathin sections of the polymer/organo-
clay nanocomposite samples were obtained with an
EM 912 OMEGA transmission electron microscope
using an acceleration voltage of 120 kV.

RESULTS AND DISCUSSION

Dispersion of the blended films

Figure 1 shows the XRD curves of EVOH, PVA,
PAM, and lyocell for the range 2y 5 28–328. The
curves have peaks corresponding to basal spacings
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of 4.38 Å for EVOH and 4.53 Å for PVA. In the case
of lyocell, a very small peak was observed at 2y
5 12.358, corresponding to an interlayer distance of
7.16 Å. The XRD curve of PAM does not contain
peaks, which indicate an amorphous structure.

Figure 2 shows the XRD curves of films of lyocell,
PVA, and lyocell blends with various PVA contents.
The curves of pure lyocell and pure PVA contain
their characteristic peaks. The curves of the blends
with PVA content in the range 10–40 wt % contain a
very small peak, at 2y 5 12.358 (d 5 7.16 Å), which
is the same as the peaks of lyocell. The intensities of
the XRD peaks are almost the same for PVA load-
ings up to 40 wt %. However, there is an additional
a very small peak at 2y 5 6.318 (d 5 13.99 Å). The
presence of this peak is an indication that PVA is
not dispersed homogeneously in the lyocell matrix.
It also suggests that the dispersion is better at a
lower PVA loading than at a higher PVA loading.
Similar XRD results were obtained for the EVOH
and PAM polymer blend films (not shown here).

The PVA dispersion in the lyocell matrix was
determined with electron microscopy. Electron mi-
croscopy and XRD can be used as complementary
techniques to fill in the gaps in information provided

by other techniques.28–30 The morphologies of the
films containing up to 40 wt % PVA in a lyocell ma-
trix were examined by observing their fracture surfa-
ces with SEM, and the results are shown in Figure 3.

Figure 1 XRD patterns of lyocell, PVA, EVOH, and PAM.

Figure 2 XRD patterns of lyocell blend films with various
PVA contents.

Figure 3 SEM photographs of lyocell blend films with
various PVA contents: (a) 0 wt % (pure lyocell), (b) 10 wt %,
(c) 30 wt %, and (d) 40 wt %.
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The lyocell blend films with 0–30 wt % PVA are well
dispersed in a continuous lyocell phase [see Fig. 3(a–
c)]. Above 40 wt % of PVA, more fractured deforma-
tion surfaces were found in Figure 3(d). This is prob-
ably a consequence of some agglomeration of the
polymer particles, which is consistent with the XRD
observations shown in Figure 2.

Tensile properties of the blend films

The mechanical tensile properties of lyocell blend
films with various filler contents are shown in Table
I. The strength and modulus values were found to
be enhanced remarkably in comparison to those of
lyocell for filler contents up to a critical content,
with decreases above that content. It appears that
there is a critical amount of filler beyond which the
filler’s reinforcing capacity diminishes. For example,
in Table I, the strength of the 30 wt % PVA blend
film is shown to be 74 MPa, which is about 70%
higher than that of pure lyocell (42 MPa). When the
PVA content is 40 wt %, the strength is 49 MPa. This
decrease in the ultimate tensile strength is mainly
due to the agglomeration of filler particles above a
critical PVA content. This was confirmed by carrying
out morphological studies with SEM [see Fig. 3(d)].
In short, the reinforcing effect does not obey a rule
of mixtures in this blend system. Similar results
have previously been obtained with other polymer
blends.31–33 For filler contents of 20 wt %, the
strengths of the EVOH and PAM blends are at their
maximum values.

A similar trend was observed for the initial
modulus. The initial modulus of the PVA/lyocell
blend films increases with the addition of PVA up
to a critical PVA loading and then decreases above
that critical content; the value of the initial modu-
lus increases from 4.18 to 5.50 GPa with increases
in the PVA content up to 30 wt % and is 3.92 GPa
for 40 wt % PVA content. Similar results were also
obtained for the EVOH and PAM blends; when the
amount of filler in lyocell is 20 wt %, the initial
moduli of these polyblend films are at their

maximum values. The ultimate strength and initial
modulus of the PVA blends are the best of those
of the three blend systems: the 30 wt % PVA/lyo-
cell blend film has a strength of 74 MPa and an
initial modulus of 5.50 GPa. It is suggested that
the hydroxyl groups (��OH) in PVA provide
strong H-bonding between the filler polymer and
the substrate, and that its polymer main chains
maintain the polyblend’s rigidity. A combination
of these two factors produces the remarkable rein-
forcing effects found for PVA. The variations of
the ultimate strength and the initial modulus with
filler content are shown in Figures 4 and 5, respec-
tively.

The elongation percent at break (EB) values were
found to increase linearly with increase in the orga-
noclay content of the PVA blends. When the PVA
content was increased to 40 wt %, the EB of the
blend film was found to be 9%, about twice as great
as that of pure lyocell (5%). It seems that H-bonding
interactions elevate the interfacial adhesion between
PVA and lyocell. The EB values of the other two sys-
tems were found to decrease from 5 to 2% with this
increase in filler content and are then constant with
further increase in the filler content (see Fig. 6).

TABLE I
Mechanical Tensile Properties of the Lyocell Blend Films

Blenda (wt %)

Ult. Str. (MPa) Ini. Mod. (GPa) E. B.b (%)

PVA EVOH PAM PVA EVOH PAM PVA EVOH PAM

0 (Pure lyocell) 42 42 42 4.18 4.18 4.18 5 5 5
10 60 52 60 4.76 4.43 4.22 5 2 2
20 62 70 63 4.79 5.31 5.17 6 3 2
30 74 50 59 5.50 3.70 4.21 7 3 3
40 49 3.92 9

a Filler contents of the lyocell blend films.
b Elongation percent at break.

Figure 4 Effects of PVA content on the ultimate tensile
strength of the lyocell blend films.
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Dispersion of the organoclay in the
nanocomposites

The XRD results for the C12PPh-Mica/lyocell nano-
composite films are shown in Figure 7. The d001
reflection in Na1-mica was found at 2y 5 9.238,
which corresponds to an interlayer distance of 9.57
Å. The XRD peak for the surface-modified clay,
C12PPh-Mica, was found at 2y 5 3.158, correspond-
ing to an interlayer distance of 28.01 Å. As expected,
the ion exchange between Na1-mica and dodecyltri-
phenylphosphonium chloride (C12PPh-Cl

2) results in
an increase in its basal interlayer spacing over that
of pristine Na1-mica, and results in a big shift of the
diffraction peak toward lower values of 2y.34 This
increased spacing also leads to easier dissociation of
the clay, resulting in hybrids with better clay disper-
sion.35,36

Only a slight peak at d 5 14.94 Å was found in
the XRD results for the lyocell films with 1 wt %
organoclay content (see Fig. 7). Substantial increase
in the intensities of the XRD peaks was observed for
increases in the clay loading from 1 to 7 wt %, which
suggests that the dispersion is more effective at a

lower clay loading than at a higher clay loading.
Higher clay loadings are expected to result in easier
agglomeration within the lyocell matrix of some
portion of the clay.

The presence of the organoclay was found, how-
ever, to have no effect on the location of the peak,
which indicates that the exfoliation of the clay layer
structure of the organoclay does not occur in lyo-
cell.30 The disappearance of the main peak at 2y
5 3.158 for the lyocell nanocomposites occurs
because the peak of the swollen organoclay inserted
into the polymer chains is below 28.

Morphologies of the nanocomposites

Although XRD is by far the simplest method avail-
able for measuring the d spacing of nanocomposites,
SEM and TEM were also used to evaluate the degree
of intercalation and the amount of aggregation in the
clay clusters. The morphology of the aggregated clay
can be characterized using SEM. Because of the dif-
ference between the scattering densities of clay and
lyocell, large clay aggregates can easily be imaged
with SEM.

The SEM images of the fractured surfaces of the
lyocell nanocomposite films containing the various
organoclays are compared in Figure 8. The morphol-
ogies of the nanocomposite films containing up to 7
wt % C12PPh-Mica in the lyocell matrix were exam-
ined by observing their fracture surfaces with SEM.
The lyocell nanocomposite films with 3–5 wt %
C12PPh-Mica [Fig. 8(b,c)] contain uniform and dis-
perse phases. In contrast, the film containing 7 wt %
organoclay [Fig. 8(d)] contains voids and some
deformed regions that may result from the coarse-
ness of the fractured surface. The fractured surfaces
were found to be more deformed for higher hybrid

Figure 6 Effects of PVA content on the elongation percent
at break of the lyocell blend films.

Figure 7 XRD patterns of clay, organoclay, and lyocell
nanocomposite films with various organoclay contents.

Figure 5 Effects of PVA content on the initial tensile
modulus of the lyocell blend films.
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organoclay contents. This is probably a consequence
of the agglomeration of clay particles. This result
appears to be related to the lack of interfacial inter-
actions between the clay and the matrix polymers;

thus, many defects and agglomerations occur in
interphase areas. Similar trends have been observed
in studies of other polymer hybrids.35,37,38

More direct evidence for the formation of a true
nanoscaled composite was provided by the TEM
analysis of an ultramicrotomed section. TEM can
provide a qualitative understanding of internal
structures through direct observation. Typical TEM
photographs for nanocomposite films with 5 wt %
C12PPh-Mica are shown in Figure 9. The dark lines
are the intersections of 1-nm thick sheet layers. Fig-
ure 9(a,b) shows that the organoclay is dispersed in
the polymer matrix at all magnification levels,
although some parts are agglomerated at size levels
greater than � 10 nm. The presence of peaks in the
XRD patterns of these samples is attributed to these
agglomerated layers (see Fig. 7).

For low clay contents, clay particles may be better
dispersed in matrix polymers without significant
agglomeration of particles than they are for high
clay contents.37 However, agglomerated structures
form and become denser in the lyocell matrix above
a clay content of 7 wt %. This is consistent with the
XRD results shown in Figure 7.

Tensile properties of the nanocomposite films

The tensile mechanical properties of pure lyocell and
its nanocomposite films are listed in Table II. The
ultimate strength and initial modulus of the lyocell
nanocomposite films increase with the addition of
clay up to a critical clay loading, and then decrease
above that critical content. For example, the strength
and modulus of the lyocell nanocomposite films are
greatest at 5 wt %, 53 MPa, and 6.09 GPa, respec-
tively. These enhancements of the tensile properties
of lyocell are ascribed to the resistance exerted by
the clay itself, as well as to the orientation and
aspect ratio of the clay layers. When the amount of
organoclay is increased from 5 to 7 wt %, the
strength and modulus decrease simultaneously, as
shown in Table II. The variations of the ultimate
strength and the initial modulus with clay content
are shown in Figure 10.

TABLE II
Mechanical Tensile Properties of the Lyocell

Nanocomposite Films

Clay (wt %)
Ult. Str.
(MPa)

Ini. Mod.
(GPa)

E. B.a

(%)

0 (Pure lyocell) 42 4.18 5
1 41 5.18 5
3 42 5.27 4
5 53 6.09 5
7 50 4.13 5

a Elongation percent at break.

Figure 8 SEM photographs of lyocell nanocomposite
films with various C12PPh-Mica contents (a) 0 wt % (pure
lyocell), (b) 3 wt %, (c) 5 wt %, and (d) 7 wt %.
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The strength values of the blend films were found
to be superior to those of the nanocomposite films
(see Table I). This suggests that the hydroxyl groups
result in the formation of H-bonds between the filler
polymer and the lyocell matrix, and that this H-
bonding interaction significantly improves the inter-
facial adhesion. This factor seems to be the major
reason for the remarkable reinforcing effects of
blending on the tensile properties. However, the ini-
tial moduli of the nanocomposite films are higher
than those of the blend films because of the stiffness
of the clay as well as the orientation and high aspect
ratio of the clay layers.

The elongation at breakage of the nanocomposite
films was found to be virtually unchanged by varia-
tion in the organoclay content, i.e., it changed from 4
to 5% as the organoclay content was increased from

0 to 7 wt %. This result is characteristic of materials
reinforced with stiff inorganic materials and is indic-
ative of an intercalated morphology.

CONCLUSIONS

In this study, we have tried to clarify the effects in
the film state of reinforcing lyocell with filler poly-
mers. We demonstrated that when the fillers are
properly selected, the tensile properties of the blend
films are better than those of lyocell by 20–75%.
Among the three tested fillers, we found that the
addition of PVA produced the blend films with the
best mechanical properties. We conclude that H-
bonding enhances the adhesion between the filler
and the lyocell matrix. This interfacial adhesion
means that, of the three fillers examined in this
study, PVA is the best reinforcing component.

The addition of an organoclay to lyocell to form
nanocomposite films was also found to enhance the
initial tensile modulus, because of the rigidity and
stiffness of the clay, but is less effective in improving
the ultimate tensile strength, particularly in compari-
son with results achieved for the conventional poly-
blend films. The ultimate strength and initial modu-
lus of the blends and nanocomposites increase with
the addition of filler up to a critical loading, and
then decrease above that critical content.

The morphological studies indicate that the disper-
sion in the lyocell matrix is better at a lower filler
loading than at a higher filler loading. For low clay
contents, the filler particles are better dispersed in
the matrix polymer without significant agglomera-
tion of particles. Such agglomeration of filler par-
ticles in the matrix polymer results in inferior
mechanical properties.

Figure 9 TEM micrographs of lyocell nanocomposite
films with 5 wt % C12PPh-Mica, with an increase in the
magnification level from (a) to (b).

Figure 10 Effect of organoclay content on the mechanical
tensile properties of the lyocell nanocomposite films.
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