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ABSTRACT: The present study investigated the use of fibrous nanoparticle-filled
polarizing films. Sepiolites were selected as nanoparticles and incorporated into a PVA−
iodine complex. The resulting nanocomposite film was elongated and dyed with iodine.
Various properties of the nanocomposite polarizing films, including thermal,
morphological, optical, and rheological features, were experimentally analyzed. The
study demonstrated that an increase in sepiolite loading was accompanied by an
enhancement in both the mechanical and viscoelastic properties. In particular, the
incorporation of nanoparticles led to an increase in birefringence and the degree of
polarization. This was attributed to the alteration of the internal structure of the PVA
film caused by the embedded sepiolites. The thermal analysis showed that the composite
film with a higher content of sepiolites exhibited higher crystallinity and a higher melting
temperature.

1. INTRODUCTION
Currently, poly(vinyl alcohol) (PVA)-based polarizing films
are extensively employed in various display applications due to
their dichroic feature.1−4 The fabrication of these films
typically involves several unit processes. The initial stage of
the fabrication process involves swelling in an aqueous solution
followed by immersion in a solution containing iodine and
potassium iodide for iodine adsorption. Subsequently, the films
are elongated to achieve a high degree of uniaxial orientation.
This process results in the formation of blue complexes
between adsorbed iodine and PVA molecules, which are
aligned in the direction of elongation. This leads to a
remarkable increase in polarizability.5 In comparison to other
polymeric polarizers, the PVA−iodine complex exhibits several
advantages, including high transmittance, superior alignment,
and cost-effectiveness in production.6 However, commercially
available polarizing films exhibit certain inherent limitations.
These include low thermal stability, susceptibility to iodine
desorption, poor water stability, high residual stress, and
limited mechanical surface properties.7 To address these
shortcomings, a multitude of studies have been conducted.
For instance, the replacement of common atactic PVA with
highly syndiotactic PVA has been considered as a potential
solution to the aforementioned issues. However, this approach
has been met with challenges, including increased costs and
relatively lower iodine adsorption.8−10

To date, the majority of research on clay-filled composites
has primarily utilized natural layered silicate clays, such as
montmorillonite (MMT).11−14 In most instances, these fillers
have served as reinforcing agents in polymeric matrices, yet

significant advancements in the field remain elusive. On the
other hand, sepiolite emerges as a promising material with
applications spanning a wide spectrum due to its sorptive,
rheological, and catalytic properties.15−18 While sepiolite is a
member of the clay family, it exhibits a fibrous characteristic
that is distinct from that of conventional plate-like particles.
The structure of this material is composed of two tetrahedral
silica sheets and a central octahedral sheet with magnesium.
These blocks assemble into ribbons with an open tunnel that is
capable of accommodating water and exchange ions.19 It has
also been reported that the specific surface area of sepiolites is
lower for a given aspect ratio than that of layer-structured
silicates. This implies that sepiolite may exhibit greater
interactions between particles and matrix than other
materials.20 For this reason, sepiolite is shown to be useful in
various applications, such as environmental deodorants,
catalyst carriers, paints, decolorizing agents, plastisols,
detergents, and thickeners.21

The objective of this study is to investigate the dichroic
characteristics of sepiolite-embedded polarizing films. Sepio-
lites were incorporated into the PVA matrix, and the resulting
composite film was elongated in an iodine solution. A series of
analyses were conducted to gain insights into the physical
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behavior of dichroic nanocomposite films, encompassing
morphological, optical, mechanical, and rheological experi-
ments. Moreover, the impact of varying the sepiolite loading
was evaluated by contrasting it with that of pure PVA
polarizers.

2. EXPERIMENTAL SECTION
2.1. Materials and Sample Preparation. Sepiolite

(Mg2H2(SiO3)3·xH2O) was supplied by Sigma-Aldrich, and
its average length was 1 μm. Poly(vinyl alcohol) (PVA) with a
molecular weight of 85,000−124,000 was bought from Sigma-
Aldrich. Iodine and potassium iodide were obtained from
Iodeal Brands Co., and boric acid was purchased from
Quiborax Co. All materials were used as received. To prepare
sepiolite-filled PVA films, PVA was dissolved at 80 °C for 4 h,
and the clay particles were added to the solution. Sonication
was also applied to the suspension for 30 min. The particle
suspension was cast and dried in a Petri dish. The film was kept
in an I2/KI solution of 0.4 wt % at 30 °C for 5 min and drawn
two times in a 5 wt % boric acid solution at 50 °C.

2.2. Measurements. Morphological analysis of the
sepiolites was carried out with a transmission electron
microscope (TEM, JEM-200CX (JEOL)). A 200-mesh TEM
grid was utilized, and a voltage of 200 kV was imposed. The
composition of the specimens was evaluated with an EDAX
Genesis XM4 system. In addition, cross-sectional images of the
samples were analyzed with a field emission scanning electron
microscope (FE-SEM, S-4300, Vecco). Before the observation,
all specimens were coated with platinum using an ion sputter
coater (JEOL, JFC-1100E).

Single transmittance of the samples was measured at a
wavelength range of 300−800 nm using a UV−visible
spectrometer (Lambda 25, PerkinElmer). In the case where
the transition dipole moment is directed along the long axis of
the molecules, the dichroic ratio R and the order parameter S
are respectively defined as

R
A

A
=

(1)

S
R
R

1
2

=
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where A∥ and A⊥ denote the absorbance parallel and
perpendicular to the average orientation of the long axis of
the chromophores, respectively. The degree of polarization
(DP), a measure of the extent to which the light is polarized,
was computed as follows22
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where Tmax and Tmin are the minimum and maximum
transmittances of light, respectively. Birefringence of the
composite films was measured with a Leitz orthoplanar
polarizing microscope (Leica, Germany). Retardation of the
PVA films was determined with a B-type Berek compensator.
The thickness of the samples was 30−75 μm. The
birefringence was calculated using the following equation

n d= × (4)

where Γ is the retardation, Δn is the birefringence, and d is the
sample thickness. Rheological characteristics of the films were
evaluated by using a rheometer (MCR 302, Anton Paar)
equipped with a cone and plate fixture. The steady shear
viscosity was measured in the shear rate range from 0.01 to
1000 s−1. Prior to the test, the previous shear stress history was
removed. In the oscillatory shear mode, dynamic viscoelastic
properties, including the storage modulus, loss modulus, and
complex viscosity, were measured by applying an angular
frequency sweep of 0.1−100 rad·s−1. The applied strain was
0.1% during the oscillatory shear test. All rheological
measurements were conducted at 30 °C unless otherwise
stated. In addition, dynamic mechanical analysis (DMA) for
the composite film was conducted using a universal extensional
fixture UXF kit (Anton Paar). Two different experimental
conditions were considered. First, angular frequencies of 1−30
rad·s−1 were swept at a constant temperature of 30 °C. The
applied temperature sweep was from 60 to 150 °C at a
constant frequency of 1 Hz. The measurement chamber was
purged with N2 during the heating. Thermal characteristics of
the specimens were investigated using differential scanning
calorimetry (DSC, Q2000 system, TA Instruments). The
specimens for the DSC experiments were scanned from 30 to
300 °C at 10 °C/min. Mechanical properties such as tensile
strength, Young’s modulus, and elongation at break were
evaluated using a universal testing machine (UTM, Instron
3365) according to ASTM D638. The film specimens with a
thickness of 0.2 μm were prepared, and an elongation rate of 5
mm/min was applied.

3. RESULTS AND DISCUSSION
Figure 1 shows the TEM images of the sepiolites used in this
study. The fibrous particles were found to have a diameter of
10−30 nm, which implies that their aspect ratios are in the
range from 30 to 100. When the nanofibrous sepiolites were
incorporated into PVA, the composite films were quite
transparent.

Figure 2 presents the steady shear viscosities of the sepiolites
suspended in aqueous solutions. It was found that the
viscosities decreased with increasing shear rate. This is the
well-known shear thinning behavior. The applied shear stress
causes the sepiolite nanofibers to be oriented along the shear

Figure 1. TEM images of the sepiolites.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c10402
ACS Omega 2024, 9, 25793−25799

25794

https://pubs.acs.org/doi/10.1021/acsomega.3c10402?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10402?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10402?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10402?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c10402?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


flow direction. Consequently, the hydrodynamic flow resist-
ance decreases. Meanwhile, the content of the sepiolites had a
remarkable effect on the shear viscosities. That is, as the fiber
loading increased, the resulting shear viscosities increased
significantly. In particular, the sepiolite suspensions containing
a relatively higher concentration of the particles showed a low
slope in the high shear rate region. This means a low power law
index when considering the power law model, τ = Kγ̇n, where K
is the flow consistency index and n is the power law index.

Viscoelastic material functions can be used for non-
destructive analysis. In the current study, we adopted the
oscillatory shear rheological experiment as one of the analyzing
methods. Figure 3 presents the material functions, i.e., storage
modulus, loss modulus, and complex viscosity, as a function of
angular frequency. The storage and loss moduli increased by
increasing the loading of the particles. However, their slopes
did not change with respect to the filler content. Similar to the
simple shear results, the complex viscosities decreased as a
function of angular frequency. According to the Cox−Merz
rule, the magnitude of complex viscosity is equal to that of
shear viscosity at the corresponding values of angular
frequency and shear rate, i.e., η(γ̇) = |η*|ω=γ̇. Here, η* (ω) =
η′(ω) − iη″(ω) is the complex viscosity.23 In general, the
complex viscosity measured at high angular frequencies is more
stable than the shear viscosity at high shear rates. The
suspension prepared in this study was found not to obey the
Cox−Merz rule.

In addition to the oscillatory shear test, DMA experiments
were carried out to further investigate the viscoelastic behavior
of the composite film in the extension mode. For the DMA
test, a sinusoidal stress is applied to samples, and the resulting
strain is measured at time t. Consequently, a phase lag occurs
during the test as follows

t t( ) sin ( )0= + (5)

t t( ) sin0= (6)

where δ denotes a phase lag between the stress and the strain.
The storage modulus (E′) and the loss modulus (E″) are
defined by E′ = σ0/ε0 cos δ and E″ = σ0/ε0 sin δ, respectively.

Figure 4 presents the DMA results of the samples. The
addition of more sepiolites led to a higher storage modulus
(Figure 4a) and a lower loss factor (Figure 4b). As the
temperature increased, the storage modulus decreased. It has

been reported that the peak temperatures of the loss factor (or
the loss modulus) are associated with a glass transition of

Figure 2. Steady shear viscosity as a function of shear rate.

Figure 3. Viscoelastic functions: (a) storage modulus, (b) loss
modulus, and (c) complex viscosity of the sepiolite suspension as a
function of angular frequency.
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polymers. Figure 4b shows that the peak temperatures of the
loss factor were shifted toward the right side with respect to
the particle content.

Figure 5a,b displays photographs of the pure PVA film and
the composite film with a 7% particle loading. Considering the
elemental composition of sepiolites (i.e., Mg, Si, H, and O)
and the chemical structure (i.e., Mg2H2(SiO3)3·xH2O), the
nanoparticles possess a hydrophilic feature. Therefore, they can
be well-dispersed in an aqueous solution. That is why the
nanoparticle-incorporated film showed a fairly good trans-
parency, which will be further explained later. When the film
was elongated 2-fold, not only the PVA molecules but also the
nanofibers were oriented along the elongation direction. As a
result, birefringence was developed in the film. Figure 5c
presents the birefringence image of the specimen. The
interference colors were observed when the composite film
was placed between two crossed polarizing films. When linearly
polarized light passes through the film with anisotropic
refractive indices, it is split into slow and fast lights, thus
leading to a phase difference in the light. After that, the light
travels through the rear polarizer and interferes destructively or
constructively, depending on the phase difference.

Figure 6 demonstrates the birefringence results of the
samples. The birefringence was found to increase with
increasing loading of the nanofibers. When the film was
elongated, the PVA molecules and fibrous nanoparticles were
oriented as a result. Since the sepiolites have anisotropic
refractive indices, i.e., 1.53 and 1.52 in the longitudinal and
transverse directions, respectively, the birefringence feature can
be strengthened with respect to the particle loading. Also, the
addition of the sepiolites can help the PVA molecules to be
aligned in the extension direction. The birefringence results
show the potential of using the sepiolites embedded in the
PVA film as an optical element such as a wave plate. In
particular, the composite film with a particle content of 7 wt %
showed a significantly enhanced birefringence value compared
with that of the pure PVA film.

Figure 7 presents the cross-sectional SEM images of the
composite films. The specimens were stretched and dyed with
iodine. The images showed that the sepiolite-embedded films

Figure 4. DMA results: (a) storage modulus and (b) loss factor as a
function of temperature.

Figure 5. Photo images of (a) pure PVA film and (b) 7 wt % sepiolite-embedded PVA film. (c) Birefringence images of the stretched films.
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had a good dispersion of the nanofibers in the matrix, and the
sepiolites were aligned along the stretching direction of the
film. As the filler loading increased, the particle density
detected on the cross-section increased. Also, the so-called
pull-out phenomenon was not observed in the images, which
implied that the nanofibers had kind of good interfacial
bonding strength to the matrix.

It has been reported that the content and structure of iodine
in the PVA play key roles in determining the degree of
polarization for the film. Therefore, it is meaningful to look
into the configurations of the iodine and sepiolites in the PVA
matrix. Figure 8a demonstrates the TEM images of the iodine-

dyed sepiolite/PVA film. In the image, white dots denote the
sepiolite. The EDAX image is presented in Figure 8b. The
green and red dots indicate the elements silicon and iodine,
respectively. It turned out that a relatively large amount of
iodine was detected around the sepiolites, thus leading to the
enhancement of iodine sorption. One reason for this may be a
change in the internal structure of the PVA, i.e., the crystal
structure of the matrix. It is known that PVA and iodine form a
complex structure and conformation in a polarizing film.4,5 In
particular, crystal structures such as helical and aggregate
model-based structures have been assumed to account for the
polarization behavior of the dyed film. The helical model
presumes that a polyiodine is surrounded by PVA chains along
the spiral axis. In the aggregate model, I3− or I3− are situated
between the planar zigzag PVA chains. When the concen-
tration of iodine is high enough, the PVA−iodine complex
forms in the crystal phase and iodine molecules are physically
adsorbed in the amorphous phase of PVA. Figure 9 shows the
DSC results of the specimens. When the sepiolites were
incorporated into the PVA matrix, the creation of the crystal
structure was facilitated. This is because the sepiolite can act as
a nucleation site in the matrix. Consequently, the iodine
sorption increased when the sepiolites were embedded into the
PVA. The change of the crystallinity with respect to the
sepiolite content is presented in Figure 9a. As the nanofiber
loading increased, the resulting crystallinity increased. Figure
9b shows the melting temperatures of the composite films. In
general, the higher crystallinity of the polymer yields a higher
melting temperature. As expected, the sample with a 7 wt %
content of the sepiolites was found to have the highest melting
temperature.

The mechanical characteristics of the samples are illustrated
in Figure 10. It was found that Young’s modulus increased with
increasing weight percent of the sepiolites, especially at 7 wt %
loading of the particles. On the contrary, the elongation at
break decreased with an increase in the particle loading.
Interestingly, the sudden enhancement in the modulus was
similar to the birefringence result. We inferred that the
microstructure of the composite film at a nanofiber loading of
7 wt % changed dramatically.

Figure 11 shows the transmittance and degree of polar-
ization of the sepiolite-embedded films. Please keep in mind

Figure 6. Birefringence of the composite films with respect to the
sepiolite content.

Figure 7. FE-SEM images of the cross sections: (a) 2 wt %, (b) 5 wt
%, and (c) 7 wt % sepiolite loadings.

Figure 8. (a) TEM and (b) EDAX images of the iodine-dyed
composite film. The red represents silicon, and the green indicates
iodine.
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that this study employed a relatively low iodine treatment time
(i.e., 5 min) and a low extension ratio of the film (i.e., two
times) compared with the general production condition of
commercial PVA films. As the content of the sepiolites

increased, the transmittance of the films decreased drastically.
However, the degree of polarization was remarkably improved
with increasing the particle content. In particular, compared
with the result of pure PVA, the 7 wt % sepiolite-embedded
PVA film showed a considerably high degree of polarization.

4. CONCLUSIONS
In the current study, fibrous nanoparticle-embedded PVA films
were investigated. To improve the optical features of polarizing
films, we employed sepiolites as a nanofiller in the film. The
sepiolites were incorporated into the PVA−iodine complex.
The prepared composite films were evaluated through
morphological, rheological, optical, and mechanical analyses.
The results revealed that the sepiolites were well-dispersed in
the matrix, and the addition of the sepiolites led to an increase
in the mechanical and optical properties. In particular,
compared with the pure PVA polarizing film, the nano-
composite film with a filler content of 7 wt % had an

Figure 9. DSC results of the samples: (a) melting temperature and
(b) crystallinity as a function of sepiolite loading.

Figure 10. Young’s modulus and elongation at break of the samples.

Figure 11. (a) Transmittance and (b) degree of polarization of the
prepared sepiolite/PVA polarizing films.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c10402
ACS Omega 2024, 9, 25793−25799

25798

https://pubs.acs.org/doi/10.1021/acsomega.3c10402?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10402?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10402?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10402?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10402?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10402?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10402?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10402?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10402?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10402?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10402?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10402?fig=fig11&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c10402?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


outstanding degree of polarization. Overall, we foresee that
embedding sepiolites into a polymer can open a fascinating
pathway for developing new optical devices with high
performance.
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