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*S Supporting Information

ABSTRACT: By using a two-step polymerization process, it was possible to encapsulate clay platelets within polymer particles
dispersed in water. First, seed polymer particles with chemically bonded clay were obtained by batch miniemulsion
polymerization. Then, the clay was buried within the particles by the addition of neat monomer in a second step. The final stable
dispersions can have a solids content of up to 50 wt %. Transmission electron microscopy images clearly show the presence of
clay platelets inside the polymer colloids, although they are not totally exfoliated. The obtained nanocomposites showed an
increase in both the storage modulus in the rubbery state and the water resistance as the clay content increases. The approach
presented here might be useful for encapsulating other high-aspect ratio nanofillers.

■ INTRODUCTION

The addition of layered fillers to polymer matrices is a very
common technique used to improve the properties of
polymeric materials. If the compatibility between the filler
and the polymer is the correct one, the final properties might
not only be a combination of the individual components, but a
synergistic effect may be achieved. Otherwise, the properties
can be damaged. Clay is a very common inorganic filler.1,2 The
addition of clay improves, for instance, the mechanical,3

thermal,4 adhesive,5 and permeation6,7 properties of polymers.
To make the inorganic filler compatible with the polymer, the
surface of the clay must be modified.8 Moreover, if chemical
bonds between the clay and the polymer are present, some
properties may be substantially enhanced.9

With this idea in mind, plenty of work has been done to
produce polymer composites dispersed in aqueous media,
mainly using emulsion polymerization, in which inorganic fillers
remain attached to the polymer particles.1,10 However, because
of the complexity of the emulsion polymerization mechanism
(polymerization in the aqueous and organic phases, transport of
the monomer from large droplets to the growing polymer
particles, radical entry and exit, etc.), it is not so easy to have

good control over the final particle structure; i.e., it is difficult to
retain the layered filler within the latex particles, so the filler
remains in the aqueous phase or at the surface of the polymer
particles. Moreover, the presence of clay decreases the latex
stability, lowering the maximal solids content of stable
dispersions,11 which hinders the large scale application of
such hybrid materials. Better control of the particle structure
can be achieved by miniemulsion polymerization.12 In this
technique, large monomer droplets are reduced in size from
micrometers to hundreds of nanometers via application of a
high shear. Once the miniemulsion is obtained, the monomer
droplets should have the average composition of the original
organic phase. In a miniemulsion polymerization, the polymer-
ization is conducted mainly in the monomer droplets, and
therefore, they become polymer particles.13 That is why this
technique is useful for the production of either organic−
organic14,15 or organic−inorganic16−18 hybrid polymer particles
with better control of particle structure.
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Specifically, in the case of inorganic fillers, it is important that
both components, the filler and the monomer system, are
compatible enough; otherwise, the properties of the final
material might not change or could be damaged. If the
compatibility of the filler is tuned with the monomer system
and with the aqueous phase, it is possible to place the filler on
the surface or within the monomer droplet, either homoge-
neously distributed in the polymer particle or forming
aggregates. However, for high-aspect ratio fillers, such as
clays, carbon nanotubes, graphene flakes, rodlike nanoparticles,
some pigments, etc., even if the inorganic material is rather
compatible with the monomer system, the filler is preferentially
located at the water−monomer interphase because of the
entropic contribution; additionally, for the high-aspect ratio
material to be encapsulated, the monomer droplet or polymer
particle must be large enough to contain the filler.19,20

As a result, clay-armored or dumbbell-like latex particles are
commonly obtained by different polymerization approaches21,22

(including miniemulsion), and only few examples of true clay
encapsulation are available, using rather complex proce-
dures23,24 and low-solids content dispersions.25,26 In particular,
the increase in the solids content is challenging if one wants to
keep a percentage of clay that would enhance the performance
of the final film. There are reports in the literature that show
how difficult is to increase the solids content when the clay
content is above a few percent because of the large amount of
electrolytes that increase the ionic strength of the aqueous
phase that jeopardize the stability of the polymer particles.11,27

The development of a procedure for encapsulating clay, and
other high-aspect ratio fillers, opens the opportunity to obtain
new hybrid particles with a morphology not obtained until now,
with a strong impact on the properties of these systems.
Because of their unique morphology and improved interfacial
properties, the films obtained from these structured nano-
composites can exhibit improved performance properties
compared to conventional composites and may show different
mechanical, rheological, and water uptake behavior depending
on the clay location, dispersion, and load.28,29 Contrary to
previous approaches that use exclusively conventional emulsion
or miniemulsion polymerization as an attempt to encapsulate
clay, the approach presented here comprises the synthesis of
the seed particles by batch miniemulsion polymerization to
place and chemically attach the clay either within or on the
surface of the polymer particles. Then, in a second step, neat
monomer and initiator are added to bury the clay while the
seed particles grow in size, allowing the synthesis of a stable
dispersion with a solids content of 50 wt %. The final clay
content is varied between 0.3 and 1.7 wt % with respect to the
solids of the dispersion. To have a stable latex at such solids
contents and polymer particles large enough to hold the clay,
poly(vinyl alcohol) is used as protective colloid, instead of
standard surfactants. The morphology of the particles and films
was studied by transmission electron microscopy. X-ray
diffraction was used to study the degree of exfoliation of the
clay platelets. Thermal, water sorption, and viscoelastic
properties of films obtained from the hybrid particles were
also studied. It was demonstrated that the presence of clay
encapsulated in the polymer particles produced an increase in
Tg and in the storage modulus in the rubbery state without
changes in the thermal stability, together with an improvement
in the water resistance of these nanocomposite materials.

■ EXPERIMENTAL SECTION
Materials. Commercial natural clay (Cloisite Na) (provided by

Southern Clay Products Inc., with a cationic exchange capacity of 92.6
mequiv/100 g of clay and a range of platelet sizes between 30 and 300
nm30) was organo-modified with 2-methacryloylethylhexadecyldime-
thylammonium bromide (MA16) (obtained via the synthetic
procedure used by Zeng et al.31) to make it reactive in the free
radical polymerization as shown elsewhere.9 The monomer vinyl
acetate (VAc) from Quimidroga was used as received. Poly-
(vinylalcohol)’s, PVA’s, Mowiol 23−88, and Mowiol 28−99 were
kindly provided by Kuraray. A mixture of Mowiol 23−88 and Mowiol
28−99 at a 3/1 weight ratio was used. Potassium persulfate (KPS) and
sodium bicarbonate, both from Aldrich, were used as received.

Miniemulsion Preparation. The compositions of the mini-
emulsions prepared in this work are presented in step 1 of Table 1.

The modified clay (0.65, 2.00, or 3.50 g) was dispersed in the
monomer (corresponding to the first step) by being ultrasonicated for
5 min and magnetically stirred overnight. The highest clay content of
this dispersion (clay and monomer) was 6.2 wt %, where the clay
might be forming a Wigner glass that generates a dispersion with high
viscosity;32 going to a higher clay content would substantially increase
the viscosity of the dispersion, making it unmanageable. The PVA
aqueous solution (obtained by dissolving the PVA at 90 °C for 2 h)
and the buffer solution were mixed with the clay−monomer dispersion
by being magnetically stirred for 15 min. This mixture was used to
prepare a miniemulsion using ultrasound (Branson Sonifier 450,
operating at 8-output control and 80% duty cycle for 5 min) together
with magnetic stirring and an ice bath.

Polymerization. The polymerization was conducted in two steps
using the formulation shown in Table 1. The miniemulsion was loaded
in a 0.5 L glass reactor while being mechanically stirred under a
nitrogen atmosphere. Once the system reached the desired temper-
ature, 65 °C, the KPS initiator solution corresponding to the first step
was fed over 5 min. This miniemulsion was left to react for 1 h. When
the seed prepared by batch miniemulsion polymerization was
obtained, the temperature was increased to 70 °C, and then the
monomer and initiator solution corresponding to step 2 (see Table 1)
were fed over 3 h. After the feeding period, a shot of the initiator
solution (2.25 g) was added and the latex was left at 70 °C for 1 h
before being cooled. A sample without clay was prepared for
comparative purposes.

Characterization. Transmission electron microscopy (TEM)
(Tecnai G2 Twin) was used to analyze the structure of the particles.
The latexes, both the seed and the final form, were diluted (∼0.1 wt
%), and a drop was left to dry at 5 °C on the TEM grid. Also, films
from the latexes were obtained in silicon molds at 23 °C and 55%
relative humidity. Cross-sectional areas ∼100 nm in thickness were
obtained by (cryo)microtomy at −25 °C (Leica EM UC6). No
staining agent was used in any of the samples. Wide-angle X-ray
diffraction (WAXD) analyses were performed on a Philips PW 1729
generator connected to a PW 1820 instrument (Cu KR radiation with
wavelength λ = 0.154056 nm) at room temperature. The dynamic
viscoelastic behavior of samples was investigated using a stress-
controlled rotational rheometer (ARG2, TA Instruments) with

Table 1. Formulations Used in the Synthesis of the Hybrid
Polymer Particles

substance step 1 (g)
step 2
(g)

cooking
(g)

monomer, VAc 56.45 136.05 −
modified Cloisite Na variable (0.00, 0.65, 2.00,

or 3.50)
− −

buffer (NaHCO3) at
2.44 wt %

14.00 − −

initiator (KPS) at
1.6 wt %

28.55 13.80 2.25

PVA solution at 7.30 wt % 157.5 − −
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parallel-plate geometry (12 mm diameter). Specimens 12 mm in
diameter and 1 mm in thickness were prepared and dried at ∼20 °C.
Temperature sweep experiments in the linear regime were conducted
under a nitrogen atmosphere at 1 Hz; the cooling rate was 2 °C/min,
and the temperature was varied from 150 to 60 °C. Prior to the
measurement, the linear viscoelastic conditions were established by a
torque sweep test, and all tests were conducted under 0.1%
deformation and 4 N normal force. Differential scanning calorimetry
(DSC) was performed using a Shimadzu DSC-60 instrument, between
−50 and 240 °C, at a heating rate of 10 °C/min. Samples were first
heated to 100 °C at a rate of 30 °C/min and cooled at a rate of 30 °C/
min before being scanned to erase the thermal history. A nitrogen gas
purge was applied, and the second heating curves were used for
analysis. Thermogravimetric analysis (TGA) was obtained using a TA
Instruments thermogravimetric analyzer (model Q500) from 20 to
700 °C with a heating rate of 10 °C/min under a nitrogen atmosphere;
to degrade the organic components, air was injected at 700 °C for 5
min. For the water uptake measurements, specimens 20 mm in
diameter and 1 mm in thickness were prepared and dried at 20 °C.
They were immersed in distilled water at room temperature.
Specimens were periodically removed from water, dried with filter
paper, and immediately weighed with a precision of 0.01 mg before
being returned to the water bath. The relative mass uptake was
determined using eq 1:

=
−

×
⎛
⎝⎜

⎞
⎠⎟

W W
W

Mt (%) 100t 0

0 (1)

where Wt and W0 are the instantaneous and initial weights,
respectively.

■ RESULTS AND DISCUSSION
Morphology of the Nanocomposites. The presence of

methacrylic groups on the clay surface that would react during
free radical polymerization was confirmed by Fourier transform
infrared and 1H nuclear magnetic resonance methods. From
TGA measurements, the organic content of the modified clay is
32 wt % (see the Supporting Information).
The localization of this clay in the synthesized polymer

colloids was studied by TEM as discussed below. Figure 1

shows TEM images of individual hybrid particles of the seed
and final latex for the sample containing 1.0 wt % clay. In the
seed particles (Figure 1a), it can be seen that the clay platelets
are placed either within or on the surface of the polymer
particles; furthermore, in some polymer particles, mainly the
small ones, there is no clay at all, although its presence cannot
be ruled out because the encapsulation of nanometric

fragments of clay in polymer particles has been reported.33

However, it is worth noting that mild sonication conditions
were used in this work, and hence, fragmentation of the clay
platelet is not likely; therefore, the platelets should be seen if
they are present in the small particles of the seed. The particle
size distribution is rather broad (see the Supporting
Information), which is common in systems that use poly(vinyl
alcohol) as a protective colloid instead of standard surfactants.34

On the other hand, in the final latex particles, the clay is not
easily observed because the particles are rather large and the
electron beam is not able to cross through the particles, so they
appear very dark.35 However, in many particles, some dark lines
corresponding to the clay are observed (see the additional
TEM images in the Supporting Information).
To better visualize the location of the clay and avoid any

misleading interpretation,36,37 TEM images of thin cross
sections of the films were obtained and are shown in Figure
2 for the sample with 1.0 wt % clay. The polymer particles in

the film retain more or less the spherical shape because of
limited particle deformation and chain interdiffusion between
neighboring particles, because the film was formed at a
temperature (23 °C) lower than the glass transition temper-
ature of the polymers38 (∼28 °C for PVAc39 and ∼58 and ∼85
°C for PVA, depending on the degree of hydrolysis40). The
TEM image of the film obtained from the seed particles (Figure
2a) clearly shows the broadness of the particle size distribution
(See also the Supporting Information). The spaces between the
PVAc particles are filled with PVA (note that 16.9 wt % of the
seed polymer is PVA). The brightest domains are caused by the
rupture of the film during the cut. In the small particles, there is
no clay. The clay is attached to large particles, either inside or
on the surface of the particles. With regard to the film obtained
from the final latex (Figure 2b), it can be observed that particles
are larger (than the seed) with a broad size distribution. In
many polymer particles, there are aggregates of clay clearly
within the polymer particles and only in a few cases on the
particle surface. The number fraction of polymer particles that
contain encapsulated clay is ∼35%. Additional TEM images of
this system are presented in the Supporting Information.
Additionally, for the samples with clay contents of 0.3 and 1.7
wt %, the same trend can be observed, where the clay is
encapsulated within the polymer particles (Figure 3).
Figure 4a shows the WAXD results of the films obtained

from the seed and the final latex, of the blank and the sample
containing 1.7 wt % clay. The unmodified Cloisite Na has a
diffraction peak at 2θ = 7.4°. The diffraction angle of the

Figure 1. TEM image of individual particles of (a) the seed polymer
particles obtained by miniemulsion and (b) the final latex of the
sample containing 1.0 wt % clay (the contrast was enhanced to better
visualize the interior of the particles). The dark lines correspond to the
clay, indicated by black arrows.

Figure 2. TEM image of thin cross-sectional portions of the films
corresponding to (a) the seed obtained by miniemulsion polymer-
ization and (b) the final latex for the sample containing 1.0 wt % clay.
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modified clay (2θ) decreases to 4.8°. From these data, and with
the Bragg equation, it is determined that the intergallery space
increases from 1.19 to 1.84 nm, because of the cationic
exchange with the modifying molecules. As expected, no
diffraction peaks were observed in the films without clay (seed
and final latex). However, the diffraction peak of the film of the
seed latex is located even at a lower diffraction angle than the
modified clay (2θ = 2.7°), corresponding to an intergallery
space of 3.27 nm. The same trend can be observed for samples
with clay contents of 0.3 and 1.0 wt % (see the Supporting
Information). This means that during the seed synthesis some
growing polymer chains entered into the interlayer domains,
and perhaps, some of them could react with the methacrylic
group of the modifier molecule, further increasing the interlayer

space. At the end of the seed preparation step, a polymer−clay
intercalated structure is obtained. No peak is observed for the
film of the final latex. Even if in the literature this is many times
attributed to a completely exfoliated morphology, it is evident
from the TEM images that although at a macroscopic level this
might be the case, at the nanoscale the presence of stacks in the
film is still obvious as shown in Figure 4b.
To the best of our knowledge, no clear evidence of extensive

clay encapsulation has been reported before in a polymer
dispersion with a high solids content (∼50 wt %). Although
miniemulsion polymerization has often been used to efficiently
encapsulate different inorganic fillers to obtain hybrid nano-
composites,41,42 the encapsulation of high-aspect ratio inorganic
fillers is not thermodynamically favorable; thus, the filler would
preferentially remain on the surface of the monomer droplet
and, therefore, of the polymer particle.19,20 Consequently,
miniemulsion polymerization by itself cannot extensively
produce polymer particles with encapsulated clay. However,
with this technique, it is possible to produce polymer particles
that have chemically bonded clay. As clay platelets are modified
with a molecule that can react during free radical polymer-
ization, the clay may behave as a cross-linking agent, because
more than one modifying molecule is on the same clay platelet.
Therefore, once the clay is chemically attached either within or
on the surface of the seed polymer particle, it does not move
very easily during the feeding of the monomer in the second
step, as a result of the high viscosity of the polymer particles.43

Hence, once the seed particle with the nanofiller is formed by
miniemulsion polymerization, the nanofiller would remain
within the polymer particles after the addition of the monomer,
producing encapsulation of the clay. The presence of PVA
forces the latex to have colloidal particles large enough to
contain clay platelets and provide good colloidal stability in the
presence of clay, allowing the synthesis of dispersions with a
solids content of 50 wt %, which cannot be possible with
standard ionic and nonionic surfactants.11 The main disadvant-
age of the proposed approach is the limited clay exfoliation, as
observed in Figure 4b. The reason is that the modified clay
platelets are not totally compatible with the monomer, because
the edges of the clay hold hydroxyl groups that make the clay
slightly hydrophilic. Furthermore, according to simulation

Figure 3. TEM image of the final latex for samples with (a) 0.3 and
(b) 1.7 wt % clay and cross-sectional portions of the films obtained
from the final latex for samples containing (c) 0.3 and (d) 1.7 wt %
clay.

Figure 4. (a) WAXD results of the modified clay and the films from the seed and final latex of the blank and sample with a clay content of 1.7 wt %.
The lines have been shifted on the y-axis for the sake of clarity. (b) TEM image of a clay aggregate detected in the film obtained from the final latex.
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results,19,20 the clay platelets tend to aggregate, even if they
were previously exfoliated, at the monomer droplet−water
interface to reduce the free energy of the system.
Thermal Behavior. The DSC measurements (see the

Supporting Information) reveal only one Tg at ∼36 °C for the
blank sample, at an intermediate Tg value between the Tg of the
PVAc (28 °C) and PVA (between 58 and 85 °C) polymers.
Moreover, the obtained polymer was not fully soluble in THF,
which is consistent with the grafting of PVA with PVAc that has
been extensively reported for this system.34,44,45 Although the
Fox equation gives values between 32 and 36 °C (depending
on the Tg used for PVA), it is worth noting that this equation is
a semiempirical approximation, which is more appropriate for
random copolymers than for graft (or block) copolymers.
Therefore, the combination of a single Tg and a large amount of
insoluble polymer suggests an extensive grafting of the PVAc
with the PVA during the polymerization reaction.
One Tg was also found for the hybrid polymers. Moreover,

the presence of the clay increases the Tg of the polymer ∼6 °C
(see Table 2), although it is not possible to observe any trend

as a function of clay content. Usually, this increment of the Tg is
associated with a positive interaction of the polymer matrix
with the filler, because of a shift of the dynamics of the chains
close to the filler surface.46 It has been extensively reported that
the nanomaterial loading affects the Tg of the nanofiller−
polymer composites. The literature is rich with examples that

show an increase in Tg as clay content increases,
47 but also with

works that show the opposite46,47 and cases in which a maximal
Tg is observed.

33 However, the literature emphasizes also that
both the filler−polymer interfacial area and the filler−polymer
matrix compatibility are responsible for the effects on Tg. For
this reason, the Tg behavior in nanoclay−polymer composites,
as well as the behavior of the mechanical and thermomechan-
ical properties, is controversial because of the inherent
complexity of these materials. Perhaps the lack of a clear effect
with the increase in clay loading on Tg is related to the lower
level of exfoliation of clay platelets,9 and therefore a similar
polymer−clay interfacial area in all the systems. The maximal
decomposition temperature, Td,max, calculated from the
maximum of the derivative weight loss versus temperature
curve from TGA measurements, is also given in Table 2 (the
complete thermograms are shown in the Supporting
Information). According to these thermograms, the thermal
degradation of PVAc film and nanocomposites shows more
than one degradation process. The first weight loss takes place
at 50−200 °C because of the loss of adsorbed moisture and/or
evaporation of the trapped water. The majority of the mass loss
took place between 200 and 375 °C, which is consistent with
the acetate group elimination of polymer side chains. The last
step, between 400 and 550 °C, is more complex and includes
the breakdown of the polymer backbone leading to the
evolution of aromatic compounds.48 The thermal decom-
position behavior of the samples containing clay also passes
through three steps when the samples are heated from 25 to
800 °C. There is nearly no difference in thermal decomposition
behavior between pure PVAc and the PVAc−clay samples,
indicating that the incorporation of clay did not substantially
affect the thermal stability of the polymeric matrix. Never-
theless, in the last step, a delay in the decomposition process
can be observed for the samples containing clay.

Water Uptake and Rheological Properties. The water
sorption curves for the blank and the nanocomposite films are

Table 2. Thermal Properties for the Samples Prepared in
This Work

clay content (wt %) Tg (°C) (DSC) Td,max (°C) (TGA)

blank 36.5 323.9
0.3 42.4 321.5
1.0 41.7 321.2
1.7 42.8 323.2

Figure 5. (a) Relative water uptake, (b) initial water uptake, and (c) maximal and saturation water uptake values of the films obtained from the final
latexes prepared in this work. Arrows show the time at which specimens were broken during the experiment.
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plotted in Figure 5a. All the samples presented water sorption
curves with an initial linear behavior before reaching a
maximum, followed by a smooth leveling of the sorption
curve to a saturation level with a longer immersion time. A first
remark is that the samples without clay and with 0.3 wt % clay
were difficult to handle after being immersed for 6 h in water,
and they became soft and broke after immersion for 48 and 96
h, respectively (see the arrows in Figure 5a). Moreover, samples
with higher clay contents were harder and could be
manipulated without problems during the experiment, which
can be observed in the pictures of Figure 6. The initial slope of

the sorption of the blank specimen (Figure 5b) is larger than
that of the specimens that contain clay, and it decreases as the
clay content increases. Indeed, samples containing clay exhibit a
maximal peak at longer immersion times than the blank sample.
After that, a decrease in the relative level of mass uptake was
observed probably because of the dissolution of salts and
nongrafted PVA from the polymer film to the water bath. The
maximal level of mass uptake and the maximal saturation level
are plotted in Figure 5c. The trend is a slight decrease in both
values with an increasing clay content. It can be noted that the
clay has an effect on water uptake. It seems that the
encapsulated nanostructure tends to hinder water absorption.
A possible explanation can be proposed on the basis of the
work of Fauchet and co-workers.46 If the clay is encapsulated
within the particles, it cannot form paths through the film that
favor the access of water. As a consequence, the exudation of
salts and the surfactant from the samples is likely occurring
slowly. Additionally, a slight decrease in the kinetics of water
sorption of the nanocomposites related to the unfilled matrix is
probably due to a barrier effect associated with the large platy
nanoclay particles that physically blocked the penetration of
water molecules.
Figure 7 shows the storage modulus, G′, and tan(δ) as a

function of temperature. It can be seen above 60 °C [above the
Tg (≈36 °C) of the polymer] that the value of the storage
modulus in the rubbery plateau (T > 90 °C) remains
unchanged for the lower-clay content sample (0.3 wt %) and
is enhanced with the incorporation of the clay for the samples
with higher clay contents (1.0 and 1.7 wt %). This behavior
could be attributed to the restriction on the polymer chain
mobility caused by the polymer−clay interactions. The tan(δ)
curves showed the presence of a peak around 80 °C for the
unfilled polymer, which can be attributed to the glass transition
of the PVA.49 This transition was not observed by DSC
probably because of the higher heating rate and the low free

PVA/grafted PVAc−PVA ratio present in the samples. The
tan(δ) curves of the nanocomposite samples revealed that this
transition is slightly shifted to higher temperatures with the
incorporation of the clay into the polymeric matrix, regardless
of clay content. This observation confirms the presence of a
positive interaction of the polymeric chains with the
incorporated filler.
Although Faucheu et al.46 have found that the MMA−BA

composite latex with encapsulated clays exhibits weaker
mechanical improvement and a higher level of water absorption
compared to those of armored clays, it should be noted that to
obtain “clay-armored polymer particles” and “encapsulated clay
polymer particles” a different organo-modification was
employed. Therefore, in addition to the morphology, the
different interactions between the clay and polymer and the
effect of the organo-modifier should be taken into account in
discussing the properties.
In our films, the DSC and thermomechanical results

indicated the presence of a positive interaction between the
clay and the polymer matrix. In addition, an improvement in
the mechanical properties and water resistance of the materials
demonstrated that the encapsulation of clay is relevant for
obtaining materials with improved properties. Indeed, the fact
that an increase in the amount of clay in the hybrid material did
not decrease the values is by itself proof that a positive effect is
achieved. From the industrial perspective, this means that the
cost of the material can be reduced because the modified clay is
cheaper than the pure polymer.

Figure 6. Pictures of water sorption specimens at 0 and 7 days and
redried specimens after water immersion for the blank and
nanocomposite samples.

Figure 7. Effect of clay content on (a) storage modulus curves and (b)
tan(δ).

Langmuir Article

dx.doi.org/10.1021/la401301s | Langmuir 2013, 29, 9849−98569854



■ CONCLUSION
In summary, this contribution reports an innovative route to
the production of polymer latexes with percentages of
encapsulated clay platelets in the range of 35% at industrially
relevant high solids contents (50 wt %). Miniemulsion
polymerization is used for the preparation of a hybrid seed. It
is true, however, that miniemulsion polymerization has not yet
been established as a method of choice for industry because of
the additional miniemulsification step required in the plant.
However, recent works have demonstrated that the use of static
mixers coupled with homogenization devices or even using only
static mixers in a loop configuration allows the production of
miniemulsions in amounts that will meet the needs of industrial
reactors. Furthermore, miniemulsion polymerization has
demonstrated the ability to synthesize products that cannot
be produced by means of any other polymerization in dispersed
media (including the conventional and widely used emulsion
polymerization) like those presented in this work.
The results of the characterization of the waterborne PVAc−

clay nanocomposites showed that the incorporation of the
nanoclay, using the approach described in this paper, leads to
the production of polymeric materials with enhanced proper-
ties, such as higher water resistance and improved dynamical
mechanical properties, compared with those of the unfilled
polymer. The approach presented here might be useful for
encapsulating other high-aspect ratio nanofillers, such as carbon
nanotubes, graphene sheets, nonspherical nanoparticles, etc.,
within polymeric colloids.
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