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a b s t r a c t

Small angle X-ray scattering of Na-montmorillonite (Na-MMT) aqueous dispersions showed that at
concentrations below 1.5 wt%, clay platelets were fully dispersed with an average distance between
platelets higher than 16 nm. At higher concentrations (3 wt%) platelet–platelet interaction was not
negligible and SAXS measurements detected ordered stack structures composed of 2–3 platelets with an
average distance of around 14–16 nm. Thus, initiating an emulsion polymerization of methyl methac-
rylate and butyl acrylate in an aqueous phase containing Na-MMT at concentrations below 1.5 wt%
allowed the production of stable and coagulum free waterborne nanocomposites having 30 wt% solids
content, with exfoliated structure. The in situ produced poly(methyl methacrylate-co-butyl acrylate)/Na-
MMT nanocomposite latexes provided better mechanical, thermal and permeability properties than
composites prepared by blending pristine latex with Na-MMT or the pristine copolymer synthesized in
the same conditions. Furthermore, for the first time nanocomposite latexes with 45 wt% solids content
and intercalated morphologies having enhanced mechanical properties were also produced by seeded
semibatch emulsion polymerization. The intercalated structure was likely due to the higher clay con-
centration in the aqueous phase that favoured platelet–platelet interaction, increased the viscosity of the
polymeric dispersion and prevented a complete exfoliation.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Synthetic polymer dispersions are mainly produced by emulsion
polymerization. About half of these polymers are commercialized
as waterborne dispersions. The main markets for these dispersions
are paints and coatings (26%), paper and paper board coatings
(23%), adhesive and sealants (22%) and carpet backing (9%) [1,2].
The technology available for the production of these products is
mature (more than 50 years for most of the applications) and the
room for improvement to cover the new demands of the market is
limited. Certainly, there is still room for optimization of the existing
plants to produce coatings and adhesives by emulsion polymeri-
zation, but the margin to create new and innovative materials
based on the existing technology is limited.

A promising route to produce polymeric dispersions with
unprecedented properties that can lead to new or significantly
improved materials might come from the so-called nanocomposite
materials. Polymer nanocomposites are hybrid materials composed
in a large extent by a polymer matrix reinforced with a small volume
þ34 943017065.
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fraction of nanoceramics or carbon nanotubes. These materials have
attracted steadily growing interest due to their peculiar and
unexpected properties as well as their unique applications in
commercial sectors [3]. The incorporation of layered silicate clays (as
sodium montmorillonite, Na-MMT) arranged on the nanometer scale
with a high aspect ratio (or extremely large surface area) into
polymer improves its mechanical performance significantly [4–6].

There are different routes to produce polymer nanocomposites
that include: intercalation of polymer or pre-polymer from solution,
melt intercalation and in situ polymerization. For the production of
waterborne nanocomposites for coating and adhesive applications
in situ emulsion polymerization is the best suited alternative, es-
pecially when hydrophilic pristine Na-MMT is employed. However,
if organophilic clays (pristine clays where the naturally occurring
cations have been substituted by means of cationic exchange with
long alkyl ammonium salts) are employed, emulsion polymerization
is not the best alternative [7–9] because the clay will not be in-
corporated into the polymer particles. A more reasonable technique
will be miniemulsion polymerization if the clay can be encapsulated
into the miniemulsion droplets for subsequent polymerization
and production of the waterborne polymer/clay nanocomposite
dispersions. We have recently shown that waterborne nano-
composites prepared with commercially modified montmorillonite
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Table 1
Formulation used for the seeded semibatch emulsion copolymerization of MMA/BA
in the presence of Na-MMT

Reagent Seeda Feeding streamsb

Initial charge F1 F2

MMA (g) (135� XMMA) (135� (1� XMMA)) –
BA (g) (135� XBA) (135� (1� XBA)) –
SLS (g) 5.4 – –
Na-MMT (g) 8.1 – –
KPS (g) 0.675 – 0.675
H2O (g) 550 – 30

XMMA and XBA are the MMA and BA weight fractions, XMMAþ XBA¼ 1. Solids content:
30 wt%.

a Seed prepared in batch, at 75 �C for 1 h.
b Feeding time 3 h.
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by miniemulsion polymerization significantly improved mechani-
cal, thermal and barrier properties [7,8].

In this work the emulsion polymerization route to synthesize
waterborne nanocomposites for coating applications was explored.
Emulsion polymerization has been the polymerization technique
most extensively used for the production of waterborne polymer–
clay nanocomposites probably because it has been claimed that
complete dispersion (exfoliation) of sodium montmorillonite clay
(Na-MMT) in water is achieved. The structure of Na-MMT dispersed
in aqueous phase has been studied in detail in this work by means of
small angle X-ray scattering and is presented below. Lee et al. [10–
13] were the first to exploit this feature and carried out emulsion
polymerizations with several monomers including styrene, methyl
methacrylate and acrylonitrile–styrene, producing in most of the
cases intercalated nanocomposites upon film formation. The exfo-
liation of Na-MMT in the emulsion polymerization of MMA or
MMA–BA was also claimed by some authors [14,15]. Other authors
have also followed the emulsion polymerization technique, but
using other surfactants and initiator systems (e.g. 2-acrylamido-
2-methyl-1-propanesulfonic acid, AMPS [16,17]) to help compati-
bilize clay and polymer matrix and hence better dispersing the clay
platelets in the polymer matrix in order to render nanocomposites
with exfoliated structures [18–20].

Many works have used organically modified clays, O-MMTs, di-
rectly in emulsion polymerization processes by dispersing the hy-
drophobic clay in the aqueous phase [11,19,21–23]. First, the clay is
rendered hydrophobic by exchanging the naturally occurring Naþ

and Ca2þ of the interlayer with long alkyl ammonium or phospho-
nium cations. In some cases clay aggregation (when dispersed in
water) was avoided by addition of a peptizing agent, as it was shown
by Negrete-Herrera et al. [24,25] for laponite modified with AIBA
(2,2-azo-bis(2-methylpropionamidine) hydrochloride). In other
processes, the modified clays were dissolved in the monomer, which
was polymerized in a conventional emulsion polymerization
procedure [26–28]. In this case, the organophilic clay cannot be
incorporated into the polymer particles because diffusion through
the water phase is not favoured, as it occurred with highly hydro-
phobic monomers that hardly polymerize in emulsion polymeri-
zation [29].

Other works [30,31] have also shown that it is possible to syn-
thesize waterborne nanocomposites using clay platelets as the only
stabilizing agent, the so-called pickering emulsions. However, the
stability of these dispersions is very weak and they are very sen-
sitive to the type of initiators employed during the polymerization.

In most of these works, formulations with low solids contents
(<20%) and batch operation were used to produce the nano-
composites. These solid contents are far from what is required for
commercial applications (>45%). Furthermore, to produce latexes
with high solids content at industrial scale, a semicontinuous
operation should be used to allow safe and efficient reactor tem-
perature control.

The goal of this work was to produce high solids content
waterborne acrylic/clay nanocomposites by emulsion polymeriza-
tion using pristine Na-MMT. All acrylic monomer formulations are
typically employed as binders for coating and paint formulations
among other more specialized materials. First, the experimental
and characterization procedures are briefly described. Second, the
small angle X-ray scattering of Na-MMT aqueous dispersions is
discussed. These measurements shed light on the effect of the
concentration of Na-MMT in the morphology of the nanostructures
produced. Then, polymerization kinetics and the properties of the
nanocomposite latexes are introduced for latexes synthesized with
30 wt% solids content. Third, the morphological properties of
the nanocomposite films are discussed. Mechanical, thermal and
permeation properties of the waterborne nanocomposite films are
presented and compared to the pristine copolymer latex prepared
under the same conditions, and to a composite latex prepared by
blending pristine latex and Na-MMT clay. Finally, we address the
challenging issue of increasing the solids content of the formula-
tions to produce acrylic/Na-MMT waterborne nanocomposites for
coating applications. An operation strategy that allows the pro-
duction of nanocomposite latexes with 45 wt% solids content and
3 wt% of Na-MMT will be presented.

2. Experimental section

2.1. Materials

Na-montmorillonite (Na-MMT) was provided by Southern Clay
Products Inc. (Texas/USA) with a cationic exchange capacity (CEC)
of 92.6 mequiv/100 g clay. The XRD analysis showed an interlayer
space of 1.15 nm. The monomers: methyl methacrylate (MMA,
Quimidroga) and butyl acrylate (BA, Quimidroga) were used
without further purification. Sodium lauryl sulfate (SLS) and po-
tassium persulfate (KPS) were purchased from Aldrich and used as
received.

2.2. Preparation of the poly(methyl methacrylate-co-butyl
acrylate)/MMT nanocomposites

Waterborne poly(methyl methacrylate-co-butyl acrylate)/MMT
nanocomposite latexes with 3 wt% Na-MMT based on monomers
were synthesized by seeded semibatch emulsion polymerization.
All the reactions were carried out in a 1 L stirred tank glass reactor
equipped with a jacket, reflux condenser, sampling device, nitrogen
inlet, two feeding inlets and a stainless steel anchor stirrer equip-
ped with two blade impellers rotating at 250 rpm. Reactor tem-
perature, monomer and initiator feed flow rates were controlled by
an automatic control system (Camile TG, Biotage). Waterborne
nanocomposites with 30 and 45 wt% solids content were produced.

The formulation used for the preparation of nanocomposites
with 30 wt% solids content by seeded semibatch emulsion poly-
merization is shown in Table 1. The typical procedure for the syn-
thesis of these nanocomposite latexes was as follow: the seed with
20 wt% solids content (different MMA/BA co-monomer ratios were
used) was synthesized batchwise at 75 �C for 1 h. All the Na-MMT
was charged in the seed preparation. The remaining amount of co-
monomers and an aqueous solution of KPS were fed continuously
into the reactor in two different streams for 3 h. Afterwards, the
reactor content was allowed to polymerize for one more hour
at 75 �C. The final solids content of the latex was 30 wt% and the
content of Na-MMT was 3 wt% based on monomer. For the sake of
comparison, a blank emulsion latex was synthesized following the
above described synthesis procedure, but without Na-MMT. Fur-
thermore, a nanocomposite latex was also prepared by blending
the blank emulsion latex with Na-MMT (3 wt% based on the



Table 3
Summary of the nanocomposite latexes synthesized by seeded semibatch emulsion
polymerization

Sample Co-monomer ratio MMA/BA Clay
content (%)

Solids
content (%)

Seed stage Feeding stage

EP1 50/50 50/50 0 30
EP2 50/50 50/50 3 30
EP3 Physical blend (EP1þ 3%Na-MMT) 3 30
EP4 100/0 0/100 3 30
EP5 80/20 20/80 3 30
EP6 50/50 50/50 3 45
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polymer of the blank latex) by magnetic stirring (700 rpm) for 3 h
at room temperature.

Table 2 shows the formulation used for the synthesis of the
waterborne nanocomposite latex with 45 wt% solids content. For
the preparation of the 45 wt% solids content waterborne nano-
composite latexes a similar procedure as that described above was
used. In this case the solids content of the seed was 25 wt%. The
amount of Na-MMT required to produce the nanocomposite latex
(3 wt% based on monomer) was split between the seed and the
monomer pre-emulsion feed.

Table 3 presents the summary of the experiments carried out to
produce waterborne acrylic polymer/clay nanocomposite latexes.
Note that the final co-monomer ratio was MMA/BA = 50/50 wt% for
all the reactions.

2.3. Characterization and measurements

Polymer particle size was measured by dynamic light scattering
(DLS) using a Coulter N4 plus in unimodal analysis. For this analysis, a
fraction of the latex was diluted with deionized water. The reported
particle size values represent an average of three repeated mea-
surements. Particle size distribution of the final latexes was measured
by means of a disc centrifuge photosedimentometer (Brookhaven
BI-DCP). Conversion was measured by gravimetric analysis.

The gel contents of the samples were measured via conventional
Soxhlet extraction, using tetrahydrofuran (THF) as solvent. A glass
fiber disk was impregnated with a few drops of latex and the
extraction was carried out for 24 h under reflux conditions at about
80 �C. The gel remained in the glass fiber, whereas the polymer
soluble fraction was recovered from THF solution. The amount of
gel was calculated using the following equation:

gel ð%Þ ¼
wgel � ðwtotalxclayÞ

wtotal � ðwtotalxclayÞ
� 100

where wgel is the amount of insoluble polymer that remained in the
glass fiber, wtotal is the whole polymer sample and xclay is the
fraction of clay content based on monomer in the formulation.

The molecular weight distribution and the average molecular
weights ðMwÞ of the soluble polymer fraction were determined by
gel permeation chromatography using a size exclusion chromato-
graph (SEC) instrument that consists of a pump (Waters 510), three
columns (Styragel HR2, HR4 and HR6) and a differential re-
fractometer (Waters 2410) as detector. The soluble polymer fraction
obtained by Soxhlet extraction was concentrated, filtered (filter pore
size 0.45 mm, Albert) and then injected into the SEC. Polystyrene
standards were used to calibrate the equipment and the absolute
molecular weights were calculated using the Mark–Houwink–
Sakurada constants (kMMA¼ 14.3�10�5 dl/g, aMMA¼ 0.71 and
kBA¼ 12.3�10�5 dl/g, aBA¼ 0.7).

Wide angle X-ray diffraction (WAXD) analyses were performed
on a Philips PW 1729 Generator connected to a PW 1820 (Cu Ka

radiation with l¼ 0.154056 nm) at room temperature. The range of
Table 2
Formulation used for the seeded semibatch emulsion copolymerization of MMA/BA
in the presence of Na-MMT

Ingredient Seeda Feeding streamsb

Initial charge F1 F2

MMA (g) 40 162.5 –
BA (g) 40 162.5 –
Na-MMT (g) 2.4 9.75 –
SLS(g) (g) 2 8.125 –
H2O (g) 250 220 25
KPS (g) 0.4 – 1.625

Solids content: 45 wt%.
a Seed prepared in batch, at 75 �C for 1 h.
b Feeding time 3 h.
the diffraction angle was 2q¼ 2–12� with a scanning rate of 0.02�/
3 s. The (001) basal spacing of the clay (d ) was calculated using the
Bragg equation: nl¼ 2d sin q, where l is the wavelength of the X-
ray and q is the scattering half angle. To perform the WAXD analysis,
films cast from the latex were thoroughly rinsed to get rid of the SLS
and to avoid its peaks at 2.5�, 5� and 7� in the WAXD patterns.

Small angle X-ray scattering (SAXS) experiments were carried
out on the SAXS instrument constructed at the European Syn-
chrotron Radiation Facility (ESRF) in Grenoble (France), using the
Synchrotron Radiation of the beamline BM16. The beamline is
equipped with a 2048� 2048 (2� 2 binned) pixels position-sen-
sitive two-dimensional marCCD detector with an active surface
area of 165 mm in diameter. The measurements were done using
a monochromatic X-ray at l¼ 0.726 nm wavelength (energy
E¼ 17.068 keV) and at a sample-to-detector distance of 3.93 m. The
samples were calibrated to the diffraction peaks of silver-behenate.

Dynamic mechanical thermal analysis (DMTA) was used to an-
alyze the relaxation behavior of the polymer/clay nanocomposites.
To perform the DMTA analysis a film of 1 mm thick was heated from
�50 �C to 100 �C with a heating rate of 0.3�/min. The thermal sta-
bility of the nanocomposites was studied using thermogravimetric
analysis (TGA). To perform the TGA analysis, the sample (10 mg)
was heated from 20 �C to 600 �C with a heating rate of 10�/min
using a TA Instrument Thermogravimetric Analyzer model Q500.
The stress–strain behavior of the nanocomposites was determined
in a universal testing machine, INSTRON 4301, operated with
a crosshead speed of 20 mm/min. The tests were carried out at
23 �C and 50% relative humidity.

The barrier properties were investigated by measuring the wa-
ter vapor permeation. The latex film was placed in the upper part of
a cell filled with a certain amount of water. The cell was well-sealed
so that water only could escape by permeating through the film.
The water vapor transfer rate (WVTR, g mm/cm2 days) was calcu-
lated with the following equation [32]:

WVTR ¼ 8:64� 105 Bl
Að1� aextÞ

where B is slope of the water vapor loss in time (g/s), l is the
thickness of the latex film (mm), A is the area of the latex film
(A¼ 2.54 cm2), and aext is water vapor activity (measured using
a thermohygrometer). The measurements were carried out in
a temperature-controlled chamber at 30 �C and the weight loss of
the water vapor was recorded every 15 s for 4 h.
3. Results and discussion

3.1. SAXS analysis of Na-montmorillonite aqueous dispersions

A dry montmorillonite powder swells spontaneously when
contacted with water [33]. The dry clay usually imbibes water and
becomes a gel, and it can be stirred up with more water to yield a
suspension or sol. Small angle X-ray scattering (SAXS) is a tech-
nique used to determine the internal and external structure of
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colloidal particles over a wide range of length scales [34]. The
colloidal behavior of synthetic (laponite clay [25,35]) and natural
clay (Na-montmorillonite clay [36–38]) has been studied using
SAXS technique. In this study various Na-MMT aqueous dispersions
were analyzed by the small angle X-ray scattering (SAXS) tech-
nique. Fig. 1 presents the scattering profiles of 1–4% Na-MMT
aqueous dispersions. The scattering intensity, I(q), decayed with
increasing the scattering vector, q, this behavior being typical of
thin-layer particles. It can also be noticed that increasing the clay
content, the scattering intensity increased. The absence of peaks in
the SAXS profiles indicated that the clay was swollen with water
and that the preferential agglomeration of platelets in stacks was
lost when being dispersed in water.

This kind of intensity profiles have been used to extract data of a
single layer width (T ) from the Guinier approximation at low
scattering vectors (low q) [34]. However, as Shang et al. demon-
strated, this approximation can only be used when no interaction
between single platelets occurs in the aqueous dispersion, which
occurs only at clay concentrations below 0.4% in water [36,37].
Therefore, Guinier’s approximation cannot be applied to the data
obtained in the present study.

Saunders et al. [35] calculated an experimental structure factor
for concentrated dispersions, S(q), by dividing the measured in-
tensity for the concentrated dispersion, I(q)conc, by the intensity
obtained for a diluted dispersion, I(q)dil of the same type of particles
(Eq. (1)) [35].

SðqÞ ¼ IðqÞconcfdil

IðqÞdilfconc
(1)

where fdil and fconc are the particle volume fractions in the diluted
and concentrated dispersions, respectively. Taking into account
that no interaction between particles takes place in the diluted
systems, peaks in the structure factor will arise from interactions
between particles in the concentrated system. Fig. 2 presents the
S(q) plots for 1.5, 3 and 4% Na-MMT dispersions in water, taking
the intensity given by the 1% Na-MMT dispersion as the one of the
diluted dispersion.

As it can be seen, while no peak appeared in the 1.5% Na-MMT
dispersion, a peak appeared both in the 3% and 4% Na-MMT dis-
persions. The presence of peaks was attributed to the existence of
platelets interacting face to face at a interlayer distance of d, where
d could be calculated from the position of the peak (qmax) by
d¼ 2p/qmax [35]. The position of the peak for the 3% Na-MMT
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Fig. 1. Plots of I(q) vs q for Na-MMT aqueous dispersions with different clay contents.
dispersion was 0.4 nm�1, which corresponded to a distance of
16 nm, while the position shifted to higher q for the 4% Na-MMT
dispersion, to 0.46 nm�1, corresponding to a distance of 14 nm.

It can be argued that the 1% Na-MMT dispersion was not diluted
enough to consider it in the above mathematical treatment.
Therefore the Porod plot analysis of the obtained intensity data was
also performed. Fig. 3 presents the I(q)$q2 vs q plots for the different
Na-MMT concentrations in water.

As it can be observed, no peak appeared again in the 1 and 1.5%
Na-MMT dispersions in water, while the 3 and 4% dispersions
presented a broad peak. In this case, the position of the peak for the
3% Na-MMT dispersion was 0.45 nm�1, corresponding to a distance
of 14 nm, while the position shifted to higher q for the 4% Na-MMT
dispersion, to 0.53 nm�1, which corresponded to a distance of
12 nm. Even if the values are 2 nm smaller than the ones obtained
with the structure factor plots, it has been proven that a certain
platelet aggregation occurs above 3% Na-MMT concentration in
water. To know the amount of clay layers involved in this aggre-
gation, Ciccariello and Sobry [39] proposed the following equation
(Eq. (2)):
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IðqÞ$q2f
sin2ðqt=2Þ$sin2ðNdq=2Þ

q2sin2ðqd=2Þ
(2)

where N is the number of platelets in a stack, d the distance
between them and t the thickness of the platelet (0.97 nm). If the
distance obtained from the Porod plot for 4% Na-MMT concentra-
tion is used, model predictions for different N can be calculated, as
plotted in Fig. 4. According to the model predictions the best fit was
obtained for N¼ 2, which means that there are two platelets per
stack.

If the average distance between layers in a completely dis-
persed-noninteracting clay dispersion is to be calculated, the
equation proposed by Callaghan and Ottewill [40] can be used
(Eq. (3)).

H0 ¼
2Vs

mclayAs
(3)

where H0 is the maximum platelet separation, Vs is the solvent
volume, mclay is the mass of clay and As is the specific surface area of
the montmorillonite (750 m2/g) [33]. H0 ranges from 270 nm for 1%
Na-MMT dispersion to 67 nm for 4% Na-MMT dispersion, provided
that platelet–platelet interaction is negligible. Therefore taking into
account the aforementioned analysis, it can be said that clay dis-
persions of 1 and 1.5% Na-MMT, presented a completely exfoliated
structure in water (with average distances at around 270–180 nm
between platelets, respectively) and that above 3% Na-MMT in
water, a certain number of platelets tend to interact, likely in pairs
separated at distances of 14–16 nm (from the ideal 89 nm if they
would be completely dispersed). When the clay concentration in
water increased to 4%, the distance in the stack lowered to 12–
14 nm, and the number of this aggregated stacks increased.

The important conclusion of this study is that the average dis-
tance between clay platelets is larger than 15 nm in Na-MMT
aqueous dispersions with concentrations up to 3%. Therefore, if to
an aqueous dispersion of clay, monomer, emulsifier and initiator
are added, it might be possible to initiate the polymerization be-
tween the platelets. Either homogeneous nucleation or micellar
nucleation (micelles can be located between clay platelets) might
occur depending on the concentration of emulsifier employed and
the aqueous solubility of the co-monomers used in the polymeri-
zation. Some authors [41] also argued that polymerization can be
initiated in the individual clay platelets. Therefore, emulsion
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stack (N ).
polymerization seems to be well suited to produce exfoliated wa-
terborne polymer/clay nanocomposites.

3.2. Polymerization kinetics

A series of experiments (EP1, EP2, EP4 and EP5) with final
co-monomer composition MMA/BA¼ 50/50 wt% were carried out
under seeded semibatch conditions with and without Na-MMT
in the polymerization. The Na-MMT clay was loaded in the seed
preparation stage and different co-monomer ratios were employed
in this stage as described in Table 3. The remaining monomer was
fed at constant flow rate for 3 h to render waterborne nano-
composite copolymers with 30 wt% solids content (MMA/BA¼ 50/
50 wt%) and 3 wt% of clay. All the nanocomposite latexes were
stable and presented no coagulum.

Fig. 5 presents the time evolution of the instantaneous conver-
sion for these latexes with 30 wt% solids content. The instantaneous
conversion is defined as the amount of polymer produced divided
by the amount of monomers fed until the sampling time. As it can
be seen, the evolution of the instantaneous conversion was not
affected by the presence of the clay, and the processes evolved
under rather starved conditions (above 92% in all cases). The evo-
lution of the particle size along the reaction for runs EP1, EP2, EP4
and EP5 is shown in Fig. 6. The particle sizes of the seeds were the
same for all the reactions except for latex EP4 (MMA/BA¼ 100/0,
that is a homopolymerization of MMA) that was slightly higher. In
the feeding stage, particle size increased with the conversion
(feeding time) indicating that secondary nucleation did not take
place during the monomer addition period. Chern et al. [41] in ab
initio emulsion polymerizations of styrene in the presence of 1 wt%
Na-MMT found that for high SDS concentration ([SDS]� 13 mM)
micellar nucleation predominated and for lower SDS concentration
the contribution of the polymerization associated to Na-MMT in-
creased significantly. In complete absence of micelles (2 mM) the
clay contribution was of the same order as the one in absence of
Na-MMT in the polymerization. They found that the particle sizes
slightly decreased in the polymerization carried out in the presence
of the Na-MMT and at the same [SDS], the polymerization rate was
faster for the runs with Na-MMT. Contrary to that found by these
authors, in this work the presence of the clay had little influence in
the nucleation of the seed polymer particles, likely because of the
high concentration of surfactant employed during the seed poly-
merization ([SLS]¼ 36 mM) and consequently on the subsequent
polymerization in semibatch.
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Table 4
The Mw, PDI and gel content of runs EP1–EP5

Sample Mw (g/mol) PDI (Mw/Mn) Gel content (%)

EP1 1.08� 106 10.9 <1
EP2 8.93� 105 12.2 <1
EP4 1.60� 106 1.8 <1
EP5 1.38� 106 1.9 6.2

Mw is the weight average molecular weight.
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The final particle size distributions for EP1, EP2, EP4 and EP5
runs are presented in Fig. 7. For run EP1 (blank emulsion latex) a
unimodal and relatively narrow particle size distribution was
obtained. For runs EP2, EP4 and EP5 the distributions were broader
with a long tail with bigger particles, likely due to the presence
of the clay. Assuming an average size of 160 nm for the clay, the
average particle size of latex EP2 (72 nm) and the specific surface
area of Na-MMT to be 750 m2/g, the ratio between the number of
particles and the number of completely exfoliated platelets is
roughly 6, which means that at most 14% of the platelets can be
associated somehow with the polymer particles. Therefore it is not
surprising that the average particle diameter is lower than 100 nm
for the polymer/clay nanocomposites.
3.3. Gel content and molecular weight distribution

Table 4 lists the gel content, average molecular weight and
polydispersity index for EP1–EP5 latexes obtained by Soxhlet ex-
traction and size exclusion chromatography. The gel content for
EP1, EP2 and EP4 was negligible, however, in the case of EP5 run
where the co-monomer ratio in the seed was MMA/BA¼ 80/
20 wt%, the gel content increased to 6.2. This can be explained as
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Fig. 7. Final particle size distributions measured by DCP for runs EP1, EP2, EP4 and EP5.
follows: the seed contained negligible gel in all the cases because
polymerizations were carried out in batch (polymer concentration
in particles is only high at the very end of the process and hence
chain transfer to polymer is not important [42,43]), the important
amount of MMA employed that reduced labile H sites in the
backbone, and the lower activity towards H abstraction of MMA
terminated radicals [44,45]. During the semibatch period, latexes
EP1, EP2 and EP4 did not produce any gel either. For latexes with 50/
50 wt% composition in the seed and in the feeding this is in good
agreement with other works [44–46] and can be mainly attributed
to the lower activity of MMA terminated radicals that are pre-
dominant during the whole feeding period. However, one might
expect that for latexes EP4 and EP5, where pure BA and 80 wt% rich
BA streams were fed, some gel polymer might be formed. Certainly,
for EP4 the seed polymer did not contain any labile H and hence
although instantaneous conversion was high and only BA radicals
were present, a negligible amount of gel polymer was formed.
Nevertheless Mw for runs EP4 and EP5 were higher than for EP1
and EP2, indicating that chain transfer to polymer was more im-
portant in this case. For nanocomposite latex EP5, the gel fraction
was low, but not negligible. This result indicates that the presence
of some labile H in the seed polymer (20 wt% of BA) was enough to
allow chain transfer to polymer to occur from the beginning of the
feeding stage, and hence some gel was formed.
3.4. Morphology of the nanocomposites

The morphology of the nanocomposites was analyzed from two
points of view. On one side the morphology of the latex was ana-
lyzed by small angle X-ray scattering (SAXS) and on the other hand,
the morphology of the dried films obtained from the latex was
analyzed by wide angle X-ray diffraction (WAXD).

Fig. 8 presents the SAXS patterns for latex EP1 and EP2
measured in their liquid form. As it can be seen, fringes typical of
spherical particles [47] appear in both patterns, even if they are
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Fig. 8. SAXS patterns of EP1 and EP2 latexes.
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somehow attenuated for latex EP2 containing clay. In a recent
publication we have shown SAXS patterns of blank latexes and
polymer/clay nanocomposite latexes prepared by miniemulsion
polymerization [8]. In that case organophilic Cloisite 30B clay was
used, instead of hydrophilic Na-MMT. The miniemulsion latex
without Cloisite 30B presented clear fringes, while the latex with
Cloisite 30B had almost no fringes. The disappearance of the fringes
in that case was explained by the attachment of the more hydro-
phobic clay platelets to the surface of particles, losing their sphe-
ricity and the scattering observed mimicking that of disc-like
structures. The results obtained for the latexes prepared by emul-
sion polymerization with Na-MMT suggest that the scattering of
spherical particles is still dominant in the SAXS pattern, which
might indicate that the clay platelets are preferentially located in
the aqueous phase.

The nanocomposites were also analyzed by wide angle X-ray
diffraction (WAXD) to obtain the structure of the clay in the poly-
mer matrix after casting films from the latex. WAXD patterns were
measured for the seed latex films (note that clay was totally loaded
during seed preparation) and the final latex films for nano-
composites EP2, EP4 and EP5. Latex EP3 prepared by blending was
also analyzed and all the results are shown in Fig. 9. The charac-
teristic peak of the Na-MMT powder clay appears at 2q¼ 7.63�

which corresponds to an interlayer space of d¼ 1.15 nm. The film
made out of the seed of run EP4 (with co-monomer ratio MMA/
BA¼ 100/0 wt%) shows no peak in the WAXD pattern indicating
that PMMA/Na-MMT nanocomposite with exfoliated structure was
obtained. This is in agreement with the results presented by Yeom
and Kim [48]. The films made out of the seeds of runs EP2 (with
co-monomer ratio MMA/BA¼ 50/50 wt%) and EP5 (with co-
monomer ratio MMA/BA¼ 80/20 wt%) did not show any peak ei-
ther (the peaks in the patterns of EP2 were due to SLS) indicating
also an exfoliated structure of the clay in the seed stage. The WAXD
patterns of final latex films are shown in Fig. 9b. It can be seen that
diffraction peaks are not present for runs EP2, EP4 and EP5 in-
dicating that exfoliated nanostructures were also obtained in
the final latex at least from the WAXD analysis. However, a peak at
2q¼ 6.0� appears in the case of composite EP3 indicating the
presence of Na-MMT platelet stacks with an interlayer space of
d¼ 1.47 nm.

It is well known that transmission electron microscopy (TEM)
can provide useful information in a localized area concerning the
morphology, structure and spatial distribution of the dispersed
phase of the nanocomposites. Thus XRD and TEM techniques are
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Fig. 9. WAXD patterns of Na-MMT powder clay and nanocomposites
regarded as complementary to each other for the characterization
of the polymer/clay nanocomposites [3]. Fig. 10 shows the TEM
micrographs for nanocomposite films EP2 and EP3, where the
darker part represents the clay and the lighter part the polymer. For
nanocomposite EP2, individual layers dispersed in the polymer
matrix can be observed and also zones with more than one clay
layer well distributed into the polymer matrix (these zones repre-
sent the intercalated structures) can be distinguished. Thus the
TEM micrograph confirms that a mixture of intercalated and ex-
foliated structure was obtained for nanocomposite EP2 which is in
agreement with the WAXD pattern.

For composite EP3 it can be observed that the clay is not well
dispersed in the polymer matrix and tactoids and stacks of clay
platelets (the dark zones), as well as some intercalated structures
can be observed (see Fig. 10b), as shown by the WAXD analysis.

The XRD and TEM results indicate that partially exfoliated poly-
(methyl methacrylate-co-butyl acrylate)/MMT nanocomposites
have been successfully obtained by seeded semicontinuous emul-
sion polymerization when the clay was incorporated in situ during
the polymerization reaction (runs EP2, EP4 and EP5) whereas ag-
gregates of clay platelets, and hence a poor dispersion of the clay in
the polymer matrix, were observed in the nanocomposite obtained
by physical blend (run EP3).

3.5. Mechanical, thermal and barrier properties of nanocomposites

End-use properties of the films cast from the waterborne nano-
composite latexes were measured using the techniques discussed in
the characterization section. Table 5 presents a summary of the
mechanical, thermal and barrier properties measured to the blank
emulsion latex (EP1), the in situ synthesized waterborne nano-
composite (EP2) and the waterborne composite prepared by phys-
ical blend (EP3). Additional information of these measurements is
included as Supplementary data.

The nanocomposites EP2 and EP3 exhibit higher tensile strength
compared to the pure copolymer, EP1. The increment of the tensile
strength can be explained by the increase of the toughness of the
nanocomposites caused by the presence of intercalated polymer
chains in the interlayer space of clay. This increase is done at the
expense of a reduction in the elongation at break that was signifi-
cantly more affected in the blend composite EP3. This is in agree-
ment with the morphology of the nanocomposite observed in both
XRD and TEM analysis, where more tactoids and a worse dispersion
of the clay was observed for latex EP3, that was produced by
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Fig. 10. TEM micrographs of nanocomposite EP2 (a) and composite EP3 (b).

Table 5
Mechanical, thermal and barrier properties of the waterborne nanocomposites

Sample Tensile
strengtha (MPa)

Elongation at
breaka (%)

Storage modulusb (GPa) Tg
b (�C) Td

c (�C) WVTRd (g mm/cm2 days)

50 �C 75 �C 10 wt% loss 50 wt% loss As prepared Washed film

EP1 9� 1 326� 58 1.95 0.83 38.3 348 383 26.0� 1.3 21.0� 0.3
EP2 13� 0.5 270� 18 14.4 9.55 39.5 358 395 13.6� 0.2 11.8� 0.2
EP3 15� 0.5 152� 9 19.0 8.91 42.0 351 391 13.7� 0.5 12.3� 0.7
EP6 13� 2 269� 15 8.91 3.54 40 N/A N/A

a Stress–strain analysis in an INSTRON 4301 machine.
b Dynamic mechanical thermal analysis, DMTA.
c Thermal gravimetric analysis, TGA.
d Water vapor transmission rate.
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a blending procedure. In this sense, Beall and Tsipursky [49] con-
cluded that unexfoliated platelets can act as stress concentrators,
contributing to a decrease in the elongation at break. Hence,
the poor dispersion of the clay in the polymer matrix determined
the strong decrease of the elongation at break for composite EP3
compared to the pure copolymer EP1 and the nanocomposite
prepared by in situ emulsion polymerization, EP2.

It can be noticed that at temperatures above Tg, the storage
modulus of the nanocomposites EP2 and EP3 was higher than the
storage modulus of the pure copolymer EP1, in agreement with
other works [16,17,23]. Above Tg, when the material becomes soft,
the reinforcement effect of the clay is prominent due to the
restricted movement of polymer chains surrounding the clay
platelets.

Glass transition temperature, Tg, also increased for the nano-
composites EP2 and EP3, but the increase was modest (less that
4 �C) and especially for EP2 where the increase was roughly only
one degree (see Table 5). This is important for latexes in coating
applications because an increase in the Tg might affect the film
formation temperature in a deleterious way.

On the other hand, the decomposition temperature of the
nanocomposites increased with respect to the pure copolymer and
the increase was higher for the in situ synthesized nanocomposite,
EP2. Both the onset decomposition temperature (measured at
10 wt% loss) and the 50 wt% loss were improved in the nano-
composites. Many researchers believe that the role of clay in the
nanocomposite structure might be the main reason for the differ-
ence in TGA results. The clay acts as a heat barrier, which could
enhance the overall thermal stability of the system [50]. Thereby, in
the initial stage of thermal decomposition, the clay could shift the
decomposition temperature to higher values. However, after that,
the stacked clay layers could hold accumulated heat that could be
used as a heat source to accelerate the decomposition process.

Water vapor permeability, WVTR, was also studied for the pure
copolymer, EP1 and the nanocomposites EP2 and EP3. The data
shown in Table 5 correspond to the film–air interface. In all the cases
the WVTR decreased when the latex film was rinsed with distilled
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water, likely because we got rid of the fraction of SLS that migrated
to the surface during the film formation [51]. It can be observed
that the nanocomposites EP2 and EP3 had a lower WVTR compared
with EP1 pure copolymer, due to the ‘‘tortuous diffusion path’’ that
retards the progress of the water molecules through the films [50].

3.6. Acrylic/clay waterborne nanocomposites
with high solids content

So far all the latexes presented in this work were synthesized
with a solids content of 30 wt%. As mentioned in the introduction,
in the literature most of the nanocomposite latexes were prepared
at most at 20 wt% solids content with few exceptions in which
higher solids content waterborne nanocomposites were synthe-
sized [18,52]. However, it is well known that typical formulations
used currently in industry to produce coatings and adhesives
require higher solids content. Increasing the solids content of wa-
terborne polymer/clay nanocomposites is challenging. On one
hand, increasing the solids content while keeping the polymer/clay
content constant means increasing the clay/water content, and
hence increasing the viscosity of the polymer/clay dispersion in
addition to an increase of the number of stacks in the aqueous
phase, as shown in the SAXS analysis of Na-MMT dispersions above.
Furthermore, the viscosity of aqueous clay dispersion increases
quickly with temperature as shown in Fig. 11 and might, therefore,
affect the polymerization process which is typically carried out at
Fig. 14. TEM micrographs of nanocomposite l
temperatures above 60 �C. On the other hand, the viscosity of the
latex is a function of the volume fraction of the dispersed phase [53]
and the presence of the clay platelets (z200� 200�1 nm) might
considerably increase the effective volume fraction for a given
solids content, and hence the viscosity of the dispersion. This will
increase the particle–particle interaction and consequently make
difficult the increase of the solids content without jeopardizing the
stability of the latex.

We have attempted to increase the solids content of the for-
mulation presented in Table 1 and to produce waterborne poly-
(methyl methacrylate-co-butyl acrylate)/MMT nanocomposites up
to 50 wt% solids content. This meant including all the clay in the
initial charge to prepare the seed with 20 wt% solids content (3 wt%
clay based on water) and feeding two streams: one with the initiator
solution and the second with neat monomer. This strategy worked
well up to 40% solids content, however, 50% solids content was not
achieved without coagulum formation. Several experiments vary-
ing type of initiator and reaction temperature (lower temperatures
were attempted with a redox initiator system) led in all the cases to
latexes with significant amount of unreacted monomer, extremely
high viscosities and coagulum formation for 50% solids content. An
operation strategy that worked better and allowed the preparation
of a coagulum free acrylic/clay waterborne nanocomposite, EP6,
with 45 wt% solids content is presented in Table 2. The main
difference between this strategy and the failed attempts was that
atex film EP6 at different magnifications.
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Na-MMT was split between the seed and the feed. This likely
allowed to reduce the viscosity of the aqueous phase and the in-
teraction between platelets (because they are at larger distance) and
hence to produce stable waterborne nanocomposites.

Fig. 12 displays the evolution of the instantaneous conversion
and particle size of this experiment. The instantaneous conversion
was high (>92%), i.e., the polymerization proceeded under rather
starved conditions. The final particle size was 123 nm and the final
viscosity of the latex was 2525 cP (measured in a Viscometer model
ELV-8 with spindle number 3 at room temperature).

The WAXD pattern of the nanocomposite EP6 is presented in
Fig. 13 and shows an intercalated structure with a broad shoulder at
low angles corresponding to a basal distance of 2.76 nm. Fig. 14
presents the TEM micrographs of the nanocomposite EP6 at dif-
ferent magnifications. Individual layers dispersed in the polymer
matrix can be observed (see Fig. 14b), but also zones with clay
platelet stacks can be distinguished (see Fig. 14a). This is again in
agreement with the broad peak at 2q¼ 3.2� observed in the WAXD
pattern. During the seed preparation the aqueous concentration
of Na-MMT was lower than 1.5 wt% and hence exfoliated nano-
composite was produced. However, the feed contained Na-MMT at a
concentration above 4 wt% in water, and during the particle growth
to reach 45 wt% solids content, not all the stacks could be dispersed
and hence some aggregates were found in the nanocomposite films.

Table 5 presents the mechanical and thermal properties of the
high solids content waterborne nanocomposite latex EP6. As for
the low solids content latexes the mechanical properties, tensile
strength and storage modulus, clearly improved again at the ex-
pense of a decrease in the elongation at break. Glass transition
temperature slightly increased (2 �C) without damaging the re-
quirements for a coating application.

4. Conclusions

Waterborne polymer/clay nanocomposite latexes with a mix-
ture of intercalated and exfoliated structures were successfully
obtained by in situ emulsion polymerization of methyl methacry-
late and butyl acrylate with pristine Na-montmorillonite as silicate-
layered clay. These nanocomposite latexes presented improved
mechanical properties (tensile strength and modulus clearly im-
proved although elongation at break was lower), almost no change
in glass transition temperature and reduced water vapor perme-
ability. Waterborne composites can also be prepared by blending
a pristine latex with Na-MMT clay. In this work we have shown that
composites prepared by the latter method compared well with
in situ produced waterborne nanocomposites in mechanical and
barrier properties, except for the elongation at break that is more
affected in the blend (53% reduction as compared with 17%). TEM
and XRD demonstrated that the dispersion of the clay is worse for
the physical blend. The decomposition temperature is enhanced
for both nanocomposites, but the increase for the blend is modest
compared with the nanocomposites prepared in situ. By consider-
ing the additional mixing equipment required to produce this
blend, it can be concluded that the in situ emulsion polymerization
method is advantageous. It has also been demonstrated that
increasing the solids content of waterborne nanocomposites is not
straightforward. An approach where the clay was split between the
seed and the monomer feeding allowed the preparation of poly-
(methyl methacrylate-co-butyl acrylate)/MMT nanocomposite la-
tex with 45 wt% solids content and 3 wt% of clay with intercalated
structure and enhanced mechanical properties.
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