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Abstract Herein, it is reported that synthesis of
poly(styrene-co-butyl acrylate) latexes containing
ZnO and TiO, nanoparticles was carried out using
miniemulsion polymerization. The synthesized latexes
and films cast from them were characterized by
dynamic light scattering (DLS), X-ray diffraction
(XRD), scanning electron microscopy energy disper-
sive X-ray (SEM-EDAX), transmission electron mi-
croscopy (TEM), and thermogravimetric analysis
(TGA). Stress-strain and DMA analysis was per-
formed for the mechanical analysis of the films
prepared from latexes. The particle sizes of the latexes
were about 60 nm for pure latex and latex only
containing ZnO and TiO,, while the particle size for
latex containing nanoparticle mixture was measured as
120 nm. XRD, SEM-EDAX, and TEM analysis results
showed that the nanoparticles were well dispersed in
latex. When the mechanical analysis results were
compared, latex films including 2% ZnO nanoparticles
were found to be stronger. DMA analysis showed that
the glass transition temperature (T,) values of the
polymers were between 0 and 10°C and the nanopar-
ticles were not effective in changing the T, values.
Latex films were exposed to 254 nm UV light to
determine their yellowing. According to the colori-
metric measurement, ZnO nanoparticle-embedded
films were found to be more resistant to yellowing.
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Introduction

Emulsion polymerization, which includes techniques such
as conventional emulsion polymerization, inverse emul-
sion  polymerization, dispersion  polymerization,
microemulsion polymerization, miniemulsion, and sus-
pension polymerization, is a preferred process in the
production of many commonly used polymer applications
such as binders, paints, plastics, adhesives, and so on.??
Although waterborne latexes, styrene acrylates, are
widely preferred in various fields due to their trans-
parency, chemical resistance, weather resistance,
mechanical stability, adhesion, and film-forming prop-
erties, they do not have good ultraviolet (UV) protec-
tion properties for outdoor applications. To prevent
UV deterioration, UV absorbers (benzotriazole, ben-
zophenone, etc.), radical scavengers, radical quenchers,
and UV protective agents (nano-cerium dioxide, nano-
zinc oxide, and nano-titanium dioxide) are preferred as
stabilizers.*”” Many chemical approaches such as solu-
tion exfoliation, melt intercalation, and in situ poly-
merization (batch, solution, and heterogeneous
polymerization techniques) are used for the prepara-
tion of nanocomposites. In recent years, waterborne
polymeric nanocomposites prepared by emulsion,
miniemulsion, or suspension polymerizations have
attracted great attention in academia and industry
due to being environmentally friendly and other
advantages (cheap, clean, low viscosity, etc.).'*'?
Studies on the synthesis of new nanocomposite
polymers that greatly improved the properties of the
pure polymer with the contributions of the nano-
inorganic filler are of great interest for both academia
and industry. Inorganic nano fillers such as nano-
claylZ_ZI, nano-ZnO”"*% nano-Ti0,***>" nano-
Ce0,>*17° nano-iron oxide**=® are mostly used either
in pure form or in modified form. Due to the agglom-
eration and difficulties in the dispersion of nanoparticles
in solvent medium and also melting incorporation,
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nanocomposite preparation has attracted a great deal of
interest in the literature, especially since a Toyota
research team reported the exfoliated Nylon 6/clay
nanocomposite.”” For example, Erdem and co-workers
prepared styrene/encapsulated titania nanopartlcles
with mlnlemulsmn polymerization using cyclohexane
and hexadecane®’ co-stabilizers. Man et al.” synthesized
and characterized rutile TiO,/poly(methyl methacry-
latea(MMA)-butyl  acrylate(BA)-acrylic  acid(AA)
nanocomposites via seeded emulsion polymerization
and studied their UV-shielding property. Gonzalez
et al.’® synthesized poly(MMA/BA) copolymer-stabi-
lized titania nanoparticles by miniemulsion polymeriza-
tion and reported that increased TiO, content decreased
hybrid particle size and film roughness. Moreover, ZnO
nanoparticles were incorporated into the MMA, BA,
and perfluorooctyl acrylate (FOA) latexes by batch
miniemulsion polymerization, and corroswn behaV10r
was investigated by Chimenti et al.” Dankova et al.**
synthesized acrylate latex binders by semicontinuous
emulsion polymerization using 1.5 wt% ZnO nanopar-
ticles with respect to the polymer content. Chou and
coworkers® synthesized PMMA-b-PBA block copoly-
mer latexes including zinc oxrde/polygsodlum 4-styrene-
sulfonate). Recently, Eren and Can™ synthesized the
zinc methacrylate-methylmethacrylate-butyl acrylate
emulsions by semibatch emulsion polymerization and
applied them to exterior paints and reported on the
solubility of the ZnO nanoparticles in the medium of
methacrylic acid monomer. Also, some authors pre-
ferred the combination of ZnO/TiO, nanoparticles to
achieve more efficient photocatalytic nanoparticles and
they used ZnO/TiO, nanoparticles combination for
photocatalytlc removal of a herbicide (Bentazon).*!
Zhang et al.*® successfully synthesized nano ZnO/TiO,
coupled oxide photocatalyst by a two-step method and
applied it for the degradation of methyl orange dye.
Magnetic titanium dioxide/polystyrene/magnetite com-
posite hybrid polymer particles were synthesized by
Pickering miniemulsion polymerization in one single
step and used for degrading methylene blue (MB) from
solutions by Bonnefond et al.*®

Unlike the above-mentioned literature, for the first
time, in this study, it was reported that poly(Sty-co-
BA-AA)/ZnO/TiO,/ZnO-TiO, nanocomposite latexes
were synthesized by miniemulsion polymerization in
one-pot adding (batch-wise). Moreover, incorporation
of nanoparticles into the polymer matrix without
premodification was accomplished. Synthesized
nanocomposite latexes and their films were character-
ized, and yellowing of the films was assessed.

Experimental
Materials

Styrene (Sty-, purchased from Poliya Company,
Turkey), butyl acrylate (BA-supplied kindly from
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KEMPRO Company, Turkey) and acrylic acid (AA-
purchased from ZAG Kimya, Turkey) monomers were
used in the study after distillation in darkness under
reduced pressure to remove the inhibitors and stored in
a refrigerator before use. Ammonium persulfate
(APS), sodium bicarbonate (SBC), and sodium dode-
cyl sulfate (SDS) were used as the initiator, to adjust
the pH and emulsifier, respectively, and they were
obtained from Merck. The hexadecane (HD) used in
the study was purchased from Sigma-Aldrich and used
as is. ZnO nanopart1cle with 40-100 nm particle size
and 10-25 m?/g surface area was supplied from Alfa
Aesar. The rutile TiO, nanoparticles with < 100 nm
particle size and trace metal basis used in the study
were Aldrich brand. Deionized water (Mes, MP
Minipure, Turkey) was used as solvent throughout
the study.

Experimental procedure

Synthesis studies of nanoparticle-added latexes con-
taining various proportions of ZnO and TiO, were
carried out with a total ~ 30% solids. All studies were
achieved using 50/50% styrene/butyl acrylate mono-
mer ratios and 2 g of acrylic acid (neutralized
completely with NaOH solution). To ensure that the
ZnO and TiO; nanoparticles remain stable in latex, the
general method for the synthesis of latexes was applied
as follows.

The emulsifier, nanoparticles (ZnO, TiO,, and ZnO/
TiO,), monomers, hexadecane, and deionized water
were weighed in appropriate amounts according to the
total solid content (see Table 1) and were mixed
overnight. The temperature was kept low to avoid
polymerization. Then, the mixture was first subjected
to ultrasonic treatment in the ultrasonic bath (Kudos,
53 kHz frequency) for 20 min, and then, it was mixed
with the homogenizer (IKA T18 digital ULTRA
TURRAX) at 8000 rpm to obtain pre-emulsion. The

Table 1: Miniemulsion
nanocomposite latexes

polymerization recipe for

Component Amount (g) Pphm
Oil Phase

Sty 19.5 50.0

BA 19.5 50.0

HD 1.56 4.00

ZnO-TiO, 0.20-0.78 0.5-2.0
Aqueous phase

SDS 1.56 4.00

Deionized water 91.0 233.3
AA* 3.25 8.30

SBC 0.16 0.40

APS 0.30 0.77

Pphm: parts per hundred monomer; solid content =30%; ~ AA
completely neutralized with NaOH solution (50%)
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pre-emulsified colloidal mixture was transferred to the
polymerization reactor, the temperature of which was
adjusted to 75 °C, to fulfill the polymerization. All the
experiments were carried out in batch-wise (one-pot
synthesis). The system was stirred at 260 rpm with the
help of a mechanical stirrer (Heidolph). After the
system reached the desired temperature, the reaction
was started by adding initiator (APS). Five hours later,
the reaction was terminated by cooling the reactor.
After the filtration of the latex with the glass frit of
pore size 1 to separate the coagulum, samples were
stored in closed containers to prevent evaporation in
the dark, protected from sunlight.

To prepare latex films, 20 mL of synthesized latex
was taken and poured into petri dishes and allowed to
dry in the dark. Dried latex films were taken from petri
dishes and kept for UV tests and mechanical analysis in
a way that they do not receive light.

Characterization

The solids content (SC) of the latexes was measured
with Radwag MA 110R model infrared heater moisture
analyzer. After separating the coagulum from the
reaction product, the solid content of the latexes was
determined taking into account the amount of auxiliary
materials. Zeta potential values and the z average
particle size (D;-nm) were measured with Zetasizer
Nano ZS, Malvern Instruments. XRD diffraction anal-
ysis was performed with PANalytical—Empyrean using
Cu Ko radiation (4 = 0.15406 nm, 40 mA, 45 kV, Step
Size ° [2Th.] 0.0260). TGA analysis was performed at
10°C/min heating rate in 25-600°C temperature range
with PerkinElmer Diamond instrument in nitrogen
atmosphere. Electron diffraction analyses were per-
formed by suspension preparation on carbon-coated
copper grids and imaged with transmission electron
microscope (TEM) using Jeol JSM 3010 300 kV, and
TEM micrographs were obtained with JEOL JEM 1220.
EDAX analyses of the latex films were examined by
field emission—environmental scanning electron micro-
scope—energy distribution spectrometry (FE-ESEM-
EDS) (FEIQuanta 450 FEG) to obtain surface images
and characterize the elemental composition. Stress—
strain analysis was carried out with SHIMADZU AG-
XD 50kN device with 5 mm/min shrinkage speed, and
results were given as the average of three measure-
ments. DMA analysis was carried out with SHIMAD-
ZU AG-XD 50kN device with 5 mm/min shrinkage
speed and with PerkinElmer DMA 8000 device, with
3°C/min heating speed, 1 Hz vibration frequency,
0.05 mm/min shrinkage speed, and between — 60 and
100°C range, respectively. To examine the changes of
latex films under UV light, the latex films were exposed
to UV light of 254 nm for 96 h in the UV cabinet. Color
measurements of samples were performed with Data-
color 400 brand color measurement instrument.

Results and discussion

When nanoparticle-filled latexes are obtained, it is
expected that no coagulation occurs, the particles do
not precipitate over time, and the resulting latex
remains stable during the waiting period (such as no
phase separation, solidification, film formation). At this
point, miniemulsion polymerization was used as a
preferable approach to obtain stable latex droplets. To
this end, the effects of different parameters for the
synthesis of ZnO and TiO, nanoparticle-filled latexes
were examined. Stability of the latexes and sedimen-
tation problem of the nanoparticle were observed in
the study conducted with different ratios of emulsifier
and nanoparticle without acrylic acid (AA) and hex-
adecane (HD). In addition, since acrylic acid caused
dissolution of ZnO nanoparticles and coagulation,
neutralized acrylic acid was used in subsequent exper-
iments.*' In polymerization experiments using acrylic
acid and hexadecane, the best results were achieved
using 8% AA, 4% HD, and 4% SDS (based on the
amount of monomer). Furthermore, SBC and APS
amounts were used as 0.5% and 0.75%, respectively,
according to the monomer amount. Some properties of
latexes with different ratios of ZnO and TiO, nanopar-
ticles prepared using these optimum conditions are
given in Table 2.

The solids content, zeta potential values, and parti-
cle sizes of the synthesized latexes are shown in
Table 2. Considering the recipe used in latex synthesis,
the theoretically calculated amount of solid content
was = 30%. Table 2 shows that the results are very
close to the theoretical results in all experiments and
conversions are close to 100%. Particle sizes are given
as a z-mean result. When the particle size analysis
results are examined, the particle sizes of the latex
containing ZnO and TiO, nanoparticles alone are close
to sample 1 (pristine polymer latex) and not dependent
on the nanoparticle amount. In contrast, in the latexes
containing both nanoparticles together (sample 6, 7
and 8), particle sizes were observed to increase up to
120 nm. Although it is known that the particle sizes
increase with the addition of nanoparticles,'®0-%4243
there is no literature regarding the increase in particle
size by adding ZnO and TiO, nanoparticle together.
Faucheu et al.*’ reported an increase in particle size
with increased amount of clay for clay MMA-BA
composite polymers prepared using water soluble
initiator and miniemulsion polymerization. Similar
cases were also reported by Leiza and co-workers.
Interestingly, Romo-Uribe et al.** reported that the
latex (MMA/BA/AA) particle size remained about
constant (140 nm) with nano-SiO, concentrations. As
shown in Table 2, zeta potential values indicate that
stable latexes were obtained; especially, ZnO/TiO,
nanoparticle mixtures seem to be more effective on the
stability of latexes.
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Table 2: Effect of nanoparticles on SC, zeta potential, and particle size

Sample No. TiO5 (%) Zn0 (%) SC% Zeta Potential (mV) (Di-) (nm)
1 - - 29.3 — 68.2 59
2 - 1 30.8 — 48.6 61
3 - 2 29.3 —71.6 60
4 1 - 29.6 —59.0 54
5 2 - 30.0 —61.8 51
6 0.5 1 30.1 — 83.8 118
7 1 1 31.3 — 88.5 120
8 0.5 0.5 30.5 — 847 123
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Fig. 1: XRD patterns of the ZnO-TiO, nanoparticles and latex films of sample 3 (2% Zn0), sample 4 (1% TiO,) and sample 5

(2% TiO,)
XRD results

XRD patterns of TiO, and ZnO nanoparticles and
latex films containing these nanoparticles are given in
Fig. 1. As shown in Fig. 1, latex films containing TiO,
had diffraction peaks originating from TiO,, and the
intensity of these peaks appropriately increased with
TiO; concentration. No diffraction peak was observed
for the latexes including ZnO nanoparticle. This could
be explained by the fact that ZnO nanoparticles
randomly dispersed in latex and exfoliated nanocom-
posite formation.'>!” However, it was also reported by
Youssef, et al, while diffraction peak was observed in
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high ZnO loadings, no diffraction peak was observed in
low ZnO loadings.* Additionally, diffraction peaks in
the TiO, containing film were sharper and shifted
relative to the diffraction peaks of the TiO, nanopar-
ticles themselves which could be evaluated as an
indication of aggregation of the TiO,.

TGA results

TGA analysis of filmed latex samples was performed to
examine whether there was a change in the thermal
stability of latex samples. TGA curves are given in
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Fig. 2: Thermograms of the latex film and nanocomposite latex films

Fig. 2. As shown in Fig. 2, latex and nanoparticle- demonstrating agglomeration in some places. The
added latex films were thought to exhibit two-stage  reason could be attributed to the aggregation of
degradation and the first degradation step was between  nanoparticles during film formation from the latex.
80 and 150°C and about 3% mass loss, which were due ~ However, as seen from the SEM images (Fig. 3¢c) of the
to water loss. When the detailed graph given in Fig. 2  latex containing nanoparticle mixture, it was seen that
for the second degradation step (225°C initial) was  the nanoparticle distribution was more homogeneous;
investigated, it was observed that the latex without in other words, there was no agglomeration. This could
nanoparticle was more easily degraded, and the ZnO  be interpreted as a positive synergistic effect on
nanoparticles increased thermal stability more than  nanoparticle distribution when nanoparticles were
TiO,. This increased thermal stability could be  used together. When the TEM images, given in Fig. 4
attributed to crosslinking agent behavior of the ZnO  are examined, it is clearly seen that the nanoparticle
nanoparticles.®*® Likewise, it has been stated in the  sizes vary in the range of 30-70 nm and the particles
literature that ZnO nanoparticles are capable of self- are dispersed in the latex even though there is
crosslinking in latex containing neutralized carboxylic ~ agglomeration. It is also noteworthy that in Figs. 4a
groups in the wet state and during drying at room and 4b, the ZnO nanoparticles are encapsulated.*
temperature.’’** Since sample 5 contains both ZnO  Moreover, the dark lines between the polymer parti-
and TiO, nanoparticles, its thermal stability remained  cles show the pinhole effect reported by Tauer
between the ZnO including latex film and TiO, et al.'®*® Additionally, images of the electron diffrac-
including latex film. When the residue amounts were  tion analysis in the TEM (selected area electron
compared, it was noted that latex films containing ZnO  diffraction-SAED) are given for sample 3 (2% ZnO)
showed the highest thermal resistance. and sample 5 (2% TiO;) (see Figs. 4e and 4f).
Considering the copolymer composition (component
that can make diffraction), diffraction rings with
SEM and TEM results different images evidently demonstrate that latex
samples contain ZnO and TiO, nanoparticles.
SEM images and EDAX analysis results of latex films
containing ZnO and TiO, nanoparticles are given in
Fig. 3 with x 50k magnification. As seen from EDAX  Mechanical properties of the latex films
results in Fig. 3, it is clear that ZnO and TiO,
nanoparticles were incorporated into the latex. In  Stress-strain analysis and DMA (dynamic mechanical
addition, it was seen from the SEM images that the  analysis) were performed as three parallel studies to
nanoparticles were distributed within the latex, with  determine the mechanical properties of the films
some being homogeneous in some places, and others  obtained from the synthesized latex. When Table 3
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Fig. 3: SEM images and EDAX analyses (a) film of sample 3 (2% ZnO) (b) film of sample 5 (2% TiO,) (c) of sample 7 (mixture

of 1% Zn0-1% TiOy)

and Fig. 5 are examined together, it is understood that
ZnO-embedded latex films had the highest mechanical
strength due to crosslinking effect mentioned in ther-
mal properties section, and considering samples 6, 7,
and 8, ZnO was more effective than TiO, in view of
increasing the mechanical properties of latex films.
Table 3 shows that the maximum force was already
observed in sample 3 containing 2% ZnO nanoparticle.
Although it was understood that the results of the
pristine latex film (sample 1) showed good resistance
compared to the nanocomposite films, the film thick-
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ness should not be neglected. In particular, the
mechanical strength of latexes containing 1% ZnO
and 1% TiO, nanoparticle samples seems to be quite
good considering the film thicknesses. The modulus vs
temperature curves of the obtained latex films are
given in Fig. 6a. As shown in Fig. 6a, there was a slight
decrease in the modulus values of the latex films
incorporated into the nanoparticle, and this decrease
was not as much in both the glassy state and the
rubbery region for the films containing 2% ZnO. This
decrease appeared to be greater in films alone con-
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Fig. 4: TEM micrographs of sample 3 with 2% ZnO (a) scale 200 nm (b) scale 100 nm (c) electron diffraction and sample 5
with 2% TiO, (d) scale 200 nm (e) scale 100 nm (f) electron diffraction

Table 3: Stress—strain results of the prepared latex films

Sample No. Max. force all area (N) Max. stress all area (N/mm?) Max. strain (%) Sample thickness (mm)
1 27.8 + 8.1 3.74 £ 0.36 814 + 242 0.96 + 0.07
2 31.1 £ 4.2 2.63 + 0.77 771 + 214 1.09 £ 0.18
3 323 +6.2 4.44 + 0.39 929 4+ 197 0.87 + 0.06
4 214 £ 55 2.86 + 0.21 542 + 226 0.80 + 0.17
5 21.3 £ 3.0 3.46 £ 0.70 683 + 122 0.84 £ 0.10
6 252 +7.9 2.97 £ 0.29 665 + 174 0.69 £+ 0.16
7 265 +7.9 4.26 + 0.43 865 + 128 0.69 + 0.11
8 143 £ 6.2 3.69 £+ 1.49 491 + 144 0.75 + 0.17

taining TiO, and the mixture (1% ZnO and 1% TiO,).
While the mechanical properties of latex films con-
taining nanoparticles were expected to increase, this
loss in modulus was thought to be related to decrease
in molecular weight with the addition of nanoparti-
cles.”>*" The curves of Tan § vs temperature of latex
films are given in Fig. 6. As shown in Fig. 6, the
temperature at which polymer films began to soften,
i.e., Ty values, was almost the same. The ~ T, value
calculated from the Fox equation for the Sty-BA-AA
(sodium acrylate in this study) copolymer composition
in this study is around + 15°C. As shown in Fig. 5.7, in
the synthesized latex films, a transition from glassy to
rubbery was observed below this temperature (0-

10°C). Nanoparticles appeared to slightly widen the
curve. This can be interpreted as a decrease in glass
transition temperature, especially for samples 5 and 7.
This can be explained by the fact that the incorporated
nanoparticles supplied plasticizin% properties to the
latex films, even to a small extent.>

Yellowing test of the latex films
Color measurement results of latex films kept under

UV light for 96 h are presented in Table 4. Given delta
b values in Table 4 were measured based on measuring
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Fig. 5: Stress—strain curves of the prepared latex films

the difference in color between exposed and masked
portions of the same film. The value of —b means that
the samples move away without yellowin%, and + b
values mean that the samples turn yellow.”’>" When
Table 4 is examined according to this definition,
yellowing occurred in sample 1, which is pristine latex
film. Except for sample 4, it is seen that the latex film
samples with nanoparticle are effective against yellow-
ing and move away from yellowing. It is concluded that
the most effective condition against yellowing was in
sample 6; less than 2% TiO, and less than 1% ZnO
nanoparticles were not effective against yellowing and
ZnO was more effective than TiO, against yellowing.

Conclusions

The composite latexes containing the ZnO and TiO,
nanoparticles were investigated to meet the conditions
(emulsifier amount, HD amount, AA amount), such as
the formation of coagulum, the nanoparticles not
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collapsing over time, and the stability of the obtained
latex during the waiting period. As a result of the work
done:

e AA should be used in a neutralized way

e Stable latexes cannot be obtained when using HD
less than 4%

e Itis concluded that 4% SDS amount is sufficient for
obtaining 30% solid latex, and latexes synthesized
under these conditions are stable from the zeta
potential data

Results obtained from SEM-EDAX and TEM
analysis show that nanoparticles were dispersed in
latex. It is concluded that nanoparticles partially
increase the thermal stability of latex films. From the
stress—strain analysis results of the latex films, espe-
cially ZnO nanoparticles caused an increase in strength
due to ZnO crosslinking effect. It is understood from
the DMA analysis results that the films began to
change from glassy to rubber in the range of 0-10°C,
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Table 4: Yellowing results of the latex films

Sample No. TiO2 (%) Zn0 (%) Ab

1 - - 2.53
2 - 1 — 3.58
3 - 2 — 412
4 1 - 2.83
5 2 - — 0.80
6 0.5 1 —8.33
7 1 1 — 3.66
8 0.5 0.5 — 1.46

and nanoparticles did not change this value much. As a
result of the yellowing test, ZnO- and TiO,-doped
latex films showed better resistance to yellowing
caused by UV light and ZnO was more effective for
yellowing than TiO,.
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