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a b s t r a c t

In this study, TiO2/acrylonitrile-styrene-acrylate (ASA) nanocomposites with different loading content of
TiO2 were prepared via in situ emulsion polymerization. Before the polymerization, TiO2 nanoparticles
were dispersed in the reaction monomer by ultrasonic to reduce the agglomeration of TiO2. A series of
characterization were taken to study the properties of the nanocomposites. The result of Wide angle X-
ray diffraction (WAXD) analysis indicated that the crystal form of TiO2 remained unchanged after the in
situ emulsion polymerization. Interestingly, the introduction of TiO2 induced a significant improvement
in the impact toughness of TiO2/ASA nanocomposites, which increased dramatically by about 10 kJ/m2

compared with neat ASA. And we attributed this improvement to the better dispersibility of TiO2 in ASA
matrix which is proved by Transmission Electron Microscopy (TEM) analysis. In addition, the solar
reflectance of the nanocomposites was related to the addition of TiO2 nanoparticles. The more the TiO2

nanoparticle was added, the higher the solar reflectance of the nanocomposite was. Moreover, the
outdoor temperature test just proved the result of the solar reflectance.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, the organic/inorganic nanocomposites or hybrid
materials have attracted extensive attention as they represent
pretty excellent chemical and physical properties [1e4]. Clearly,
The obtained nanocomposites or hybrid materials might offer the
opportunity to combine the desirable properties of both organic
polymer and inorganic solid [5,6]. Titanium dioxide (TiO2) is often
used as the inorganic filler particles in the composite preparation
for its excellent weatherability, chemical stability, thermal stability
and intensive ultraviolet absorption [7,8].

Acrylonitrile-styrene-acrylic (ASA) terpolymer prepared by
grafting copolymerization of styrene and acrylonitrile monomers
onto acrylic rubber particles was developed in the 1970s as an
impact-resistance thermoplastic [9]. ASA has a similar structure
with acrylonitrile-butadiene-styrene (ABS) terpolymer expect the
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).
butadiene rubber was replaced by acrylic rubber, which can resolve
the physical (or chemical) aging of butadiene rubber [10]. There-
fore, ASA has many excellent properties, such as good toughness,
dimensional stability, aging and weatherability and thermal sta-
bility, for which ASA is used in a wide variety of applications
including outdoor materials, automobile, electronics and so on. If
we introduce the inorganic TiO2 nanoparticles to ASA polymeric
matrix to form TiO2/ASA nanocomposite, it might lead to some
much better properties. Melt blending is an easy and commonway
to prepare hybrid composites containing TiO2 nanoparticles
[11e14]. However, some disadvantages such as the agglomeration
of TiO2 in polymeric matrix will negatively affect some properties of
the hybrid composites [14,15]. Xu et al. had prepared the composite
of TiO2 and ASA by solution mixing, and they improved the dis-
persibility and compatibility of TiO2 in ASA matrix by surface
organic modification of TiO2. Finally, the UV absorption properties
as well as the heat resistance and the acid and alkali resistance of
the composite were all improved [16]. Here, we try another way,
that is in situ emulsion polymerization, to prepare TiO2/ASA
nanocomposites.

In our present work, TiO2/ASA nanocomposites with different
loading content of TiO2 were prepared by in situ emulsion
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polymerization. Before the polymerization, TiO2 nanoparticles
were dispersed in the reaction monomer by ultrasonic to reduce
the agglomeration of TiO2. Among all the characterization, we
focused on the influence of introduced TiO2 nanoparticles on the
mechanical and cooling properties of TiO2/ASA nanocomposites.
Table 1
2. Experimental

2.1. Materials

The titanium dioxide (TiO2 R902) powder was a product from
DuPont Company, America. N-butyl acrylate (BA, CP) and styrene
(St, CP) were both purchased from Shanghai LingFeng chemical
reagent Company Limited, China. Acrylonitrile (AN, CP) was
received from Yixing Lilai Chemical Company Limited, China. Dis-
tillated deionized water (DDI) was commercially obtained from
Nanjing Wanqing Chemical Classware Istrument Company Limited,
China. Allyl methacrylate (AMA, AR) was supplied by Aladdin
Chemistry Company Limited, China. Tert-Dodecylmercaptan (TDM,
CP) was purchased from Sinopharm Chemical Reagent Company
Limited, China. Sodium dodecyl sulfonate (SDS, CP), ammonium
persulfate (APS, AR) and sodium hydroxide (NaOH, AR) were also
purchased from Shanghai LingFeng chemical reagent Company
Limited, China. BA, St, and AN were firstly distilled at a reduced
pressure before use.
Recipes of the three stages for preparation of TiO2/ASA latexes.

Ingredients The first stage (g) The second stage (g) The last stage (g)

TiO2 0/1.5/3.0/4.5 e e

St 30 60 e

BA e e 45
AN e e 15
DDI 150 180 90
APS 0.075 0.09 0.15
SDS 0.0654 0.0784 0.0392
TDM e e 0.06
NaHCO 0.1 0.2 0.2
2.2. Synthesis of TiO2/ASA nanocomposite emulsion

TiO2/ASA nanocomposite emulsion was synthesized by adding
TiO2 nanoparticles during in situ emulsion polymerization. The
schematic diagram for the preparation of TiO2/ASA nanocomposite
emulsion is shown in Scheme 1. And the whole synthetic process
could be divided into the following three stages. The first stage is to
synthesize PBA seed latexes. Different amounts (0, 1, 2 and 3 wt% of
Scheme 1. Schematic diagram for the preparat
total monomer) of TiO2 nanoparticles was dispersed into 30 g of BA
monomer by ultrasonic disperser (NH-1000, Shanghai Hanuo In-
strument Company Limited, China) for 30 min, while a certain
amount of SDS and NaHCO3 were dissolved in DDI. Then the
dispersion and the aqueous were mixed by mechanical stirring in a
four-neck flask equipped with a reflux condenser, a nitrogen inlet, a
thermometer, and a mechanical stirrer. The mixture was stirred at
room temperature for several hours. Next, the initiator APS was
added drop wise to the reaction mixture, and the polymerization
was carried out at about 70 �C in an oil bath for 3.5 h under nitrogen
atmosphere. The second stage is to enlarge the particles of PBA and
synthesize PBA core latexes. A certain amount of BA pre-emulsion,
APS and NaHCO3 were complementally added, and polymerized at
the same reaction condition as above. The last stage is to synthesize
TiO2/ASA latexes. The pre-emulsion of St and AN, a certain amount
of APS, NaHCO3 and chain transfer agent TDM were com-
plementally added, and polymerized at the same reaction condition
as above. the specific recipes are listed in Table 1.
2.3. Sample preparation

The synthesized TiO2/ASA nanocomposite latexes were dried in
ion of TiO2/ASA nanocomposite emulsion.
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tetrafluoroethylene molds for 5 h. Then, the dried TiO2/ASA nano-
composites were fused in a two-roll mill at 180 �C to remove the
micromolecules, followed by molding into sheets of approximately
30 mm, 1 mm and 4 mm in thickness by compression-molding at
175 �C. The sheets of approximately 30 mm thickness were prepared
for Fourier transform infrared (FTIR) tests. The dumb-bell shaped
pieces cut from 1-mm sheets were used for tensile test. Rectangular
samples (80 � 10 � 4 mm3) were machined for impact test.

2.4. Characterization

2.4.1. Transmission Electron Microscopy (TEM) analysis
TEM was used to observe the dispersibility of TiO2 in ASA ma-

trix. The morphology of the latexes were observed using a trans-
mission electron microscope (JEM-1011, JEOL, Japan) with an
accelerating voltage of 100 kV. The latexes were further diluted
with DDI, and then diluted droplets were transferred onto the
copper grids, mesh 200, and dried in open air.

2.4.2. FTIR spectra analysis
The transmittance infrared spectroscopy was obtained by a FTIR

spectrometer (Nexus 670, Nicolet, USA). And the testing condition
was set at the resolution of 4 cm�1 with 32 scans for each spectrum
in the range of 4000e400 cm�1.

2.4.3. Wide angle X-ray diffraction (WAXD) measurement
WAXD patterns were recorded on a Rigaku Smart Lab 3000

diffractometer (MiniFlex 600, Rigaku, Japan) using Cu Ka radiation
(35 kV/30 mA). Scanning was performed from 5� to 80� at a rate of
10�/min.

2.4.4. Mechanical properties
The test of Notched Izod impact strength was carried out on an

Izod impact tester (UJ-4, Chengde Machine Factory, China) at room
temperature according to ISO 180. The tensile property was eval-
uated using a universal testing machine (CMT 5254, Shenzhen
SANS testing machine, Co., Ltd., China) at stable rates of 5 mm/min
following ISO 527.

2.4.5. Scanning electron microscopy (SEM) analysis
The morphology of the impact-fractured surfaces of ASA and

TiO2/ASA nanocomposites was observed through a SEM apparatus
(JSM-7600F; JEOL, Japan) with a working voltage of 15 kV. The
fracture surfaces of blends were coatedwith a thin conductive layer
of gold before scanning.

2.4.6. UltravioleteVisibleenear infrared (UVeViseNIR) spectral
measurement

The UVeviseNIR spectral measurement was conducted by a
spectrometer with an integrating sphere (Shimadzu UV-3600,
Japan). The spectral region used to conduct the solar reflectance
and transmittance was from 280 to 2500 nm. Barium sulfate was
used as a white reference. The reflectance of each region in solar
irradiation can be calculated by the following equation [17,18]:

Rl0/l1 ¼
" Zl0
l1

rðlÞiðlÞdl
#," Zl0

l1

iðlÞdl
#

(1)

where Rl0/l1 is the reflected fraction of solar irradiation incident at
wavelengths between l0 and l1, and Rl0/l1 is the irradiance-
weighted average of its spectral reflectance rðlÞ, iðlÞ is the solar
spectral irradiance (power per unit area per unit wavelength).

The irradiance-weighted average reflectance included solar
reflectance Rsol (280e2500 nm), UV reflectance Ru (280e400 nm),
visible reflectance Rv (400e700 nm), and NIR reflectance Rn
(700e2500 nm). The total solar reflectance can be calculated by the
following equation, which is based on the aforementioned distri-
bution of each solar power (5% UV, 43% visible, and 52% NIR) yield
[17,18],

Rsol ¼ 0:05Ru þ 0:43Rv þ 0:52Rn (2)

2.4.7. Temperature test
To evaluate the real cooling property of the nanocomposites, we

have designed a sandwich structure device [19]. The experiment
was performed in a sunny day at noon (from 12:00e13:00). The
inner temperature is read during a certain time interval.

3. Results and discussion

3.1. TEM analysis

TEM has proven to be a powerful tool for studying the disper-
sion of inorganic nanoparticles in polymer matrix [20e22].
Therefore, TEM micrographs of TiO2, ASA and TiO2/ASA nano-
composites were acquired and illustrated in Fig. 1. Clearly, the im-
ages at the high magnification provide a good evaluation about
particle size and morphology, especially the dispersibility of TiO2.
Compared with Fig. 1b, the dark parts in Fig. 1cee can refer to the
TiO2 nanoparticles as the atomic number of Ti is much higher [23].
When the TiO2 content is 1 wt%, it presents a uniform dispersion in
ASA, and the TiO2 particles are encapsulated in ASA as shown in
Fig. 1c. With the increasing loading content of TiO2, the dis-
persibility of TiO2 declines because some of TiO2 nanoparticles
begin to agglomerate as can be seen from Fig. 1d and e. Especially in
Fig. 1e, where relatively larger dark parts can be obviously
observed, and these large dark parts are mainly caused by the
relatively serious agglomeration of TiO2 nanoparticles.

3.2. FTIR analysis

To reveal the interactions between TiO2 and ASA chains, FTIR
spectra of TiO2, ASA and TiO2/ASA nanocomposites in the range
4000e400 cm�1 are shown in Fig. 2. The bands at 2931 and
1452 cm�1 are associated with the C-H asymmetric stretching and
bending vibration in methylene group, as well as 2874 and
1376 cm�1 are C-H symmetric deformation inmethyl group [24,25].
The bands at 1735 and 2238 cm�1 are respectively attributed to the
stretching vibration of carbonyl (C]O) [26e28] and cyano (C^N)
[29,30]. Moreover, the absorption peaks at 703 and 1602 cm�1 are
indicative of single substituted phenyl ring and vibration of ben-
zene skeletal ring, respectively [31]. Note that the broad peak below
700 cm�1 on TiO2 curve is assigned to TieOeTi bond [32], and it
should have been appeared on the TiO2/ASA curves. However, no
significant changes has been observed comparing ASA curve with
TiO2/ASA curves. The reasonsmay be as follows. Since the density of
TiO2 is much higher than ASA, the volume percent of TiO2 is much
smaller, even less than 1 vol% of ASA. Besides, there are also some
sharp peaks on ASA curve below 700 cm�1 and the peak positions
of them are close to that of TieOeTi bond. Therefore, the broad
peak of TieOeTi bond is difficult to be observed on TiO2/ASA
curves.

3.3. WAXD analysis

In order to confirm that the crystal form of rutile TiO2 remains



Fig. 1. TEM micrographs of TiO2, ASA and TiO2/ASA nanocomposites: (a) TiO2, (b) ASA, (c) (1 wt%)TiO2/ASA, (d) (2 wt%)TiO2/ASA, (e) (3 wt%)TiO2/ASA. (The magnification of a is
10,000 � and b-e is 20,000 � .)

Fig. 2. FTIR spectra of TiO2, ASA and TiO2/ASA nanocomposites. Fig. 3. WAXD patterns for TiO2, ASA and TiO2/ASA nanocomposites. Note that the
sharp peaks at about 38� , 44� , 64� and 78�are due to the aluminum sample holder.
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unchanged before and after the emulsion polymerization, WAXD
measurement was performed. WAXD diffraction patterns for TiO2,
ASA and TiO2/ASA nanocomposites in the range 5-80� are sketched
in Fig. 3. The broad peak between 15 and 25� is resulted from the
amorphous structure of ASA. Comparing TiO2/ASA nanocomposites
with the neat ASA, some new diffraction peaks appear at about
2q ¼ 27.5, 54.5 and 56.8�, which can be ascribed to the addition of
rutile TiO2 and indicates that the crystal form of TiO2 is not affected
by the emulsion polymerization process.
3.4. Mechanical properties

In order to evaluate the influence of the introduced TiO2 via in
situ polymerization on the mechanical properties of TiO2/ASA
nanocomposite, both impact toughness and tensile properties were
measured. Fig. 4 exhibits the impact properties of ASA and TiO2/
ASA nanocomposites. Interestingly, the introduction of TiO2 in-
duces a significant improvement in the impact toughness of TiO2/
ASA nanocomposites. The impact strength increases dramatically
from 22.6 kJ/m2 to 33.4 kJ/m2 when the TiO2 content is 1 wt%. This
remarkable improvement can be attributed to the following rea-
sons. The in situ polymerization process leads to a better dis-
persibility of TiO2 in ASA matrix according to the result of TEM
analysis. As reported, during the fracture of a nanocomposite, the
stress will have to be larger to start the microcrack on nanoparticle,
and the impact energy will largely be absorbed by the exhibited
plastic deformation which occurs more easily around the nano-
particles [33,34]. Therefore, the better dispersibility of TiO2 in ASA
matrix indeed results a better impact strength, which mainly owes
to the ultrasonic dispersion before polymerization as described in
Scheme 1. Besides, with the increasing content of TiO2, the impact
strength shows a slight decline which is mainly due to the
agglomeration of TiO2 nanoparticles as shown in TEMmicrographs.

The tensile properties of ASA and TiO2/ASA nanocomposites are
illustrated in Fig. 5. Traditionally, the introduction of rigid inorganic
nanoparticles tends to increase the stiffness of the nanocomposite
but decrease its strength and elongation at break [35]. However,



Fig. 4. Impact strength of ASA and TiO2/ASA nanocomposites.

Fig. 5. Tensile properties of ASA and TiO2/ASA nanocomposites.
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both the tensile strength and elongation at break increase with the
introduction of TiO2. The increased tensile strength can be attrib-
uted to the better dispersibility of TiO2 in ASA matrix resulted from
the in situ polymerization. Because of the high specific surface area,
TiO2 nanoparticles create a large interfacial area, which provides
TiO2/ASA nanocomposites the increased tensile strength by trans-
ferring stresses and elastic deformations from the ASA matrix to
TiO2 nanoparticles [36,37].
3.5. SEM analysis

It is well known that themorphology is usually the key factors to
influence the materials’mechanical properties. And SEM analysis is
usually performed to investigate the morphology of materials. The
SEMmicrographs of impact fractured surfaces of ASA and TiO2/ASA
nanocomposites are exhibited in Fig. 6. Firstly, We focus on the
micrographs at low magnification ( � 3000). Comparing with
Fig. 6a, Fig. 6bed presents different fractured morphology that
more root-like whiskers appear on the fractured surface of TiO2/
ASA nanocomposites. This morphology is probably related to the
addition of TiO2 and to some extent, this change of the fractured
morphology might be the reason for the dramatical increase of the
impact strength. Then, we change our focus to the micrographs at
high magnification (�20,000). Strangely, compared with Fig. 6a, no
obvious TiO2 nanoparticles can be observed in Fig. 6bed. However,
we can see some other changes. Compared with Fig. 6a, Fig. 6bed
shows different fracture morphologies with some raised parts. This
can be explained as follows. The in situ polymerization process
makes TiO2 nanoparticles be encapsulated in ASAmolecular chains,
just as the reaction product presented in Scheme 1 and the TEM
micrographs can prove this.When TiO2/ASA nanocomposites break,
TiO2 nanoparticles are still encapsulated in ASA molecular chains
instead of being stripped from the ASA molecular chains, which
results in the different fracture morphologies with some raised
parts.
3.6. Cooling properties

3.6.1. Solar reflectance
The solar reflectance is a very important property for a cooling

material which can indirectly reflect the cooling efficiency. Fig. 7
shows the solar reflectance of ASA and TiO2/ASA nanocomposites.
Significant absorptions can be seen above 1000 nm due to mid-IR
overtones of carbon hydrogen single bond vibrations and below
300 nm due to the carbonyl group of ASA [38]. Obviously, the solar
reflectance of the neat ASA is higher than that of TiO2/ASA nano-
composites in ultraviolet region due to the strong absorption effect
on ultraviolet light of rutile TiO2, which is of great importance to
protect materials from ultraviolet light externally [17,18]. However,
in the visible and near infrared region, the neat ASA has shown the
lowest reflectance curve compared with other nanocomposites,
indicating TiO2 nanoparticles linearly improve the solar reflectance
of ASA.

The irradiance-weighted average reflectance values calculated
using Eqs. (1)e(2) are displayed in Table 2. In ultraviolet region,
TiO2/ASA nanocomposites exhibit lower reflectance than that of the
neat ASA, which is consistent with the reflectance curves and
ascribed to the same reason. And the higher the content of TiO2, the
lower the reflectance of nanocomposite. Since the vibration of the
carbon and the hydrogen results in a large inevitable absorption of
the light, the reflectance value in near infrared is much lower than
that in the visible region. In addition, the reflectance value in-
creases with the increasing content of TiO2 both in visible and near
infrared region. Moreover, the weight of visible and near infrared
region covers the most part of the solar spectrum, the total solar
reflectance Rsol depends on the visible Rv and near infrared Rn parts.
Undoubtedly, the nanocomposites have higher total solar reflec-
tance than the neat ASA.
3.6.2. Temperature test
The temperature test can quantitatively reflect the real cooling

property of the samples [14]. Fig. 8 illustrates the temperature
change of the inner space of the device versus time interval.
Overall, the internal temperature rises at a gradually declining rate
with the increasing time and levels off eventually. As predicted, the
internal temperature of the empty device increases to the highest
due to direct solar radiation without any obstruction. By contrast,
the internal temperature of the device covered with the neat ASA
sample presents a much smaller increase, nearly 10 �C lower than
that of the empty device, which indicates that the neat ASA itself
has a good cooling property. This is perhaps due to two reasons.
One is that ASA is a kind of opaque material which leads less visible
light to transmit. But we are inclined to the second explanation: the
solar reflectance of ASA is rather highwhich is 46.75%, nearly half of
the total. Even so, the contribution of TiO2 to improving the cooling
property of ASA can be still reflected. As we can see, the tempera-
ture curve of TiO2/ASA nanocomposites is lower than that of the
neat ASA, which is consist with the solar reflectance values in
Table 1.



Fig. 6. SEM micrographs of ASA and TiO2/ASA nanocomposites: (a) neat ASA, (b) (1 wt%)TiO2/ASA, (c) (2 wt%)TiO2/ASA, (d) (3 wt%)TiO2/ASA. (The magnification of the top-right
insets is 20,000 � .)

Fig. 7. Solar reflectance of ASA and TiO2/ASA nanocomposites.

Table 2
Detailed irradiance-weighted average values of ASA and TiO2/ASA nanocomposites.

Samples Ru (%) Rv (%) Rn (%) Rsol (%)

ASA 38.03 56.80 39.27 46.75
(1 wt%)TiO2/ASA 32.97 62.42 40.85 49.73
(2 wt%)TiO2/ASA 28.71 62.79 43.73 51.17
(3 wt%)TiO2/ASA 23.86 67.76 44.89 53.67

All reflectance values of different bands (Ru, Rv, Rn) were calculated by Eq. (1), the
total solar reflectance values Rsol was calculated by Eq. (2).

Fig. 8. The temperature change of the inner space of the device versus time interval.
This temperature test is measured from 12:00e13:00 on 14th August 2015, the real-
time temperature of environment 32 �C, 32�403700N, 118�4601900E, in city Nanjing,
China.
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4. Conclusions

TiO2/ASA nanocomposites with different loading content of TiO2
were prepared by in situ emulsion polymerization. The result of
WAXD analysis indicated that the crystal form of TiO2 was not
affected by the emulsion polymerization process. Interestingly, the
introduction of TiO2 induced a significant improvement in the
impact toughness of TiO2/ASA nanocomposites, which increased
dramatically by about 10 kJ/m2. And we attributed this improve-
ment to the better dispersibility of TiO2 in ASA matrix which is
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proved by TEM analysis. Besides, the solar reflectance of the
nanocomposites was related to the addition of TiO2 nanoparticles.
And themore the TiO2 nanoparticle was added, the higher the solar
reflectance of the composite was. Moreover, the outdoor temper-
ature test just proved the result of the solar reflectance.
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