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ABSTRACT

Silica sol prepared by sol-gel method was introduced into poly(butyl acrylate) (PBA)/poly(butyl acrylate-styrene-
methacryloxypropyl trimethoxysilane) (PSBM) core-shell emulsions to prepare a series of paper surface sizing agents.
The rheological measurement indicated that PSBM emulsions exhibited shear-thinning behavior, and the phenomena
became more pronounced with increasing silica sol concentration. Dynamic mechanical analysis (DMA) demonstrated
that the stronger interfacial interaction between silica sol and polymer matrix, but microphase separation took place
with excess silica sol. Thereby the tensile strength and thermal stability of emulsion films were increased with desirable
silica sol concentration, and when silica sol concentration was greater than 6 wt%, the tensile strength leveled off and
the decomposition temperature decreased from 351.19°C to 331.63°C. The degree of crystallinity increased from 5.12%
to 10.98% with 4% silica sol addition, resulting in enhanced rigidity of films. Furthermore, the interaction between
polymer and fiber was improved with certain amount of silica sol, resulting in improved sizing degree, ring crush
strength, surface strength and folding strength. However, excessive crosslinking will be harmful for the properties of

sized paper.

Keywords: Core-Shell Emulsion; Silica Sol; Thermal Property; Mechanical Property; Surface Sizing

1. Introduction

Incorporation of inorganics into organic polymers via
covalent bonding has gotten particular attention since the
hybrid materials will have a controllable combination of
properties of both organic polymers and inorganics [1-4].
Nano-silica, as one of inorganic materials, was always
employed to blend with polymer to obtain hybrid materi-
als, due to its lower surface free energy, high hardness,
good wear resistance, thermal stability and durability [1].

In general, silica/polymer composite materials were
prepared by mechanical mixing, molding techniques and
sol-gel method. Sol-gel method was one of the most im-
portant ways to synthesize hybrid materials composed of
polymer and SiO, owing to its mild processing condition
[5-9]. In addition, polymer having functional groups that
have specific interactions with silanol groups can prevent
the macrophase separation and obtain composites with
high homogeneity and optical transparency [9-11]. It is
also reported that mechanical properties and macrophase
separation can be improved with increasing hydrophilic-
ity and polarity of polymer matrix [9]. However, hybrids
obtained from traditional sol-gel synthesis techniques
have high volume shrinkage.
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Nano-silica particles have a number of hydroxyl grou-
ps on the surface, resulting in strong interfacial interac-
tions between nano-silica particles and polymer matrix
[12]. However, aggregations among nano-silica particles
take place simultaneously [13,14]. It is difficult for nano-
inorganic particles to disperse in polymer matrix at nano
scale [15,16]. Using nano-silica prepared by hydrolytic
polymerization of tetraethoxysilane (TEOS) through
sol-gel process has been demonstrated to be a good me-
thod to overcome the above-mentioned shortcomings
[17,18].

The alkoxysilanes, as bifunctional substances, are also
intensively adopted to increase the interaction and misci-
bility between filler and polymer matrix [19]. In general,
silica particles modified with silane coupling agents are
always blended with polymer emulsion to improve the
interaction between polymer and silica particles [20,21].
The route to synthesize stable poly(butyl acrylate) (PB-
A)/poly(butyl acrylate-styrene-methacryloxypropyl trime-
thoxysilane) (PSBM) core-shell emulsion using polyme-
risable maleate surfactant has been studied in our previ-
ous study [22], as well as the effects of silane coupling
agent [23]. However, the introduction of silica sol may
induce phase separation which greatly influenced the
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mechanical properties, thermal stability and water resis-
tance of emulsion films. Therefore, it was indispensible
to systematically investigate how the change in silica sol
concentration controlled the properties of the emulsions
and films.

The main objective of this paper is to investigate the
approach to improve the mechanical properties and water
resistance of the emulsions films and corresponding sized
paper through controlling interactions among polymer
chains and fibers. In this paper, silica sol prepared by
sol-gel method was directly introduced into poly(butyl
acrylate) (PBA)/poly(butyl acrylate-styrene-methacryloxy-
propyl trimethoxysilane) (PSBM) core-shell emulsion to
obtain paper surface sizing agent. Effects of silica sol
concentration on rheological behavior, static and dyna-
mic mechanical properties, crystallinity, and thermal pro-
perties of emulsion films were studied. In addition, the
properties of papers which were sized with PSBM emul-
sions of different silica sol concentration, such as sizing
degree, surface strength, crush strength and folding
strength, were investigated.

2. Experimental
2.1. Materials

3-Methacryloxypropyl trimethoxysilane (MPTS) (Wuhan
Institute of Applied Technology, China) were used as
received. Sodium bisulfite (NaHSO3), potassium persul-
fate, ferric chloride, ammonium thiocyanate and aqueous
ammonia (NH;-H,O) from Tianjin Dengfeng Chemical
Reagent Co. (China) were all analytically pure grades,
and were used without further purification. The analyti-
cal reagents butyl acrylate (BA), methacrylic acid (MA-
A), styrene (St) and octadecyl acrylate (ODA) were all
purchased from Tianjing Chemical Reagent Factory
(China) and were distilled under vacuum before use. Po-
lymerisable surfactant was prepared in our laboratory
[22].

2.2. Synthesis of Polymerisable Surfactant (MT)

1 mol Maleic anhydride and 1 mol Nonyl phenol eth-
oxylate were stirred in a melted state at 70°C for 3 h.
NH;-H,O was then added dropwise to the reaction mix-
ture to adjust the pH value of reaction system to 6 and
thereafter the temperature was maintained at 90°C - 95°C
until the solution became transparent. After additional 2h,
a kind of transparent solution with 35% solid content,
that is, polymerisable surfactant (MT) was obtained by
adding certain amount of distilled water.

2.3. Preparation of Poly (BA-n-ODA) Seed
Emulsion

1.5 g polymerisable surfactant (MT) and distilled water
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were introduced into a 250 ml four-necked flask equip-
ped with a reflux condenser, a mechanical stirrer and a
digital thermometer. Then 16 g BA, 0.5 g MAA, 0.1 g
NaHSO; and 0.2 g ODA were added into the flask. After
additional 30 min equilibration at 70°C, 6 g 5% potas-
sium persulfate aqueous solution was dropped into the
flask in 1 h, then the system was kept at 70°C with con-
stant stirring for additional 2 h.

2.4. Seeded Emulsion Polymerization

0.2 g NaHSO; and 50 g water were added into the
above-mentioned seed emulsion. Then the mixture of 16
g St, 16 g BA, 1.0 g MAA and MPTS was dropped into
the flask under starved-feed addition, and simultaneously
10 g 5% potassium persulfate aqueous solution was in-
troduced slowly into the reaction system. The reaction
was kept for another 2 h after the addition was completed.
Then the obtained emulsion was cooled to room tem-
perature. Finally, ammonia was adopted to adjust the pH
value of emulsion in the range of 7 - 8.

2.5. Preparation of Silica Sol

A calculated amount of tetraethyl orthosilicate (TEOS),
water, hydrochloric acid, and ethanol was added into a
three-neck flask and stirred until the mixture became
uniform. The molar ratio of TEOS: water: hydrochloric
acid: ethanol was 1:1:0.01:4. The hydrolyzation of TEOS
mixture was carried out under continuous stirring for 48
h at ambient temperature, and then transparent viscous
silica sol was obtained; its average particle size was
109.3 nm.

2.6. Preparation of Hybrid Films

Silica sol of different concentration was premixed with
core-shell emulsion and then the mixture was stirred at
room temperature for 30 min. The resulting emulsion
was cast on a tetrafluoroethylene plate to allow them to
dry at room temperature for 5 days, and then at 60°C for
12 h. After demoulding, the films were kept into a desic-
cator to avoid moisture.

2.7. Characterization

The rheological properties of emulsions were analyzed in
a TA Instrument” AR2000ex Rheometer. All measure-
ments were carried out at 25°C using concentric cylin-
ders geometry.

The tensile strength and elongation at break of the
films were measured on a multifunctional electronic
strength tester TS 2000-S (Scientific and Technological
Limited Company of High Iron in Taiwan). Tensile test
bars (5 x 70 mm®) were cut from PASi films of 0.4 - 0.7
mm thickness. The standard tensile test performed was
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an adaptation of ASTM 412-83, D 638-84, and D 882-83
methods.

Temperature dependence of dynamic mechanical
properties was conducted using an America TA Q800
dynamic viscoelastometer at an operating frequency of
1Hz from —70°C to 150°C at a heating rate of 3°C-min"".

The WAXD analysis of the samples was performed on
Rigaku D/max-2200pc X-ray diffractometer (Bruker axs
Co.) in the range of 26 = 5° - 45°. And the degree of crys-
tallinity was accordingly calculated by the software.

Thermogravimetric analysis (TG) and differential ther-
mogravimetry (DTG) were performed in an American
TA Q500 thermal analyzer. Film samples about 10 mg
were placed in a platinum sample pan and heated from
20°C - 600°C under N, atmosphere, at a heating rate of
10°C-min ™",

2.8. Paper Sheets Preparation and
Characterization

For each experiment, four 60 g-m > paper sheets for phy-
sical property testing were prepared according to TAPPI
method T205. All paper samples were dried, conditioned
(for 24 h before any physical testing) and tested in the
standard environment (22°C + 2°C and 50°C + 2% rela-
tive humidity).

Sizing efficiency was measured as Stockigt sizing de-
gree (JIS P 8122, JIS method 1979). The specimens of
paper were placed on the surface of 2% ammonium
thiocyanate (NH4SCN) solution; the temperature was
maintained at 20°C £ 1°C. Then a drop of 1% ferric chlo-
ride solution was dropped onto the surface of the speci-
men. Switch off timer when three red spots were detected,
and the time was recorded as Stockigt sizing time. For
each test unit, five specimens with the felt side and five
with the wire side were measured.

For each surface strength test unit 6 specimens (200
mm X 15 mm) were prepared, all tests were measured by
IGT picking speed detector (Sichuan Changjiang Paper
instrument co., Itd).

For each folding endurance test unit 10 specimens (15
mm X 100 mm) were prepared, all tests were performed
on YQ-Z-31 vertical folding tester (Sichuan Changjiang
Paper instrument co., Ltd.).

For each ring crushing strength test unit 10 specimens
(15 mm x 120 mm) were prepared, all tests were per-
formed on DCP-KY3000 computer control compression
tester (Sichuan Changjiang Paper instrument co., Ltd.).

3. Results and Discussions
3.1. Rheological Behavior of Hybrid Emulsion

The viscosities of core-shell emulsions with different
silica sol concentration are plotted as a function of shear
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rate in Figure 1. It was obvious that the viscosity in-
creased with increase of silica sol concentration at higher
shear rate from 0.1 s™' to 1000 s', indicating an enhan-
ced interaction among emulsion particles.

However, the viscosity displayed irregular change es-
pecially when shear rate was lower than 0.1 s'. The
main reason was that temporary physical network struc-
ture maybe formed among silica sol and emulsion parti-
cles with the addition of silica sol, which can be de-
stroyed by higher shear rate. And the irregular change in
viscosity suggested that the physical network structure
formed in the emulsion was not uniform.

It was also obvious that the viscosity decreased with
increasing shear rate, all emulsions exhibited shear-thin-
ning behavior, and the phenomena became more pro-
nounced with increasing silica sol concentration. This
means the internal networks formed between silica sol
and emulsion particles are rearranged upon shear rate, the
reduced viscosity can bring more convenience for coat-
ing process.

3.2. Mechanical Properties

The tensile strength and elongation at break of hybrid
films with different silica sol concentration were shown
in Figure 2. It was found that tensile strength increased
with increasing silica sol concentration. In this system,
silica sol acted as the crosslinker, crosslinking degree can
be increased with the increase of silica sol content.
Therefore interfacial interaction can be increased, result-
ing in higher tensile strength. However, when external
force was big enough to destroy the intramolecular
chemical bond, the tensile strength will have no rela-
tionship with crosslinking degree. That’s why tensile
strength almost kept constant when silica sol concentra-
tion was greater than 6 wt%.

It was also found that elongation at break decreased
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Figure 1. Viscosity versus shear rate curves with variation
in silica sol concentration.
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Figure 2. Effect of silica sol concentration on mechanical
properties of the films.

gradually. Since the brittleness of hybrid films was en-
hanced simultaneously due to the increase of crosslinking
degree, which lead to the decrease of elongation at break.

3.3. Dynamic Mechanical Thermal Analysis

Temperature dependence of storage modulus and loss
factor (tan o) with different silica sol concentration was
presented in Figures 3 and 4, respectively. It was found
that the storage modulus increased with silica sol addi-
tion, followed by decrease when silica sol concentration
was greater than 6 wt%. The increase of storage modulus
can be attributed to the strong interfacial interaction be-
tween the organic polymer phase and the inorganic
nano-silica phase. Similar phenomena were found in other
researches [24]. However, the storage modulus decreased
with further increase in silica sol concentration, which
can be attributed to stress concentration and microphase
separation induced by more crosslinking points in the
system.

It was also found that the intensity of tan § peak de-
creased, indicating that the movement of polymer chain

was restricted because of higher interfacial interaction [9].

By incorporation of silica sol into the polymer matrix,
rigidity of the composite material can be improved, espe-
cially when there are strong interfacial interactions be-
tween organic and inorganic phases.

Furthermore, a slight Tg shift to lower temperature
was observed when silica sol concentration was larger
than 2 wt%. Silica sol particles might act as “plasticiz-
ers”, leading to slight lowered Tg values [16].

3.4. Crystallinity

WXRD curves of hybrid films with 0 wt% and 4 wt%
silica sol were shown in Figure 5. The degree of crystal-
linity increased from 5.12% to 10.98% with 4 wt% silica
sol addition, demonstrating that the rigidity of films can
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Figure 3. Temperature dependence of storage modulus with
different silica sol concentration.
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with different silica sol concentration.
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Figure 5. WXRD curves of hybrid films with different silica
sol concentration.

be enhanced with increase of silica sol concentration.

3.5. Thermal Stability of Hybrid Emulsion Films

The TG and DTG curves of silica sol were shown in
Figure 6. It was found that silica sol degraded in two
steps: the first step (<174°C) can be attributed to physi-

ACES



196 X. LI

cally adsorbed water on the surface of silica sol particles;
while the second step in the range from 174°C to 650°C
was due to the degradation of hydroxyl groups and eth-
OXY groups.

The TG and DTG curves of hybrid emulsion films
with different silica sol concentration were simultane-
ously investigated, as shown in Figures 7 and 8, respec-
tively. As silica sol was introduced, the thermal decom-
position temperature increased from 325.5°C to 351.19°C.

The nano-silica particles in the continuous polymer
matrix endowed the materials with better thermal stabil-
ity through enhanced interfacial interactions, and the
effect is more pronounced with increasing silica sol con-
centration. Similar phenomena are found by other re-
searches [24]. However, the decomposition temperature
decreased from 351.19°C to 331.63°C when silica sol
concentration was greater than 6 wt%. This can be attrib-
uted to microphase separation among silica sol phase and
silicon-acrylic phase. The measured char yields of hybrid
films increased with increasing silica sol concentration.
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Figure 6. TG and DTG curves of silica sol.
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Figure 7. TG curves of hybrid films with different silica sol
concentration.
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Figure 8. DTG curves of hybrid films with different silica
sol concentration.

3.6. Surface Sizing Properties of Hybrid
Emulsions

Effects of silica sol concentration on paper sizing degree,
surface strength, folding endurance and ring crush
strength were shown in Figures 9 and 10. It was found
that Stockigt sizing time, surface strength, folding en-
durance and ring crush strength increased with certain
amount of silica sol concentration. Since the introduction
of nano-silica sol can enhance the interactions between
polymer and fibers. However, different maximum silica
sol concentrations were detected for different property
parameters. Surface sizing degree decreased when silica
sol concentration was greater than 6 wt%, which can be
due to the microphase separation as above-mentioned.
While surface strength and ring crush strength reached
maximum when silica sol concentration was 8 wt%. Sin-
ce surface strength and ring crush strength relied more on
crosslinking and rigidity of paper. Compared with the
influence of microphase sepearation, crosslinking degree
played a more important role, that’s why surface strength
and ring crush strength kept increasing till the silica sol
concentration reached 8 wt%. However, brittleness of
film increased simultaneously with increasing crosslink-
ing degree, resulting in sharp decrease of folding strength
just with 4 wt% silica sol.

4. Conclusion

In conclusion, the core-shell silicon-acrylic emulsions
were endowed with pseudoplasticity with the addition of
silica sol. With desirable amount of silica sol, the motion
of polymer chains was highly restricted due to the strong
interfacial interaction between the organic polymer phase
and the inorganic silica phase. As result, tensile strength
and thermal stability of emulsion films can be increased.
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Figure 10. Effects of silica sol concentration on paper ring
crush strength and folding strength.

Furthermore, the interactions among copolymer and fi-
bers were enhanced with the addition of silica sol, the
sized paper have higher sizing degree, ring crush strength,
surface strength and folding strength. Therefore, silica
sol can be utilized as a good cross-linking agent for poly-
mer emulsions to improve their mechanical property and
water resistance. Further study on the structure-property
relationship of silicon-acrylic/silica sol emulsions will
promote their application in the field of adhesive and
coating.
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