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Abstract

The water-based copolymer emulsion of MMA (Methyl methacrylate), BA (Butyl acrylate),
and MA (Methacrylic acid) was prepared by soap-free emulsion polymerization. Inorganic
silica nanoparticles were added to stabilize the latex particles in place of surfactants to
improve the mechanical properties of the copolymer film. The effects of silica content,
monomer ratio of MMA to BA, and functional monomer MA were studied. The addition of
silica nanoparticles improved the stability and the dispersion of the emulsions. Solid
content, viscosity, hydrophilicity, hardness adhesion, chemical resistance and tensile
strength were all enhanced by silica nanoparticles. Water soluble monomers, like MMA
and MA, increased the hardness, hydrophilic property and tensile strength of the
copolymer film. The particle size and alkali resistance were improved by MMA, but
reduced by MA. Additionally, MA improved the solid content and water resistance of the
film, but reduced the adhesion and acid resistance of the copolymer film.

Keywords: acrylic polymer, silica, nanocomposites, mechanical property.
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Chapter 1

Introduction

1.1 Background

Polyacrylate is a kind of highly transparent coatings, which has the broad resource of raw
material and convenience for mass production. Polyacrylate is applied to painting,
automotive coating, building coating, track and others, due to its plasticity, friction
resistance, weather resistance, transparency and low cost. The traditional oil-based coatings
always contain toxic and harmful solvent, like toluene and xylene. Water-based
polyacrylate coatings, which are called polyacrylate emulsion, are more environmentally
friendly and have lower amount of VOC (volatile organic compounds). However, the large
amount of surfactant added into the polyacrylate emulsion to stabilize the system can cause
the mechanical degradation and bring another kind of contaminants to water environment.
Some solid particles, like silica or alumina nanoparticles, can replace surfactant to stabilize
the polymer particles and bring additional mechanical, optics or electrical properties to the
polymer. This kind of emulsion is called pickering emulsion or soap-free emulsion [1].

And the composites of organic polymer and inorganic nanoparticles are nanocomposites,
they can combine the advantages of two different materials, improving the stiffness of the
coatings. In the last few years, nanocomposites have been widely used in many aspects
such as spaceship, army, medicine, material and biology [2]. Due to the special surface
effect, quantum size and macroscopic quantum tunneling effect, nanoparticles always have
relatively unique and excellent properties different from the bulk materials. Silica (SiO2)
nanoparticle is a kind of uniformed white powder and widely applied to coating due to
specific physical properties. Because of the small size, the addition of well-dispersed silica
will not affect the transparency of polyacrylic coating. So polyacrylic / silica
nanocomposite emulsion can have enhanced mechanical properties and high transparency.

1.2 Statement of the Problem

Because of the high elasticity and plasticity, the mechanical properties, such as hardness,
toughness, adhesion, and tensile strength of polyacrylic emulsion can be poor, which
sometimes do not satisfy the requirements for industry production. And at the same time,
for outdoor use or humid environment, the relatively water resistance or acid resistance of
coatings should be improved. The surfactant-based polymer emulsion is popularly
developed and used [3]. Only a few researches focus on the soap-free emulsion, especially
the mechanical properties of its film curing at high temperature. So, based on the research
background above and development requirement, this article focuses on the synthesis of
soap-free emulsion and the enhancement of polyacrylic/SiO2 nanocomposites coating film.
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1.3 Objectives

 To prepare polyacrylic/SiO2 nanocomposite by soap-free emulsion polymerization
method.

 To characterize the morphology, hydrophilicity and chemical resistance of the
nanocomposite.

 To evaluate hardness, adhesion and tensile strength of the nanocomposite.

1.4 Hypothesis

The nanocomposite emulsion particles with core-shell structure synthesized by soap-free
emulsion method, will improve the solvent resistance and mechanical properties of the
nanocomposite film.

1.5 Limitations

 The study is aimed only to investigate the solid content, size, viscosity of
polyacrylic/silica nanocomposite emulsion, and the water resistance, acid resistance,
alkali resistance, adhesion, hardness, hydrophilic property, and tensile strength of
the film curing under 90℃.

 This research also explores only the coatings deposited on zinc alloy substrate and
glass substrate.

 No comparison is carried out with other nanoparticles and techniques.
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Chapter 2

Literature Review

2.1 Introduction

Inorganic nanoparticles have not only excellent mechanical properties, but also large
specific surface area, high chemical activity, special optical properties, even magnetic
properties. They can be the good addition for other organic or inorganic materials to
improve some kind of properties. The composites of polymer and nanoparticles can
overcome the poor hardness, water resistance and tensile strength of polymer. For some
applications, such as the polyacrylic coating layer of zippers, the coating films can not pass
the washing test and be peeled off, which affect the appearance and corrosion resistance.
Thus the adhesion and abrasive resistance of polymer should be improved. This problem
can be solved by the addition of silica nanoparticles into polyacrylic acid. A lot of
researches have been done about the SiO2/polymer nanocomposites.

2.2 SiO2 nanoparticles

Nanoparticle is a kind of materials which has at least one dimension within
nanoscale(1nm-100nm). Due to the small size, nanoparticles have the large specific surface
area, high surface free energy and reactivity, which results in the specific optical, electrical,
mechanical properties, and at the same time, the high tendency to agglomerate. The
techniques to synthesize SiO2 nanoparticles include flame synthesis, reverse
microemulsion and sol-gel method [4].

2.2.1 Flame synthesis of SiO2

High temperature flame decomposition by reacting organic or inorganic silicon halide with
hydrogen and oxygen, is the common technique in industry. It can produce amorphous
flocculated silicon dioxide powder.

HClSiOOHSiCl 42 2224  (1)
2222233 2332 COOHHClSiOOHSiClCH  (2)

The disadvantages of flame synthesis are the difficulty to control the phase composition,
morphology and particle size. In some research[5], the specific surface area of silica by
flame synthesis could be controlled by the concentration of precursor and the addition of
organometallic silicon sources, such as hexamethyl-disiloxane and octamethylcyclotetra-
siloxane. The specific surface area of silica was smaller with the organometallic
compounds than silicon halide precursor. It was because he excess fuel from the
organometallic compounds increased the temperature of the flame.
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2.2.2 Reverse microemulsion

In reverse microemulsion, nanoparticles are synthesized in the reverse micelles consist of
surfactant molecules by adding precursors and catalyst into the solvent containing
surfactant[6]. This method is favorable to the grafting of functional groups to the surface of
nanoparticles. However, the applications are limited by the difficulty to removing the
remaining surfactant and high cost.

Dye-doped silica nanoparticles synthesized in w/o microemulsion could have
monodispersion[7]. It could be used in photostability and signal amplification. And the
surface modification of dye-doped silica was easier for bioseparation or bioanalysis
applications.

2.2.3 Sol-gel method

A typical process of the sol-gel method is the hydrolysis and condensation of
tetraethylorthosilicate (TEOS) under the condition of mineral base or acid, such as HCL.

Fig.2.1 Flow chart of a typical sol-gel process

Even under mild conditions, the production of the sol-gel method has the high purity and is
homogeneous, so that this method has various applications on the preparation of SiO2,
ceramic and glass.

2.3 Acrylic polymers

Polyacrylate is a kind of common polymer with excellent optical stability, chemical
resistance and adhesion properties. Polyacrylate is widely used for leather, paper-making,
coating and printing industry[8-10]. Polyacrylate coatings have good adhesion to metal,
cement , masonry, wood and plastic surface. High transparency and weather resistance
makes it suitable for clear coatings to protect steel structure or other mental products.
Compared to traditional oil-based coating(epoxy resin), whose solvent can be highly toxic,
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polyacrylate coating is less toxic, more safer and environmentally friendly. However, some
mechanical properties of polyacrylate can be inferior to epoxy resin. The tensile strength,
abrasive resistance, hardness and adhesion to specific mental still need to be enhanced.

Acrylic polymer emulsions are classified into thermosetting coatings and thermoplastic
coatings. The thermoplastic coatings are not cross-linked, and the glossiness, water
resistance, solvent resistance, hardness and tensile strength of the film are insufficient for
some applications. To the contrary, thermosetting coatings are cross-linking with enhanced
mechanical properties owing to the three dimensional network structure.

2.3.1 Synthesis mechanism of acrylic emulsion

Emulsion polymerization is a polymerization process where amphipathic emulsifier is
applied to emulsify hydrophobic polymers through aqueous phase, and free radicals from
initiators initiate and terminate the polymerization among the discrete monomer-swollen
polymer particles[11].

The polymerization process divides into four stages, dispersal stage, particle nucleation
stage(Stage I), particle growth stage(Stage II) and completion of the polymerization(Stage
III)[12-13]. And the mechanism is micelle nucleation theory.

(1) Dispersal stage

At the beginning of the synthesis process, emulsifiers are added into the water phase.
When the concentration of surfactant up to CMC(Critical Micelle Concentration), micelle
will be formed and there will be a dynamic equilibrium between micelle emulsifier and
monomolecular emulsifier in aqueous phase. These micelles have the scale of 5-10nm and
the concentration of 1018/ ml.

Fig.2.2 Schematics of the dynamic equilibrium of dispersal stage

Then monomers are dispersed into the system and exist in three stages, dissolved in the
aqueous phase, dwelling in the giant monomer droplets and solubilized in the micelle. The
dynamic equilibrium of monomers exists among these three stages(Fig.2.2). High
dispersion speed is required to make a uniformed dispersion of monomers.

(2) Stage I: particle nucleation

Waterborne initiators are added into aqueous phase and generate free radicals by thermal
decomposition (persulfates). For water-soluble acrylic monomer, free radicals first react
with dissolved monomer molecules in the continuous aqueous phase, resulting in the
increased hydrophobicity of oligomeric radicals. This makes it easy for oligomeric radicals
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to enter the monomer-swollen micelles, and polymerize with the monomers inside. Then
the micelles become a latex particle nuclei. Because the amount of micelles is 106 times to
monomer droplets, most of radicals are diffused into micelles, and the nucleation mostly
occurs in them.

Fig.2.3 Schematics of the dynamic equilibrium of Stage Ι

The growth of particle nuclei constantly consume the monomers inside the latex particles.
The supplement of monomers from aqueous phase are needed. At the same time, monomer
droplets will keep release monomers to water. The monomer equilibrium are
generated(Fig.2.3).

In theory, each active latex particle only exists one free radical. Any other free radical
diffused into the latex particle will terminate the polymerization. But the particle can relive
with the third free radical from water phase. So radicals also have an equilibrium.

Moreover, the increasing surface of latex particles require more surfactant molecules from
aqueous and micelles. About 100 micelles will be consumed by one latex particle. So the
amount of latex particles is in the scale of 1016/ ml. And this amount will keep constant
among the next stages. The period from induction period to micelle disappearance is Stage I.

(3) Stage II: particle growth

During this period, with the growth of latex particles, the monomers in the particles
continue to be consumed by polymerization, and supplemented by aqueous phase and
monomer droplets. The volume fraction of monomer to polymer inside latex particles are
constant for certain emulsion. Finally, all monomer droplets are used up. The period from
micelle disappearance to monomer droplet disappearance is Stage II. Meantime, the
decomposition of initiators keeps going on with the consumption and release of free
radicals by latex particles(Fig.2.4).
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Fig.2.4 Schematics of the dynamic equilibrium of Stage II

During stage II, the increasing surface of latex particles keeps consuming surfactants in
aqueous phase to cover new surface. When surfactant concentration is lower than CMC,
some surface of latex particles can not be covered, resulting in the higher surface energy
and instability. Flocculation is easy to form in this stage due to the destabilization of
emulsion. So the supplement of surfactant can help to prevent the formation of flocculation.

(4) Stage III

In this stage, monomers only exist in latex particles and water phase(Fig.2.5). The
polymerization has to consume the monomers inside latex particles, resulting in the higher
volume fraction of polymer and internal viscosity.

Fig.2.5 Schematics of the dynamic equilibrium of Stage III

Although, in theory, the polymerization should be terminated immediately once the second
free radical is diffused into the latex particle. The increasing size of particles make a time
delay for the second free radical to meet the first one. So more than one free radical can
exist in one particle at the same time. As a result, the termination rate is greatly slow down
and polymerization rate speeds up until the maximum of monomer conversion. Finally, the
polymer emulsion is synthesized.

2.3.2 Effect factors on stabilization of acrylic emulsion

In practical production, the instability of emulsion polymerization always exist and can
lead to the formation of flocculation and performance reduction. Therefore, reducing
flocculation is particularly important for polymer emulsion industry.

(1) Surfactant

Surfactants are applied to stabilize the polymer particles, so the amount of surfactants can
affect the particle size and coalescence. Less surfactants lead to a larger particle size and
lower stability. Increasing the amount can prevent the flocculation.
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Moreover, at the end of Stage II, the growth of particles bring the concentration decrease of
surfactant. The coverage rate of particle surface is reduced, and the high surface energy
make the particle unstable. So coalescence and flocculation are formed. To solve the
problem, extra surfactant should be supplemented into the system during this period to
make sure the coverage rate around 30% - 70%.

(2) pH

Persulfate is a common initiator in emulsion polymerization. As the reaction going on, the
decomposition of persulfate can reduce the pH of emulsion, which destabilizes the system
and results in the flocculation.

  4
2

82 2SOOS (3)
  2

424 SOHOHOHSO (4)

The addition of buffering agent, like NaHCO3, can help stabilize the pH of system and
increase the stability.

(3) Monomer

The size of monomer droplets is larger than monomer-swollen micelles. Once the free
radicals are diffused into monomer droplets and initiate the polymerization, large polymer
particles will form, increasing the risk of flocculation. To reduce the amount and size of
monomer droplets, powerful stirring should be applied during the dispersal stage. And
hunger feeding method can make that no extra monomers exist in the system and reducing
the monomer droplet amount.

(4) Stirring strength

Low stirring strength leads to local high concentration of monomers and poor heat
diffusion. The former can increase the possibility of mass polymerization, and the latter
brings local overheating. Both can result in the formation of flocculation.

High stirring strength generates the desorption of particle surface charge and thins the
hydration shell. Meanwhile, the high kinetic energy of particles makes it easier for particles
to breakthrough potential barrier, increasing the instability.

Therefore, a proper stirring strength is necessary. In dispersal stage, powerful stirring
improves the dispersion of monomers, making a stable emulsion. In Stage I and Stage II,
medium stirring strength helps the stable dispersion and effective heat transfer. In Stage III,
only low stirring strength is required to guarantee mixing and heat transfer.

(5) Oxygen

When the monomers are evaporated into the gas phase, they can react with the oxygen and
generate oligomers. Then the oligomers fall into the aqueous phase and stick on the inwall
of reactors. As the polymerization going on, flocculation will form on the inwall. To
prevent that, the reaction should be carried out under nitrogen atmosphere.
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2.4 Nanocomposites

Nanocomposite is the multiphase composite of nanomaterial(nano dot, nano wire, nano
well) and traditional bulk material. Polymer/ nanoparticle composites can combine the
advantages of two kinds of materials. Nanoparticle can enhance the abrasive resistance,
deformation resistance, hardness and some other mechanical properties of the polymer,
even solvent affinity. When combined with polymer, silica can form special space structure,
a framework. This framework can improve the pressure resistance and stability of
composites. The specific optical, magnetic, electrical and antibiosis properties of
composites can be enhanced due to some nanoparticles At the same time, polymer can
confine the mobility and agglomeration of nanoparticles, improve the ductility, plasticity
and fabricability of composites.

The mechanism of property enhancement of polymer/nanoparticle composites has been
researched by previous scholars. Shi Chunying et al.[14] thought that if nanoparticles well
dispersed, the polymer matrix between particles generates microcrazing to absorb shock
wave and prevent the further cracking when subject to stress impact. At the same time, the
plastic deformation of polymer matrix can also absorb shock wave and enhance toughness.
As the size of nanoparticles decreasing, specific surface area increases, and interfacial area
of two compounds increases, generating more microcrazing and better toughness. However,
once the loading of fillers is larger than some critical value, the distance between particles
is too less that too much microcrazing and deformation will lead to the fracture of material,
decreasing the toughness.

The common methods to prepare nanocomposites are melting blending, solution blending,
in-situ polymerization and sol-gel method. Blending method is widely used in production,
which is simple to operate, high performing, and cost-effective, however, with more
agglomeration and wide size dispersion of nanoparticles. Even higher cost and more
solvent, in-situ polymerization and sol-gel method can produce well dispersed and high-
performance nanocomposites. Due to the large surface area to volume ratio and high
chemical activity[15], nanoparticles have a large tendency to aggregate to bigger clusters,
reducing the performance and stability of composites. Meanwhile, SiO2 nanoparticles are
hydrophilic and the polymer is hydrophobic. To increase the compatibility of two phase,
the modification of SiO2 with silane coupling agent, which can graft onto the surface of
silica particles and react with the polymer, is necessary before mixing polymer and
nanoparticles.

2.4.1 Modification of SiO2

The common method to modify silica nanoparticles is dealing with SiO2 with silane
coupling agent, such as (3-Aminopropyl)triethoxysilane (APTES, KH-550), (3-
Mercaptopropyl)- trimethoxysilane (MPTMS, KH-570).
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Fig.2.6 Schematics of modification of SiO2 with silane coupling agent

For Fig.2.6, silane coupling agent has one alkyl group(R’) and three alkoxy groups(OR),
which can transfer to three hydroxyll groups after hydrolysis. Then silane can graft onto
the surface of silica particle by condensation of hydroxyll from silane and silica, resulting
in the surface covered by silane. This process makes the particle become more
hydrophobic due to the alkyl groups of silane.

Fig.2.7 Schematics of the reaction between polymer and modified silica nanoparticle

For Fig.2.7, under the appropriate condition, the monomer or chain of polymer can react
with the unsaturated groups in alkyl groups. Then polymer and nanoparticles can combine
together, increasing the compatibility and dispersion. Meanwhile, the polymer chain can
prevent nanoparticles contacting with each other and aggregating into clusters.

Jong SukSonn et al. [16] modified silica nanoparticles with dimethyldichlorosilane
(DMDCS) to improve the foam stability. As the concentration of DMDCS increases, SiO2

become more hydrophobic. When the hydrophobicity is proper, modified SiO2 shows
better performance in foam stability, compared to surfactant.

2.4.2 Melt blending

The melt blending method is a method in which the raw material is uniformly mixed by a
mixing device, then cooled and granulated above the viscous temperature. Not strict
requirement on the size and uniformity of raw materials, and the controllable conditions
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make melt blending method suitable for industrial production. In the molten state, the
strong shearing force of the mixing equipment makes the movement of different kinds of
polymer molecules more intense, and shows better dispersion. However, for some
compounds with higher melting points, the melt blending method is not applicable due to
the higher requirements for mixing equipment. In addition, due to the high surface activity
of nanoparticles and their tendency to agglomeration, the key to improve the production
quality is the uniform dispersion of nanoparticles [17].

Chenlu Bao et al.[18] well dispersed graphene into the polymer matrix by melt blending
method. The electrical conductivity, mechanical properties, rate of crystallization, fire
resistance and crystallinity of composites were remarkably strengthened.

2.4.3 Solution blending

The solution blending method is the method in which polymer and nanoparticles added in a
solvent are dissolved and uniformly mixed by ultrasonic or mechanical stirring. The
product is obtained by precipitation or removing the solvent by heating or vacuum. It can
be used for the mixing of liquid or highly soluble polymers, such as paints and adhesives.
The solution blending method can achieve mono-dispersion of nanoparticles. But due to a
large amount of solvent used, there is no large-scale application in industrial production,
mostly for laboratory research.

Monoj Pramanik et al.[19] mixed ethylene vinyl acetate rubber with modified clay by
solution blending method. The measurements showed that the tensile strength and storage
modulus are improved compared to neat rubber.

2.4.4 Sol-gel method

In sol-gel method, siloxane or metal salt as a precursor, is dissolved in a solvent together
with organic monomers or polymer and mixed well. The reaction conditions are controlled
so that the precursors are hydrolyzed and condensed to form inorganic nanoparticles. At
the same time, polymerization reaction of polymer monomers occur, and even when
forming and drying the gels, the reaction is still homogeneous, then organic/inorganic
nanocomposites are generated[20].

2.4.5 In-situ polymerization

In-situ polymerization is the method in which nanocomposites are obtained by mixing
silica nanoparticles with the monomers of polymer, and then initiating the polymerization
of monomers under appropriate conditions. Compared with polymer macromolecules, the
monomer has the characteristics of lower viscosity and smaller molecular weight, which is
favorable for the uniform dispersion of modified SiO2, thereby improving the mechanical
properties of the composite emulsion. In-situ polymerization is divided into microemulsion
polymerization, seed emulsion polymerization, and soap-free emulsion polymerization[21].

2.4.5.1 Seed emulsion polymerization

Seed emulsion polymerization is to generate core-shell composite particles with
nanoparticles as core and polymer as shell, by mixing monomers and nanoparticles, and
then initiating the polymerization reaction. As shown in Fig.8, after modified with the
silane coupling agent, the surface of silica is coated with organic functional groups, and
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then the modified silica is dissolved in ethanol and water to form a colloid. Polymer
monomers, emulsifiers, and initiators are added to the colloid and mixed uniformly.

Fig.2.8 Schematics of the process of seed emulsion polymerization

After the initiation of the polymerization, the monomers diffuse from the aggregated state
into water, form copolymer with the organic functional groups on the surface of SiO2, or
form copolymer in solution first, and then deposit on the surface of SiO2, and continue to
absorb the free monomers for polymerization reaction. The polymer shell is finally formed
on the surface of SiO2 particles. The modification of SiO2 particles can make it show a
monodispersed state and facilitate the coating of polymers.

Yuanchun Mu et al.[22] synthesized a kind of phase-separated polymer latex, which is
monodispersed and have the structure of multilayer core-shell (MMLCS). The composites
were prepared by surface cross-linking emulsion polymerization.

2.4.5.2 Soap-free emulsion polymerization

In traditional emulsion polymerization products, a large amount of low molecular weight
emulsifiers often remain, which will affect the performance of the emulsion to a certain
extent. In Soap-free emulsion polymerization, inorganic nanoparticles are used as the
substance to stabilize the colloid in place of emulsifiers. The o/w emulsion or w/o
emulsion stabilized by solid particles is pickering emulsion. The polymer monomers in the
monomer droplets are polymerized, and bonds occur at the interfaces between organic and
inorganic phases, generating a core-shell structural composite particle with a polymer core
and a nanoparticle shell[23]. Hydrophilic silica particles have a large number of hydroxyl
groups on the surface, which can be adsorbed at the oil-water interface. It can prevent the
polymer monomer droplets from coming close to each other, and benefit the control of the
particle size of the polymer beads, and at the same time, reduce the agglomeration degree.



13

The mechanism of pickering emulsion has been investigated by many researchers[24-28].
Two mechanisms are dominating: homogeneous coagulative nucleation and droplet
nucleation.

(1) Homogeneous coagulative nucleation

When solid particles are dispersed into reactors, they will be self-assembled onto the
interface of oil and water due to hydrophobic effect or electrostatic interaction. For
hydrophilic solid particles, like silica, the poor wettability to oil makes a low coverage of
silica on the surface of monomer droplets. Most silica particles are dispersed in water. Free
radicals are decomposed by water-soluble initiator(KPS) in water phase and can react with
the dissolved monomers, generating secondary nuclei(Fig.2.9).

Fig.2.9 Schematics of homogeneous coagulative nucleation

The growth of secondary nuclei consumes the monomer from aqueous phase and monomer
droplets. The incomplete coverage of silica can not impede the diffusion of monomer
molecules from monomer droplets to water, and the droplets are disintegrated. If silica and
free radicals are similarly charged, the repulsive force impedes silica to adsorb onto the
surface of polymer particles. Finally, nano-sized bare polymer spheres are synthesized.
Inversely, opposite charges or modified silica can help the adsorption and generate core-
shell nanocomposites. For solid particles, the water contact angle of 90° can make the
equal wetting of oil and water, and the stable adsorption onto the interface. Moreover, the
lack of solid particles can also induce the low coverage.

(2) Droplet nucleation

For the hydrophobic initiators and hydrophobic solid particles, a dense coverage can
prevent the diffusion of monomers and free radicals to water phase. The nucleation inside
monomer droplets is dominant and micron-sized polymer particles are generated(Fig.2.10).
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Fig.2.10 Schematics of droplet nucleation

However, even though the hydrophobic initiators prefer to disperse in the oil phase, the
solubility of initiators in water leads to few diffusion across the solid particles layer into
aqueous phase. So a few secondary nuclei will form. And if the surface area of secondary
nuclei increases over a critical value, the homogeneous nucleation becomes dominant. For
the final products, both micron-sized and nano-sized polymer particles exist. In addition,
the addition of hydrophilic inhibitor can reduce the homogeneous nucleation.

(3) Applications of soap-free emulsion

The surfactant-free character can prevent the disadvantages of surfactants, like cytotoxicity,
irritancy or hemolytic behavior. The biocompatibility of inorganic solid particles and the
core-shell structure of nanoccomposites allow the applications of soap-free emulsion to
drug delivery and immunoassay microspheres. For a hydrophilic drug caffeine synthesized
by w/o pickering emulsions, skin delivery is much faster than that made by traditional
surfactant-based emulsions[29].

Moreover, environment-responsive material can be synthesized from pickering emulsion.
This kind of materials can respond to the variations of temperature, ionic strength, pH, or
electric/magnetic fields, which can be applied to control the release of drug, or protein
separation[30]. Due to the sensitivity of PH on the stability of pickering emulsion, the
nanocomposites can obtain both temperature-sensitivity from PNIPAM(Poly(N-
isopropylacrylamide)), but also got pH dependence from sulfonamide groups[31].
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Chapter 3

Methodology

3.1 Soap-free emulsion polymerization

Materials:
Silica nanoparticles(SiO2)(Evonik Industries, AEROSIL 200, 12nm) were used as received.
Methyl methacrylate (MMA)(Acros Organics, 99%), butyl acrylate (BA)(Acros Organics,
99%), methacrylic acid (MA)(Aldrich, 99%) were purified with aluminum
oxide(Al2O3)(Merck KGaA) and kept refrigerated until use. Potassium peroxodisulfate
(KPS)(PanReac Application) was analytical grade and used as received.

Experimental:
The colloidal silica with 10% solid content was prepared by dispersing silica in DI water.
One-hour mechanical stirring and four-hour ultrasound were applied for the uniformed
dispersion. Dissolve 0.2g KPS in 15g DI water. And mix 11.5g MMA with 8.5g BA. Then
20g deionized water, 10g colloidal silica, and a quarter KPS solution were added into a 4-
neck flask equipped with a mechanical stirrer, a constant pressure dropping funnel, a reflux
condenser and a thermometer. Stirring speed was 300r/min and the reaction temperature
was 75 ℃ . Then 5g monomers were added into the system dropwise within 15 minutes.
After feeding, keep warm for 15 minutes, then add the remaining monomers and KPS
solution into the system dropwise within 3 hours. When feeding finished, raise the
temperature to 85℃ , and react for another 45 minutes. Then stop heating, and when the
temperature was lower than 50℃, filter the emulsion by 300 mesh filter screen. Finally, the
emulsion was obtained.

Fig.3.1 Schematics of the preparation of soap-free emulsions

3.2 Characterization

(1). Solid content

Weigh out a certain amount of emulsion into a silicon mould (3cm ×3cm), and cure it in
the oven at 90℃ to constant weight. The solid content was calculated as followed:
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w0 was the weight of the watch glass, and w1, w2 were the total weight before and after
curing.

(2). Dynamic light scattering (DLS)

DLS(ZEN 5600) was used to measure the size and size dispersion of particles. The samples
after polymerization were measured to see the variety of the particle size. To prepare the
sample, 15µL emulsion or 0.05g silica were dispersed into 50mL DI water by ultrasound
for 30 minutes.

(3). Viscosity

Vibro viscometer(A&D Company, SV-10) was used to measure the viscosity of
nanocomposite coatings. All the data were obtained at 27℃.

(4). Hardness

The shore hardness(DeFelsko PosiTector SHD) of the film was measured by applying 2mL
coating into silicon mould(3cm×3cm) and curing at certain temperature.

(5). Adhesion

Remove the oxide layer of zinc alloy plate by sand paper and wash it with DI water and
ethanol for several times under ultrasound. Then zinc alloy plate was dipped in the coating
and cured in the oven at certain temperature for 2 hours. The thickness of the film was
about 15 µm. And dolly was stuck on it. After 24 hours, dolly was pulled out by automatic
drawing type adhesion tester(DeFelsko PosiTest AT-A).

(6). Water contact angle

Water contact angle(Kino SL200KS) is used to characterize the hydrophilic property of
materials. The zinc alloy plate coated with emulsion in 3.4.5 was measured to see the
variety of the hydrophilic property.

(7). Water absorption

Dry coating film was weighted(w1) and dipped in DI water for 24 hours. Remove the
surface water by filter paper and weight again(w2). The water absorption was

%100
1
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(8). Solvent resistance

Dip the glass slide(2.5cm×2.5cm) into the coatings and cure it in the oven at 90℃ for 2
hours. Then dip it in acetone for 4 hours and observe the appearance of the film.
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(9). Acid resistance

Dip the glass slide(2.5cm×2.5cm) into the coatings and cure it in the oven at 90℃ for 2
hours. Then dip it in 0.01mol/L HCl, whose pH was 2, for 4 hours and observe the
appearance of the film.

(10). Alkali resistance

Dip the glass slide(2.5cm×2.5cm) into the coatings and cure it in the oven at 90℃ for 2
hours. Then dip it in 0.01mol/L NaOH, whose pH was 12, for 4 hours and observe the
appearance of the film.

(11). Transmission electron microscope (TEM)

TEM(JEOL JEM-2010) was used to examine the morphology and dispersion of the
nanocomposite particles.

(12). Scanning electron microscope (SEM)

SEM(Hitachi SU8230) was used to examine the morphology of the nanocomposite film
with various loading.

(13). Zeta potential

Zeta potential(ZEN 5600) was applied to characterize the stability of emulsion particles.
To prepare the sample, 25µL emulsion or 0.05g silica were dispersed into 50mL DI water
by ultrasound for 30 minutes.

(14). Tensile strength

The film of nanocomposites was prepared by applying 10mL emulsion into the silicon
mould(14.6cm×5.7cm) and curing at 90℃ for 400 minutes. The thickness of the tested film
was about 0.46mm, the width was 50mm. Then the tensile strength of the film was
measured by the universal testing machine ( Instron 5567). And the gauge length was
50mm, the rate of extension was 20mm/min.



18

Chapter 4

Results and Discussion

4.1 Effect of the silica content

All the nanocomposite emulsions were synthesized under same conditions, except that the
silica contents varied from 0, 0.1%, 0.5%, 1%, 3%, 5% to 10%. The ratio of monomers
MMA and BA was 11.5 to 8.5, and the content of KPS was 1%. The emulsions with
different loading were characterized by same method.

4.1.1 Effect of the silica content on the solid content

Figure 4.1 illustrated the solid content variation with the silica content increasing. Overall,
the addition of silica raised the solid content from 20% to 25% respected to the pure
polymer without silica. However, when it up to 10%, solid content was reduced to 20%.

Fig.4.1 Solid content of nanocomposite emulsion with silica

In the formula, total amount of water was 44mL, monomers were 20g, and KPS was 0.2g.
The theoretical solid content of pure polymer should be 31%. Due to the evaporation of the
monomer molecule and the flocculation during the synthesis process, the actual solid
content was 20%. Without emulsifier, the unstable and hydrophobic polymer droplets
easily collided and coalesced to form flocculation. Silica particles could be adsorbed onto
the interface of water and oil to stabilize the oil droplets and reduce the flocculation. Thus,
the addition of silica could improve the solid content. And silica would not be evaporated
and would be retained in the film, increasing the solid content. However, excessive silica
provided lots of hydroxyl groups and connected to each other by hydrogen bonds. That
leaded to a mass of flocculation during synthesis. Thus, the solid content dropped to 20%
at 10% of silica.

On the other hand, the amount of solvent, water, should be reduced regard to the low
theoretical solid content. Even 65% solid content could be achieved by introducing
additional surfactants during polymerization process[32]. And high speed drop of initiator
and high reaction temperature would also lead to the implosion of polymers and
coalescence. Thus, the reaction conditions should be strictly controlled.
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4.1.2 Effect of the silica content on the particle size

Figure 4.2 illustrated that the hydrodynamic diameter reduced with the addition of silica.
When 0.1% silica added into the emulsion, the particle size significantly decreased from
415nm to 310nm, and the tendency was kept until the amount was up to 5%. The size
increased to 348nm when silica content more than 5%.

Fig.4.2 Particle size of nanocomposite emulsion with silica

And Fig.4.3 showed the size dispersion of emulsions with different silica content. Pure
polymer had broad dispersion. The addition of silica made the dispersion improved, while,
according to Fig.4.3(d-f), too much silica led to broader dispersion and a larger size.

(a) (b)

(c) (d)

(e) (f)
Fig.4.3 Particle size dispersion of nanocomposite emulsion with silica:

(a) 0%; (b) 0.1%; (c) 1%; (d) 3%; (e) 5%; (f) 10%

During the synthesis process, silica was adsorbed onto the interface of the monomer
droplets and water, which could prevent from coalescing due to the electrostatic repulsion
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between silica particles. Silica acted as surfactant in the emulsion to stabilize the monomer
droplets. Without silica(Fig.4.4(a)), unstable latex particles aggregated easily owing to
Ostwald ripening, leading to broad size dispersion. From Fig.4.4(b), the polymer particles
were covered by a thin layer of silica, and a better dispersion with a smaller size was
showed compared to pure polymer. Moreover, more silica particles dispersed in water
phase because of the poor wettability onto the interface of monomer and water. And the
homogeneous nucleation was dominant, so the size was smaller than pure copolymer
emulsion. As the increasing of silica amount, more surface of monomer droplets were
covered by silica, leading to further decrease.

(a) (b)

(b) (d)
Fig.4.4 Transmission electron microscopy pictures of polymer particles with silica:

(a) 0%; (b) 1%; (c) 5%; (d) 10%

However, when silica was more than a certain amount, the thickness of silica shell would
increase, and the hydrophilicity of silica could lead to a large hydrodynamic radius. As
shown in Fig.4.4(b-d), the excess silica particles easily agglomerated together owing to a
large number of hydroxyl groups on the surface of silica. The partial modification of silica
with silane coupling agent could improve the situation.
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4.1.3 Effect of the silica content on the viscosity

From Fig.4.5, the viscosity kept increasing with the raise of silica amount. The viscosity at
0 was 1.28mPa.s, while it was up to 6.04mPa.s at 10%. This was because of the hydroxyl
groups on the surface of silica particles, which could form hydrogen bonds with water
molecules. It would prevent the motion of molecules, resulting in the increase of the
viscosity.

Fig.4.5 Viscosity of nanocomposite emulsion with silica

The excess silica present in the water could thicken the emulsion[33], contributing to the
stability of emulsions. Even if the emulsion was gelled, a long-term stable storage could be
achieved.

4.1.4 Effect of the silica content on the adhesion

When the addition was 0.5%, the adhesion of polymer film on the zinc alloy plate was
increased by 4.9% according to Fig.4.6. However, the adhesion reduced a lot when silica
content more than 3%, even as low as 315 psi. More silica did not bring the better adhesion.

Fig.4.6 Adhesion of polymer film with silica

There were hydroxyl groups on the surface of zinc alloy plate, owing to the oxidation in
air[34]. They could react with the surface hydroxyl groups of silica and formed hydrogen
bonds to increase the adhesion between the zinc plate and coating layer. Thus, the proper
amount of silica could improve the adhesion. However, the silica coalescence because of
the excess silica could impact the adhesion of coating film.

Viscosity/ mPa.s

Adhesion/ psi
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(a) (b)

(c)
Fig.4.7 Scanning electron microscope pictures of polymer film with silica:

(a) 1%; (b) 5%; (c) 10%

As shown in Fig.4.7, the film with 1% silica had a smooth surface, which was a proper
content. As for 5%, some white particles could be observed. It was supposed to be the
coalescence of silica. For 10%, the roughness of micron order was obvious and the
coalescence was serious, resulting in the bad performance in adhesion.

Compared to the commercial oil-based acrylic coating, whose adhesion was 205psi, the
nanocomposite PMMA/BA coatings had significantly better adhesion. Even for the oil-
based epoxy coatings, which usually had better performance than acrylic polymer, its
adhesion was 445psi.

4.1.5 Effect of the silica content on the water contact angle

Fig.4.8 illustrated the decrease of water contact angle as the silica content increasing. At 0,
the angle was 74°, and it was reduced to 66°when loading came to 10%. It mean that the
film became more hydrophilic with more silica.
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Fig.4.8 Water contact angle of polymer film with silica

The fumed silica used in the research was non-modified and hydrophilic. When silica
added into the polymer emulsion, the film could absorb more moisture than the pure
polymer. So the water contact angle decreased with the silica loading increasing. However,
a proper amount of silica would not affect a lot. The addition of 1% just led to the drop of
1.4°.

4.1.6 Effect of the silica content on the solvent resistance

As shown in Table.4.1, almost all film was dissolved after the dip in acetone. Even with
silica, the resistance to acetone was still poor. The remaining white film was composed of
most of the silica and a few polymer.

Table 4.1 The results of polymer film with varied silica
contents dipped in acetone for 4 hours

SiO2 / % Solvent resistance
0 All film was dissolved

0.1 All film was dissolved
0.5 Most of the film was dissolved
1 Most of the film was dissolved
3 Most of the film was dissolved
5 Most of the film was dissolved
10 Most of the film was dissolved, few white film was left.

There are silanol groups on the surface of silica, so silica can contact to each other by Si-
O-Si bond with losing water molecules[35]. The silica frame can help the film to resist the
swelling and chemical damage of organic solvents. However, the improvement of acetone
resistance was not enough for the film to resist chemical corrosion under some harsh
environment.

Water contact angle/ degree
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4.1.7 Effect of the silica content on the acid resistance

According to Table.4.2 and Fig.4.9, the copolymer of MMA and BA showed good acid
resistance. Only tiny bubbles and small defects were formed after the dipping of HCl
solution, whose PH equaled to 2.

Table 4.2 The results of polymer film with varied silica
contents dipped in 0.01mol/L HCl for 4 hours

SiO2 / % Acid resistance
0 Tiny bubbles and film damage

0.1 Tiny bubbles and film damage
0.5 Tiny bubbles and film damage
1 Tiny bubbles and film damage
3 Tiny bubbles and film damage
5 No bubbles, partial film damage
10 Tiny bubbles, no damage, but transparency decreased.

(a) (b)

(c) (d)

(e) (f)
Fig.4.9 Magnified view of the film with varied silica contents dipped in 0.01mol/L

HCl for 4 hours: (a)0%; (b) 0.1%; (c) 0.5%; (d) 1%; (e) 5%; (f) 10%

When the silica loading was 10%, the transparency of the film decreased because of the
enrichment of silica particles on the film surface, which was in micron scale(Fig.4.9) and
could scatter light. The local damage and blisters were because of the chemical damage of
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acid to the polymer structures. The damage weakened the adhesion of the film to the
substrate, so the film loss happened[36].

4.1.8 Effect of the silica content on the alkali resistance

From Table.4.3 and Fig.4.10, the copolymer film could resist alkali solution to some extent.
Only small bubbles and partial fracture could be observed. The addition of 0.5% or 1%
silica could improve the alkali resistance, on account of the smaller defects on the film.

Table 4.3 The results of polymer film with varied silica
contents dipped in 0.01mol/L NaOH for 4 hours

SiO2 / % Alkali resistance
0 Small bubbles, partial damage

0.1 Small bubbles, partial damage
0.5 Small bubbles, tiny damage
1 Small bubbles, tiny damage
3 Tiny bubbles, partial damage
5 Bubbles, no damage
10 Big bubbles, no damage

(a) (b)

(c) (d)

(e) (f)
Fig.4.10 Magnified view of the film dipped in 0.01mol/L NaOH for 4 hours:

(a)0%; (b) 0.1%; (c) 0.5%; (d) 1%; (e) 5%; (f) 10%
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However, the situation became worse as silica more than 5%. The bubbles spread all over
the film and their sizes were more than 3mm. Excess silica would reduced the alkali
resistance.

4.1.9 Effect of the silica content on zeta potential

Zeta potential can characterize the stability of particles dispersed in solution according to
DLVO theory. The higher absolute value of zeta potential means stronger electrostatic
repulsion between particles and higher stability.

As shown in Fig.4.11, the zeta potential value of pure copolymer emulsion particles was -
34.8mV, which was in moderate stability. And the zeta potential of pure silica dispersed in
DI water was -34.8mV. When 0.1% silica was added, zeta potential dramatically reduced
to -58.5mV with good stability. And the minimum was -67.6mV with 1% silica. When the
content was more than 1%, zeta potential began to raise.

Fig.4.11 Zeta potential of polymer particles with silica

The addition of silica can greatly improve the stability of polymer particles due to the
surface charge of silica. The electrostatic repulsion between silica particles impedes latex
particles from coalescence and stabilizes the emulsion. However, too much silica are likely
to agglomerate because of the hydrophilic property, resulting in the slight decrease of
stability.

4.1.10 Effect of the silica content on the hardness

According to Fig.4.12, the hardness of nanocomposite film increased with silica contents
raising. It increased by 5.3% when the silica addition up to 10%. And a sharp increasing
was observed at the first 1% addition, then the increasing slowed down.

Zeta potential/ mV



27

Fig.4.12 Hardness of polymer film with silica

The hardness of polymer is affected by Tg (glass transition temperature). Glass transition
temperature is the temperature where the polymer transform from the glassy state into
elastomeric state. Below Tg, the polymer is brittlement and hard; inversely, the polymer is
elastic and soft. The addition of silica can improve the Tg of the copolymer, resulting in the
increasing of hardness, which has been proved in some researches[37]. Usually, inorganic
fillers can increase the Tg of coating films.

4.1.11 Effect of the silica content on the tensile strength

Tensile strength is the ability of a material to resist the pulling force. The value of tensile
strength is the maximum of the tensile stress before failure. The tensile stress is calculated
from equation (7) .

σ = �
�
= �

���
(7)

F represents the tensile force, S represents the cross-sectional area of the film, T and W are
the thickness and width of the film. The strain equals to ∆L/L , and L is the length of the
film.

Fig.4.13 Tensile strength of polymer film with silica

Hardness / HD
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Fig.4.14 Tensile strength and elongation of polymer film with silica

From Fig. 4.13 and Fig. 4.14, the tensile strength of nanocomposite film increased first,
and then decreased when silica content was more than 3%. But the elongation at break
decreased from 128% to 60% as the addition increased from 0% to 10%. When the silica
amount was 3%, the tensile strength increased from 1.38MPa to 4.64MPa, however, when
it up to 10%, the tensile strength reduced to 3.07MPa.

With the addition of silica, when stress is applied to the film, micro-crazing will be
generated by the polymer matrix to absorb shock wave and prevent the further cracking.
And during the curing process, silica particles can contact to each by shrink condensation.
The bond energy of Si-O is higher than that of C-C, so the higher energy or tensile force
are needed to break Si-O bond. A silica three-dimensional framework will be formed,
which can enhance the tensile strength of the film. However, excess silica lead to
coalescence and less distance between particles, generating too much micro-crazing and
deformation, which leads to the further fracture of the film.

Fig.4.15 The earlier fracture of the film due to bubbles

Meanwhile, the bubbles and cracks generating during curing process can lead to the earlier
fracture than flawless film, reduce the tensile strength and elongation. The high thickness
of the film leads to the bubble problem because of the different drying rate of the surface
and inter emulsion, and the low wettability to the substrates. With higher drying rate, the
surface film will prevent the escape of bubbles from inter emulsion. To prevent that
problem, proper heating rate and air speed should be applied.



29

4.1.12 Effect of the silica content on the film density

As shown in Fig.4.16, the film density increased with the amount of silica increasing. The
copolymer film without silica had the density of 0.824g/cm3. When 10wt% silica was
added, the density of the film increased to 1.300g/cm3.

Fig.4.16 Density of polymer film with silica

When added to the copolymer, silica can fill the interspace of polymer chains, which
increases the packing density of copolymer film. This can bring the stronger mechanical
properties to the nanocomposite film.

4.1.13 Summary

This section was focused on the effects of silica on the nanocomposite polymer, the
properties were improved with the addition of silica:
(1) The polymer particle size was reduced by silica, with the improved stability and solid
content of emulsion.
(2) The viscosity of polymer emulsion, hydrophilic property, density, hardness and tensile
strength of the film were increased by silica.
(3) The adhesion of film to zinc alloy substrate was enhanced when silica amount was less
than 1%.
(4) The acetone resistance, acid resistance and alkali resistance could be improved by silica.

4.2 Effect of the monomer ratio

To research the effect of monomer ratio, the addition of silica was fixed to 5%, KPS to 1%.
Only the amounts of MMA and BA varied from 10.5:9.5, 11:9, 11.5:8.5, 12:8 to 12.5:7.5.
All the synthesis process and characterizations were carried out in the same condition.

4.2.1 Effect of the monomer ratio on the solid content

Fig.4.17 indicated that the solid contents with varied monomer ratio were fluctuated
around 25%. With the same loading of inorganic filler, silica, the ratio of MMA and BA
did not affect the solid content of the nanocomposite emulsions.



30

Fig.4.17 Solid content of nanocomposite emulsion with varied monomer ratios

MMA and BA were all non-polar monomers, and the solubility in water was negligible. So
the flocculation rate was not affected and the solid content was independent of the
monomer ratio.

4.2.2 Effect of the monomer ratio on the particle size

Fig.4.18 declared the growth trend of the hydrodynamic diameter with the raising amount
of MMA. The size was increased by 17% when the amount of MMA increased from 10.5g
to 12.5g. Specially, the emulsion with 11.5g MMA had a obvious growth in size and a
broad dispersion( Fig.4.19 ). And it had a large PDI(polydispersity index), which was 0.2.
PDI indicated the quality of particle size dispersion. Low PDI represented the narrow
distribution.

Fig.4.18 Particle size of nanocomposite emulsion with varied monomer ratios

Solid content / %

Size / nm
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(a) (b)

(c) (d)

(e)
Fig.4.19 Particle size dispersion of nanocomposite emulsion with varied monomer ratios:

(a) 10.5:9.5; (b) 11:9; (c) 11.5:8.5; (d) 12:8; (e) 12.5:7.5

(a) (b)
Fig.4.20 Transmission electron microscopy pictures of nanocomposite particles

with varied monomer ratios: (a) 11.5:8.5; (b) 12.5:7.5

The synthetic route[38] was given in Fig.4.21.
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Fig.4.21 Synthetic route of MMA/BA copolymer

MMA was a kind of hard monomer, the -CH3 in the polymer chain occupied a large space,
increasing the steric hindrance. That made MMA molecules were not easy to deform. At
the same time, the solubility in water of MMA was higher than BA. During the
copolymerization process, more hydrophilic monomers preferred to disperse near the
interface of oil and water, resulting in a thicker hydration shell. Therefore the size of
nanocomposite raised with the increasing of MMA content[39]. However, the size and
dispersion could be affected by many factors, including the feeding method, loading rate,
temperature and others. Thus, for the MMA amount of 11.5g, the raising of size was due to
the coalescence of silica particles.

4.2.3 Effect of the monomer ratio on the viscosity

As the ratio of BA increased, the size and viscosity of nanocomposites reduced(Fig.4.22).
When 9.5g BA was applied, the viscosity of emulsion was 1.97mPa.s. And as the amount
reduced to 7.5g, the viscosity raised to 4.90mPa.s.

Fig.4.22 Viscosity of nanocomposite emulsion with varied monomer ratios

MMA was hard monomer, but BA was soft monomer. BA had a more flexible molecular
chain compared with MMA, which had greater steric hindrance due to the alpha-methyl.
The addition of BA could increase the flexibility of copolymer molecule, resulting in a
lower viscosity.

Viscosity / mPa.s
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Fig.4.23 Transmission electron microscopy pictures of
the flocculation in copolymer with 10.5g MMA

The improper synthesis process could lead to the formation of flocculation and the
ultrahigh viscosity (Fig.4.23), which could be higher than 9mPa.s. Low stirring strength
during dispersal stage, local overheating, improper pH and high feeding rate all could lead
to flocculation. So all the reaction conditions should be controlled carefully.

4.2.4 Effect of the monomer ratio on the adhesion

The adhesion of coatings on the substrates depends on the degree of wettability, the
cohesion of polymer and the coefficient of thermal expansion. The methods to improve the
wettability include improving the polarity of the coatings and substrates, and the fluidity of
coatings. If polymer and substrate have the similar polar groups, such as -OH or -COOH,
coating can attach to the substrate by hydrogen bonds or other polarization reactions.
Removing the oil, dust, dirt can increase the polar points on the surface of substrate,
increasing the adhesion. In addition, the treatment of the surface with polar additions are
supposed to improve the wettability. At the same time, during the curing process, the self-
binding of intramolecular polar groups in the coating can reduce the polar point. The
roughness on the surface of substrate can also help the wetting process.

High cohesion within coatings will lead to low adhesion to the substrate. Because of the
low cohesion, epoxy resin always performs better than acrylic resin. To reduce the
cohesion, fillers or pigments are added into polymer. That is reason that color paintings
have better adhesion than clear paintings.

Finally, the proper coefficient of thermal expansion of coatings, which is suitable for the
substrate, can reduce cracks and improve the performance of film.
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Fig.4.24 Adhesion of polymer film with varied monomer ratios

From Fig.4.24, the adhesion reduced with the growth of MMA amount. Because of the
higher polarity of BA than MMA, more BA resulted in the better wettability and adhesion.

4.2.5 Effect of the monomer ratio on the water contact angle

According to Fig.4.25, the water contact angle decreased with the increasing of MMA,
which mean the film became more hydrophilic. The water contact angle was 71°with
10.5g MMA, and reduced to 67°with 12.5g MMA.

Fig.4.25 Water contact angle of polymer film with varied monomer ratios

MMA was slightly dissolved in water, but BA was insoluble. The addition of MMA could
improve the hydrophilic property and reduce the water contact angle.

4.2.6 Effect of the monomer ratio on the solvent resistance

Acrylic polymer could be dissolved in acetone, ethanol and ether, but not in water. So
almost all the film disappeared, only a thin white film was left (Table 4.4). The conditions
of the film after etching were almost same, so the amount of MMA didn’t affect the
performance of resisting acetone.

Adhesion / psi

Water contact angle / degree



35

Table 4.4 The results of polymer film with varied monomer
ratios dipped in acetone for 4 hours

MMA / g BA/g Solvent resistance
10.5 9.5 Most of the film was dissolved, few white film was left.
11 9 Most of the film was dissolved, few white film was left.

11.5 8.5 Most of the film was dissolved
12 8 Most of the film was dissolved, few white film was left.

12.5 7.5 Most of the film was dissolved, few white film was left.

4.2.7 Effect of the monomer ratio on the acid resistance

As shown in Table 4.5, the acid resistance of acrylic polymer was good in general. Not too
many bubbles or defects were observed on the films(Fig.4.26).

Table 4.5 The results of polymer film with varied monome
r ratios dipped in 0.01mol/L HCl for 4 hours

MMA / g BA/g Acid resistance
10.5 9.5 Tiny bubbles, no damage.
11 9 Tiny bubbles, no damage.

11.5 8.5 No bubbles, partial film damage
12 8 No bubbles, partial film damage.

12.5 7.5 No bubbles, no damage.

(a) (b)

(c) (d)
Fig.4.26 Magnified view of the film with varied monomer ratios dipped in 0.01mol/L

HCl for 4 hours: (a)10.5:9.5; (b) 11:9; (c) 11.5:8.5; (d) 12:8

Because the monomers were ester, which could be stable in weak acid solution.
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4.2.8 Effect of the monomer ratio on the alkali resistance

From Table 4.6, more MMA could improve the alkali resistance of the nanocomposite film.
When the amount of MMA was 10.5g, third of the film was peeled off by the alkali
solution, and the resistance to alkali was poor. With 11.5g MMA, bubbles still existed.
When the amount up to 12.5, only few tiny bubbles in millimeter scale were formed.

Table 4.6 The results of polymer film with varied monomer
ratios dipped in 0.01mol/L NaOH for 4 hours

MMA / g BA/g Alkali resistance
10.5 9.5 Small bubbles, broad film damage
11 9 Tiny bubbles, partial damage

11.5 8.5 Bubbles, no damage
12 8 Small bubbles, no damage

12.5 7.5 Tiny bubbles, no damage

(a) (b)

(c) (d)

(e)
Fig.4.27 Magnified view of the film with varied monomer ratios dipped in 0.01mol/L

NaOH for 4 hours: (a)10.5:9.5; (b) 11:9; (c) 11.5:8.5; (d) 12:8; (e) 12.5:7.5

The increase of MMA could significantly improve the alkali resistance of acrylic polymer.
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4.2.9 Effect of the monomer ratio on the hardness

As the increasing of MMA amount, the hardness of MMA/BA copolymer was upgraded
from 77HD to 81HD(Fig.4.28).

Fig.4.28 Hardness of polymer film with varied monomer ratios

The Tg of PMMA is 105℃, and PBA is 54℃. So under room temperature, 25℃, PMMA is
in glassy state, but PBA is in viscous flow state, so PMMA is much harder than PBA.
According to Fox equation[40]:
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When the weight fraction of MMA, x1, increases, Tg is improved. So the hardness of
copolymer was upgraded with more MMA.

4.2.10 Effect of the monomer ratio on the tensile strength

As shown in Fig.4.29 and Fig.4.30, the addition of MMA increased the tensile strength and
reduced the elongation. When the monomer ratio was 10.5: 9.5, the tensile strength was
1.95MPa, and the elongation at break was 179.0%. At 12.5: 7.5, they became 8.34Mpa and
19.9%.

Hardness/ HD
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Fig.4.29 Tensile strength of polymer film with varied monomer ratios

Fig.4.30 Tensile strength and elongation of polymer film with varied monomer ratios

The increase of tensile strength is on account of more cross-linking brought by MMA
monomers. And the MMA molecular is not as flexible as BA molecular, resulting in the
less elongation.

4.2.11 Summary

The effects of the ratio of MMA to BA were researched, and the conclusions were
followed:
(1) The particle size was increased with more MMA.
(2) With the amount of water-soluble MMA increasing, the viscosity of the emulsion and
the water contact angle of film were improved.
(3) The alkali resistance and hardness of the film were enhanced by MMA.
(4) The tensile strength of the film was enhanced with reduced elongation at break.

4.3 Effect of the functional monomer

Functional monomer, BA, was applied into the nanocomposite emulsion with the amount
of 0.5g, 1g and 1.5g. Except that, the other reaction conditions and characterization
methods were all same.
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4.3.1 Effect of the functional monomer on the solid content

The solid content was improved from 25.7% to 27.5% with the addition of MA(Fig.4.32).
MA is a kind of polar monomer[41], which has carboxyl groups (-COOH)(Fig.4.31).

 3

||

|2

CH           

     O                 
OHCCCH 

Fig.4.31 The structure of MA monomer

Fig.4.32 Solid content of nanocomposite emulsion with MA

The polar groups are hydrophilic, reducing the interface energy of emulsion particles and
water. It can help stabilize the particles and prevent the coalescence and flocculation. Thus,
the decrease of flocculation will increase the solid content.

4.3.2 Effect of the functional monomer on the particle size

According to Fig.4.33 and Fig.4.34, the size of emulsion particles reduced and the
dispersion improved with the addition of MA. And the minimum size, 246nm, was
obtained with 1g MA, which was 5% of the monomers. When it up to 1.5g, the size
increased to 303nm and the dispersion was broader than before.

Fig.4.33 Particle size of nanocomposite emulsion with MA

Solid content / %

Size / nm
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(a) (b)

(c) (d)
Fig.4.34 Particle size dispersion of nanocomposite emulsion with MA:

(a) 0g; (b) 0.5g; (c) 1g; (d) 1.5g

MA was a kind of water soluble monomers. Water soluble monomers could increase the
monomer concentration in water phase, which sped up the polymerization. They preferred
to distribute near the surface of the polymer particles, and formed the hydrated layer to
stabilize the particles. And the electrostatic repulsion due to the charged carboxyl groups
could also help that. Moreover, the cross-linking inside latex particles could be improved
by -COOH and result in higher cohesion. So the size decreased. However, too much
soluble monomers led to the flocculation, increasing the size. The excess -COOH could
increase the cross-linking points between polymer particles, too much cross-linking points
led to the thickening of emulsion, which made it different for the rejection of reaction heat.
That could destabilize the system and increase the coalescence. So the size became larger
and the dispersion was broadened.

4.3.3 Effect of the functional monomer on the viscosity

In Fig.4.35, the viscosity of emulsions was almost the same, but slightly increased with the
addition of functional monomer MA.

Fig.4.35 Viscosity of nanocomposite emulsion with MA

The addition can increase the number of polar groups, which will build up the degree of
intermolecular cross-linking and the stiffness of polymer chain[42]. So the viscosity of
emulsions increased.

Viscosity / mPa.s
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4.3.4 Effect of the functional monomer on the adhesion

According to Fig.4.36, the adhesion of polymer film to zinc alloy plate decreased when
MA was applied. The addition of MA should increase the polar points in the emulsion.
However, the self-cross-linking reaction during the curing process could consume the -
COOH groups and increase the cross-linking degree of polymer chains. The cohesion
would be improved, and the wettability between film and substrate was reduced. So the
adhesion decreased.

Fig.4.36 Adhesion of polymer film with MA

Meanwhile, the decrease of transparency and surface crack could be observed when the content of
MA was 7.5%. The fracture of the film could also reduced the adhesion.

4.3.5 Effect of the functional monomer on the water contact angle

The water contact angle was reduced from 69° to 66°when the addition of MA raised
from 0g to 1.5g. That mean the hydrophilic property of the film was enhanced due to MA.

Fig.4.37 Water contact angle of polymer film with MA

The carboxyl groups of MA increased the hydrophilic degree of copolymer film. So more MA
resulted in a lower water contact angle.

Adhesion / psi

Water contact angle / degree
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4.3.6 Effect of the functional monomer on the water absorption

The water absorption characterizes the water resistance of the polymer. When the polymer
film is exposed to a moist atmosphere, with the absorption of water and swelling, bubbles,
colour fading, cracks and peeling off can happen. And the moisture can induce some
property changes, such as the enlargement of fracture strain or impact strength[43]. So a
low water absorption is important to extend the lifetime of coating film. The water
resistance is always depended on the polar groups in the polymer, emulsifiers, thickening
agents, the crossing-linking degree, the curing conditions and surface treatment of
substrates.

Fig.4.38 Water absorption of polymer film with MA

From Fig.4.38, the water absorption was significantly decreased owing to the addition of
MA, and it was slightly raised when the amount up to 1.5g. It indicated that the water
resistance was improved a lot by MA.

Meanwhile, the absorption of water turned the film into opacity and white color, and the
transparency and weight could be regained by thorough drying the film[44](Fig.4.39).

(a) (b)

(c) (d)
Fig.4.39 The film with absorption water drying at room temperature:(a) for 0h; (b)(c)(d) for 6h

Although the polar functional groups, such as -COOH, had the ability to bind with water
molecule by hydrogen bond, only a few water reacted with polymer chains in reality. Most

Water absorption / %
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of the water absorbed by the film was dispersed separately among the bulk polymer, which
could be considered as an independent entity. The size of water domains was larger than
the wavelength of light, whose scale was more than 1 mm. So the scattering light made the
film opaque. And more soft monomers would bring a whiter film and more hard
component could have higher transparency when with absorbed water. Meanwhile, high
water absorption mean whiter color and longer drying time to return the original state.

4.3.7 Effect of the functional monomer on the solvent resistance

From Table 4.7, the resistance to acetone of emulsion film was not improved by MA. The
film was hardly left on the glass substrate. Most of the copolymer were damaged by
acetone, which resulted in the decline of adhesion and the separation of film to the
substrate.

Table 4.7 The results of polymer film with varied MA
amounts dipped in acetone for 4 hours

MA / g Solvent resistance
0 Most of the film was dissolved, few white film was left.

0.5 Most of the film was dissolved, few white film was left.
1 Most of the film was dissolved, few white film was left.

1.5 Most of the film was dissolved, few white film was left.

4.3.8 Effect of the functional monomer on the acid resistance

The addition of MA made a decline of the acid resistance(Table 4.8). Larger bubbles were
formed with 0.5g MA, and film fracture was found with 1g MA. More MA made the film
wrinkling and slightly opaque. It led to a significant performance reduction of the film.

Table 4.8 The results of polymer film with varied MA
amounts dipped in 0.01mol/L HCl for 4 hours

MA / g Acid resistance
0 No bubbles, partial film damage

0.5 Tiny bubbles, no damage.
1 Tiny bubbles and film damage

1.5 Transparency decreased, film wrinkling.

(a) (b)
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(c) (d)
Fig.4.40 Magnified view of the film dipped in 0.01mol/L HCl for 4 hours:

(a) 0g; (b) 0.5g; (c) 1g; (d) 1.5g

4.3.9 Effect of the functional monomer on the alkali resistance

There were a lot of bubbles on the film without MA(Table 4.9, Fig.4.41). The addition of
MA did not improve the alkali resistance, many cracks were shown in the film with 0.5g
MA. When increasing the amount, the film largely shed bared the substrate.

Table 4.9 The results of polymer film with varied MA amounts
dipped in 0.01mol/L NaOH for 4 hours

MA / g Alkali resistance
0 Bubbles, no damage

0.5 Small bubbles, many small cracks
1 Many small cracks, partial damage

1.5 Badly damage, cracks and flaking

(a) (b)

(c) (d)
Fig.4.41 Magnified view of the film dipped in 0.01mol/L NaOH for 4 hours:

(a) 0g; (b) 0.5g; (c) 1g; (d) 1.5g

The addition of MA introduces more -COOH into the copolymer film. The groups can
react with NaOH, leading to the structural failure of the polymer chains and the film. So
the film was dissolved and peeled off by alkali solution.
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4.3.10 Effect of the functional monomer on the hardness

As shown in Fig.4.42, with the first 0.5g MA, the hardness reduced from 79 HD to 72HD,
then slowly increased with more MA.

Fig.4.42 Hardness of polymer film with MA

The glass transition temperature of MA is 130℃, so the addition of MA should induce the
hardness improvement[45]. However, the shore hardness is affected by the thickness of the
film. Due to the higher solid content, the MMA/BA/MA copolymer films are thicker than
the MMA/BA films with same emulsion volume. So the hardness can be lower. But the
copolymer emulsions with MA have similar solid contents, the hardness increasing is
meaningful. More MA results in more cross-linking due to -COOH, so the stiffness and
hardness of polymer is improved.

4.3.11 Effect of the functional monomer on the tensile strength

From Fig.4.43 and Fig.4.44, the tensile showed a increase trend, and elongation showed a
decrease trend. When 1.5g MA was added, the tensile strength increased from 3.54MPa to
9.7MPa, and elongation reduced from 92.7% to 9.7%.

Fig.4.43 Tensile strength of polymer film with MA

Hardness / HD
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Fig.4.44 Tensile strength and elongation of polymer film with MA

The impacts of MA on tensile strength and elongation are similar as MMA. The -COOH
group of MA induces more hydrogen bonds and cross-linking into the nanocomposite film,
resulting in higher tensile strength[46]. Meanwhile, the inflexibility of MA molecular may
reduce the flexibility and elongation of the nanocomposite film.

4.3.12 Summary

The effects of MA on the film properties were discussed in this section:
(1) The addition of MA could improve the solid content of emulsion from 25.7% to 27.5%.
(2) When the amount of MA was less than 5%, smaller particle size, better dispersion
could be obtained.
(3) The hydrophilic property, hardness, tensile strength and especially water resistance
were improved by MA.
(4) However, acid resistance and alkali resistance were reduced by MA.
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Chapter 5

Conclusion and Recommendations

5.1 Conclusion

In this research, polyacrylic/silica nanocomposite emulsions were prepared by soap-free
emulsion, and the effects of silica content and monomers on the particle size and
mechanical properties were evaluated. The core-shell structure nanocomposite particles
were synthesized. It was established that silica nanoparticles could stabilize the polymer
emulsion, reduce the size of latex particles, and improve the dispersion and solid content
due to less flocculation. The silicon hydroxyl groups increased the hydrophilicity and
viscosity of the copolymer. Moreover, the hardness, adhesion, density, tensile strength and
chemical resistance were enhanced by silica particles.

The ratio of MMA to BA increased the size of latex particles, viscosity and hydrophilicity
because of the solubility of MMA in water phase. And hard monomer MMA could raise
the hardness of film, as well as alkali resistance and tensile strength. In addition, the
addition of MA into the emulsion could increase the solid content. With less than 5% MA,
a smaller particle size and better dispersion were obtained. The water resistance, tensile
strength and hardness had an improvement. However, alkali resistance and acid resistance
were reduced. For specific industrial applications, the proper formula should be selected
based on the requirements for particle size, hardness, adhesion and solvent resistance.

5.2 Recommendations

In regard to the low coverage of silica on latex particles, the partial modification of silica
particles with silane coupling agent is recommended. It can increase the wettability of
silica among the oil-water interface.

The stability of the emulsions in this research can not satisfy the requirements of industry,
some copolymer emulsifier can be applied into the polymerization to improve the stability
of emulsions. Meanwhile, the polymerization conditions should be controlled carefully to
reduce the flocculation. The improper temperature, pH, stirring strength, feeding method
and rate will cause the destabilizing of the emulsions. More attention and researches need
focus on the problem.
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Appendixes

Appendix 1

The solid content of copolymer emulsion

Sample MMA/g BA/g MA/g SiO2/% Solid content/%
1 11.5 8.5 0 0 19.76
2 11.5 8.5 0 0.1 25.44
3 11.5 8.5 0 0.5 23.91
4 11.5 8.5 0 1 24.02
5 11.5 8.5 0 3 26.33
6 11.5 8.5 0 5 25.68
7 11.5 8.5 0 10 20.40
8 10.5 9.5 0 5 25.47
9 11 9 0 5 23.27
10 12 8 0 5 23.56
11 12.5 7.5 0 5 26.64
12 11.5 8.5 0.5 5 27.41
13 11.5 8.5 1 5 27.52
14 11.5 8.5 1.5 5 27.54

Appendix 2

The size of nanocomposite particle

Sample MMA/g BA/g MA/g SiO2/% Size/nm
1 11.5 8.5 0 0 415.2
2 11.5 8.5 0 0.1 309.5
3 11.5 8.5 0 1 299.9
4 11.5 8.5 0 3 297.8
5 11.5 8.5 0 5 347.7
6 11.5 8.5 0 10 335.8
7 10.5 9.5 0 5 282.8
8 11 9 0 5 284.3
9 12 8 0 5 301.8
10 12.5 7.5 0 5 329.8
11 11.5 8.5 0.5 5 257.6
12 11.5 8.5 1 5 245.8
13 11.5 8.5 1.5 5 303.3
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Appendix 3

The viscosity of copolymer emulsion

Sample MMA/g BA/g MA/g SiO2/% Viscosity/mPa.s
1 11.5 8.5 0 0 1.28
2 11.5 8.5 0 0.1 1.4
3 11.5 8.5 0 0.5 1.59
4 11.5 8.5 0 1 1.9
5 11.5 8.5 0 3 2.24
6 11.5 8.5 0 5 3.53
7 11.5 8.5 0 10 6.04
8 10.5 9.5 0 5 1.97
9 11 9 0 5 2.37
10 12 8 0 5 3.95
11 12.5 7.5 0 5 4.9
12 11.5 8.5 0.5 5 2.18
13 11.5 8.5 1 5 2.11
14 11.5 8.5 1.5 5 2.24

Appendix 4

The adhesion of nanocomposite film

Sample MMA/g BA/g MA/g SiO2/% Adhesion 1/psi Adhesion 1/psi Average/psi
1 11.5 8.5 0 0 574 527 550.5
2 11.5 8.5 0 0.1 532 592 562
3 11.5 8.5 0 0.5 560 595 577.5
4 11.5 8.5 0 1 600 511 555.5
5 11.5 8.5 0 3 363 267 315
6 11.5 8.5 0 5 494 387 440.5
7 11.5 8.5 0 10 511 271 391
8 10.5 9.5 0 5 470 536 503
9 11 9 0 5 463 429 446
10 12 8 0 5 540 548 544
11 12.5 7.5 0 5 451 311 381
12 11.5 8.5 0.5 5 343 260 301.5
13 11.5 8.5 1 5 249 422 335.5
14 11.5 8.5 1.5 5 150 306 228
15 Commercial clear coating 0 205 205 205
16 Commercial color coating 1 0 445 445 445
17 Commercial color coating 2 0 500 500 500
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Appendix 5

The water contact angle of nanocomposite film

Sample MMA/g BA/g MA/g SiO2/% Water contact angle/degree
1 11.5 8.5 0 0 74.48
2 11.5 8.5 0 0.1 74.22
3 11.5 8.5 0 0.5 73.22
4 11.5 8.5 0 1 73.05
5 11.5 8.5 0 3 71.94
6 11.5 8.5 0 5 69.03
7 11.5 8.5 0 10 66.17
8 10.5 9.5 0 5 71.39
9 11 9 0 5 70.56
10 12 8 0 5 68.72
11 12.5 7.5 0 5 67.26
12 11.5 8.5 0.5 5 68.40
13 11.5 8.5 1 5 67.67
14 11.5 8.5 1.5 5 65.89

Appendix 6

The water absorption of nanocomposite film

Sample MMA/g BA/g MA/g SiO2/% Water absorption/%
1 11.5 8.5 0 5 23.69
2 11.5 8.5 0.5 5 9.10
3 11.5 8.5 1 5 6.56
4 11.5 8.5 1.5 5 8.39
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Appendix 7

The zeta potential of copolymer emulsion

Sample MMA/g BA/g MA/g SiO2/% Zeta potential /mV
1 11.5 8.5 0 0 -34.8
2 11.5 8.5 0 0.1 -58.8
3 11.5 8.5 0 0.5 -59.6
4 11.5 8.5 0 1 -67.6
5 11.5 8.5 0 3 -65.4
6 11.5 8.5 0 5 -54.1
7 11.5 8.5 0 10 -57.6
8 10.5 9.5 0 5 -58.5
9 11 9 0 5 -49.4
10 12 8 0 5 -36.6
11 12.5 7.5 0 5 -55.0
12 11.5 8.5 0.5 5 -37.8
13 11.5 8.5 1 5 -53.0
14 11.5 8.5 1.5 5 -39.3
15 0 0 0 100 -34.4

Appendix 8

The physical property of acrylic polymer monomer

Monomer MMA BA MA

Boiling point/ ℃ 101 147 160

Relative density/ d25 0.940 0.894 1.105

Refractive index/ 253D 1.412 1.416 1.4288

Flash point/ ℃
Open 13 49 72

Close 2 39 68

Solubility/ %
25℃

O/W 1.59 0.2 complete

W/O 1.2 0.7 complete

Specific heat capacity/[J/(g.℃)] 1.88 1.93
Polymer glass transition

temperature/ ℃ 105 54 130

Polymer brittle point/ ℃ 92 45
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Appendix 9

The hardness of nanocomposite film
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Appendix 10

The tensile strength of nanocomposite film
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Appendix 11

The density of nanocomposite film
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