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1. Introduction

1.1 Amorphous silica

Silica, or silicon dioxide, is an inorganic chemical compound composed of silicon and 

oxygen with the chemical formula SiO2. Silica is the most abundant mineral in the 

Earth's crust, and exists in nature as sand or quartz, as well as in the cell walls of diatoms.  

Silica can be divided into two groups, crystalline (or c-silica) and amorphous silica (a-

silica or non-crystalline silica) (Vansant et al. 1995; Zemnukhova et al. 2006; Winkler 

et al. 2016). Both are found in natural or synthetic materials (Figure 1) (ECETOC 

2006). The natural form of silica occurs mostly as a crystalline phase, and the formation 

of various crystalline phases depends on temperature, pressure and degree of hydration

(Vansant et al. 1995). The anhydrous crystalline silica at atmospheric pressure can be

classified into quartz, tridymite and cristobalite (ECETOC 2006; Vansant et al. 1995).

Silicon atoms and oxygen atoms can form a covalently bonded lattice, which enables 

its very high melting and boiling points (Wiley Online Library). All forms of silica are 

identical in chemical composition, and the basic structural unit SiO4 tetrahedron is 

linked by siloxane bridges (Si-O-Si). In crystalline silica, tetrahedra are patterned with 

repeating silicon and oxygen in a regular long-range order, and amorphous silica struc-

tures are more randomly linked in a short-range order (Sushko et al. 2005; Wiley Online 

Library). 

Amorphous silica is present in nature or via various synthetic processes (Winkler et al.

2016).  Synthetic amorphous silica (SAS) can be produced by either a vapour-phase 

hydrolysis process yielding pyrogenic (fumed) silica, or by a wet process, yielding hy-

drated silica (Fruijtier-Pölloth 2016; Winkler et al. 2016). Pyrogenic (fumed) silica ap-

pears white and fluffy powder, while hydrated silica occurs as gelatinous form. The 

physico-chemical properties of SAS are varied widely, depending on its preparation 

process, structural perfection and quality (Vansant et al. 1995; Winkler et al. 2016; 

Zemnukhova et al. 2006). Typically, colloidal SAS consists of stable dispersions of 

amorphous silica particles (≥ 30%) in a liquid, most commonly in water, while dried 

pyrogenic SAS contains ≥ 99.8% silica, with alkali and heavy metals in the low ppm 

range, and dried hydrated SAS contains ≥ 95% silica (ECETOC 2006; Fruijtier-Pölloth 

2016; Winkler et al. 2016). Amorphous silica is far more interesting than crystalline 

silica due to its non-cytotoxicity. For example, SAS, registered by the EU as the food 



2 

additive E551, is widely employed in the food industry as a thickener in pastes or as a 

defoamer in beverages (Winkler et al. 2016). 

Figure 1. Different polymorphs of silica (modified from ECETOC, 2006).

 

Pure silica is colorless, and used as optical fibers and telescope glasses (ECETOC 2006; 

Fruijtier-Pölloth 2016). Fused silica is relatively hard material with a value of 9 GPa 

(Westbrook 1960). The melting and boiling point of amorphous silica can reach up to 

1710 °C and 2230 °C (Wiley Online Library), respectively. Silica is also known as a 

low-k (dielectric constant) material (Si et al. 2001). Silica is chemically stable, however, 

it reacts with hydrofluoric acid, and this reaction is used to etch quartz in the semicon-

ductor industry (Yu et al. 2011). Silica also reacts with metal oxides, such as, sodium 

oxide or lead oxide, to produce borosilicate glass or leaded glass (Simmons et al. 1979). 

In recent years, advancers in nanotechnology have opened up opportunities in the life 

sciences and personal medicine for combining biomolecules with amorphous silica, 

such as mesoporous silica, due to its excellent stability, tunable surface area and porosity 

(El-Toni et al. 2012). Furthermore, no environmental or toxicological risks associated 

with amorphous silica have been found based on extensive data on its physico-chemical 

properties, ecotoxicology, toxicology, safety, and epidemiology (Bharti et al. 2015). 

Silica is a hydrophilic adsorbent that adsorbs about 5 to 10 (w/w) water when exposed 

to humid air (Papirer 2000). The presence of silanol groups (Si-OH) on the surface of 

amorphous silica favors proton exchange, causing surface ionisation and ion adsorption, 

and thus enabling their wide range of functionalities (Slowing et al. 2008). According 

to the co-ordination of surface hydroxyl groups to silicon atom, the silanol groups are 

subdivided into three different types: (i) isolated free (single silanols), SiOH; (ii) gemi-

nal free (geminal silanols), =Si(OH)2; and (iii) vicinal, OH groups bound through the 

hydrogen bond (H-bonded single silanols, H-bonded geminals, and their H- bonded 
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combinations) (Papirer 2000; Zhuravlev 2000) (Figure 2). The reactivity of the silanol 

groups leads to adsorption of water (ECETOC 2006). The hydroxyl groups (OH-) are 

the centers of molecular adsorption which interacts with adsorbates capable of forming 

a hydrogen bond with the OH groups (Kiselev 1957). At 25 °C and a pH range of 1 –

10.2, the solubility of a-silica increases immensely after pH 8 (Alexander et al. 1954). 

The saturation concentration of dissolved a-silica in water was found as 120 mg SiO2/L, 

whereas that for quartz was 5 mg SiO2 /L. The dissolution of silica in water at low 

temperature is quite low and remains unchanged even at a high temperature of up to 100 
°C for one day (Yu et al. 2011). Dissolving silica in water leads to monosilicic acid and 

reverse precipitation, i.e. polymerisation and de-polymerisation (Eq. 1) (ECETOC 

2006).

SiO2 (s) + 2H2O Si(OH)4 (1) 

The silanols may undergo acid- and base-specific reactions, such as chlorination (Eq. 2) 
and neutralization (Eq. 3) (ECETOC 2006):

≡Si–OH +SOCl2 → ≡Si–Cl + SO2 + HCl (2) 

≡Si–OH + NaOH → ≡Si–ONa + H2O (3) 

 

Figure 2. Different types of silanol groups and siloxane bridges on the surface of amorphous 
silica, and internal OH groups (Zhuravlev 2000).

1.2 Applications of amorphous silica

In the last two decades, the unique physico-chemical properties of hollow and/or mes-

oporous silica materials have attracted substantial interests in many fields of applica-

tions. The properties of porous silicas display high surface area, tunable particle size 
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with an ordered porous network, high adsorption capacity, high dielectric strength, bio-

compatibility as well as high chemical, thermal and mechanical resistance (Lai 2013).

These advances have in turn enabled applications, including in chemical catalysis, ad-

sorption and molecular separations, energy storage, photonics, and particularly as a drug 

host in biochemical engineering for applications, such as cancer therapy, DNA trans-

fection and drug delivery (Giraldo et al. 2008; Huh et al. 2003; Lai 2013; Lou et al.

2008; Singh et al. 2014; Trewyn et al. 2004; Venkatathri 2012; Ying 2006). In drug 

delivery systems, the large fraction of voids in hollow or mesoporous silica permits the

encapsulation or impregnation of drugs (Lou et al. 2008; Singh et al. 2014). The appli-

cation of silica as a carrier has been extended by employing active materials, such as 

catalysts and other sensitive materials (Liu et al. 2014). Furthermore, the excellent op-

tical transparency and permeability could widen the applications of silica-based materi-

als, ranging from textiles to construction materials (Baccile et al. 2009; Singh et al.

2014). Silica particles in cement-based products distinctly improve the mechanical 

strength and durability, and increase the environmental tolerance. The time required for 

concrete construction work has been reduced as silica nanoparticles (SNPs) can produce 

ultra-high strength with a shorter curing time (Singh et al. 2014). 

1.2.1 Hollow silica in polymer fire retardancy coatings

Polymeric materials have become widely used everywhere in our daily life (Dasari et 

al. 2013; Rakotomalala et al. 2010). Use of composite materials consisting of an organic 

matrix reinforced with glass, carbon, aramid or natural fibers has grown due to their 

enhanced physical, thermal, chemical and mechanical properties, while maintaining low 

density, good fatigue endurance and corrosion resistance (Rakotomalala et al. 2010).  

Polymeric matrices enable composite materials in extensive applications, such as con-

struction, transportation, electrical appliances and aerospace (Rakotomalala et al. 2010). 

However, the high flammability of polymers accompanied by the production of corro-

sive or toxic gases and smoke during combustion, can lead to loss of life and property 

(Laoutid et al. 2009; Lu et al. 2002). Thus, integration of fire retardants (FRs) into pol-

ymers or polymer-based composites becomes vital for meeting fire safety regulations in 

order to develop new functional materials (Dasari et al. 2013; Horrocks et al. 2001; 

Laoutid et al. 2009; Lu et al. 2002). 

The thermal decomposition mechanism of a polymer (i.e. covalent bond dissociation) 

is an endothermic process which combines the effects of heat and oxygen (Laoutid et 

al. 2009). After exposure to an external heat source and reaching its decomposition tem-

perature, the polymer pyrolyses/decomposes and releases flammable volatile substances 

that can ignite in air. If the heat evolved by ignition is sufficiently high to maintain the 
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decomposition rate of the polymers, a self-sustaining combustion cycle becomes estab-

lished (Horrocks et al. 2001). Figure 3 presents the four stages in the combustion pro-

cess of the polymers: (i) heating, (ii) pyrolysis/thermal decomposition, (iii) ignition, and 

(iv) thermal feedback needed to sustain continuous combustion (Horrocks et al. 2001).

Figure 3. Scheme of polymer combustion process (modified from Horrocks et al. 2001).

Fire retardants interfere either in the vapor phase or the condensed phase via a physical 

and/or chemical mechanism during polymer combustion. Typically, fire retardants can 

be divided into two types: additive and reactive retardants. Additive fire retardants are 

incorporated into the polymers by physical means, such as cooling, fuel dilution and 

formation of a thermal-insulation layer. The physical mode acts through endothermic 

decomposition of the fire retardant additives, thereby cooling the reaction medium be-

low the polymer combustion temperature. In contrast, reactive fire retardants involve 

chemical modification of existing polymers with a fire-retarding unit either in the chain 

or as a pendant group via copolymerization, occurring either in the gaseous or the con-

densed phase during various stages of polymer combustion (Bocz et al. 2013; Laoutid 

et al. 2009; Lu et al. 2002). Both additive and reactive fire retardants can significantly

alter the polymers into which they are incorporated in terms of viscosity, density, flex-

ibility and electrical properties of the polymer (Mariappan 2016). 

Examples of additive fire retardants include metal hydroxides, such as alumina trihy-

drate (ATH) and magnesium hydroxide (MDH), as well as chlorinated paraffins, bro-

minated organics and phosphate esters (Horrocks et al. 2001). Reactive fire retardants 

are phosphorous organic substances, bromine-based substances (tetrabromobisphenol 

A, TBBPA) and intumescent agents (Horrocks et al. 2001; Mariappan 2016; Rako-

tomalala et al. 2010). Intumescence is referred to as a fire-retardant technology that is 

designed to swell or expand into a porous foam char upon exposure to fire or heat, thus 

acting as an insulation and protective barrier. Such a barrier inhibits the heat and mass 

transfer between the combustion gases and oxygen in the air, which in turn significantly 

decreases the amount of decomposition gases (Horrocks et al. 2001; Mariappan 2016). 

Intumescent coating is well suited for non-flammable substrate, such as structural steels 
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(Mariappan 2016). An intumescence system is typically composed of three ingredients: 

an inorganic acid (dehydrating agent), a carbon rich polyhydric material (char former), 

and a blowing agent (spumific) (Mariappan 2016). The intumescent agent extensively 

used in thermoplastic polymers has traditionally included ammonium polyphosphate 

(APP) as a dehydrating agent, pentaerythritol (PER) as a char former and melamine 

(MEL) as a blowing agent (Bocz et al. 2013; Laoutid et al. 2009; Lu et al. 2002; 

Mariappan 2016). 

In recent years the use of traditional halogen- and phosphorous-based compounds has 

been restricted because they produce persistent organic pollutants and corrosive or toxic 

combustion products (Dasari et al. 2013; Mariappan 2016). Interest in developing hal-

ogen- and phosphorous-free fire retardants has been driven by environmental and safety 

considerations (Hornsby 2007; Rakotomalala et al. 2010). An alternative to the use of 

halogenated fire retardants is offered by silica. Silica is an important inorganic additive 

and also that provides fire retardant action by two means: (i) reducing the flammability 

of polymeric materials by physical interaction in the condensed phase (Laoutid et al.

2009); (ii) modifying polymer melt viscosity and building siliceous barrier (Weil et al.

2009).  Studies have shown that various forms of silica can effectively retard fire in both 

research and commercial polymer products. For example, the addition of fumed silica 

and silica gel into polypropylene and polyethylene oxide were observed near the surface 

of polymers acting as a thermal insulation layer due to their low density and large sur-

face areas, thus, reducing the heat release and mass loss rates (Laoutid et al. 2009). An 

adequate small amount of hydrated silica is also found to be effective in commercial 

viscose rayon (Visil®). Dispersed silica tends to promote high-temperature dimension 

stability in polymers, such as the presence of silica in epoxy resins which are extensively 

used in electronic appliance favors fire retardancy (Weil et al. 2009).

1.2.2 Amorphous mesoporous silica in controlled drug delivery 
system

Materials designed to incorporate active molecules into the matrix of inorganic material

or polymer and release them at controlled rates are of considerable commercial interest, 

particularly in the burgeoning field of drug delivery (Chen et al. 2014; Ding et al. 2018;

Finnie et al. 2016; Liu et al. 2017; Liu et al. 2018; Rahikkala et al. 2018). The resulting 

architecture is known as a core-shell structure, in which the core is coated with benign 

shell materials (Jankiewicz et al. 2012; Lee et al. 2015; Rahikkala et al. 2018; Slowing 

et al. 2008). Unlike conventional meterials, the design of this core-shell construct offers 

combined functionalities of both cores and shells (El-Toni et al. 2012).
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In a controlled drug delivery system (DDS), mesoporous silica nanoparticles (MSNs) 

as inorganic nanomaterials have been explored as effective carriers for a variety of ther-

apeutic agents to fight against the diseases including bone/tendon tissue engineering, 

diabetes and cancer (Alvarez-Berrios et al. 2016; Tang et al. 2012). MSNs are solid 

materials that contain empty mesopores with diameters ranging between 2 - 50 nm. The 

ordered pore network enables a high loading capacity of hydrophilic or hydrophobic 

drugs in stimuli-responsive drug delivery system (Alvarez-Berrios et al. 2016; Bharti et 

al. 2015; Ciriminna et al. 2011; Rahikkala et al. 2018; Tang et al. 2012). MSNs exhibit 

typical characteristics of inorganic nanomaterials including high chemical, mechanical 

and thermal stability, optical transparency and biocompatibility/biodegradability (Avnir

1995; Chen et al. 2014; Depagne et al. 2011; Rahikkala et al. 2018). MSNs can be 

classified as M41S type, ORMOSIL nanoparticles, and hollow type MSNs (Feng et al.

2016). The silica materials M41S were first discovered by Kresge et al. at the Mobile 

Oil Corporation in 1992 (Kresge et al. 1992). Since then, tremendous efforts have been 

made to further develop mesoporous materials with different mesophases. M41S can be 

further divided into MCM-41 (Mobile crystalline materials), MCM-48 and MCM-50 

based on their geometric structure (Anderson 1997; Feng et al. 2016; Sayari 2000; Tang 

et al. 2012; Yiu et al. 2005). In 1998 the first MSN made using with amphilic triblock

copolymers was SBA (Santa Barbara amorphous), which has highly ordered pores,

wider pore size (5 – 30 nm) and thicker pore walls in comparison with MCM-41 (Feng 

et al. 2016; Song et al. 2005; Trewyn et al. 2007). MCM41 and SBA-15 (Table 1) are 

presently the most investigated MSN structure for drug delivery applications (Feng et 

al. 2016). ORMOSIL are organically modified silica having the features of hybrid ma-

terials and utilized in biochemical fields. Hollow type MSNs with a hollow core-meso-

porous structure represent a new generation of MSNs in the applications of cancer im-

aging and therapy (Feng et al. 2016; Rahikkala et al. 2018).

Table 1. The features of MCM-41 and SBA-15 materials.

Type Internal structure Pore size 
(nm)

Surface area 
(m2/g)

MCM-41 2D hexagonal 1.6 – 10 > 700

MCM-48 3D cubic 1.2 – 3.8 > 1600

MCM-50 Lamellar geometry - -

SBA-15 hexagonal or 3D cubic 5 - 30 400 – 900
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The drugs are incorporated into MSNs matrix through entrapment, encapsulation, dis-

solution, or adsorption attachment (Douroumis et al. 2013). The packing geometry of 

the drug molecules inside the mesopores influences the drug release kinetics as well as 

the chemical interaction between the drug molecules and the functional groups present 

on the surface of the pores. Therefore, the surface modification of the silica is important 

towards the targeted drug molecules (Rahikkala et al. 2018). The siloxane group (-Si-

O-Si-) of MSNs provides hydrophobic properties (Hu et al. 2017). On the other hand, 

the presence of the silanol groups (Si-OH) on the surface exhibits hydrophilic properties 

that enable the interaction with drug molecules through hydrogen bonds (Song et al.

2005). The drug release from MSNs carriers is driven by diffusion, solvent, chemical 

reaction and can be controlled through various stimuli, including light, temperature, 

heat, pH, and ionic strength (Lee et al. 2011; Lee et al. 2015). Some studies also inves-

tigated that the solubility and dissolution of silica are pH-dependent. A higher solubility

and fast dissolution were observed at neutural and alkaline conditions, and very little 

effect on pH under acidic condition (Giovaminni et al. 2018; Pham et al. 2012). The 

recent development of MSNs has been focused on the controlled particle size and 

mesostructural diversity, compositional flexibility and morphological architecture (Sa-

kamoto et al. 2000; Schüth et al. 2001; Tarn et al. 2012; Tian et al. 2003).

1.2.3 Mesoporous silica in metal-enhanced fluorescence (MEF) and 
shell-isolated nanoparticle-enhanced Raman spectroscopy 
(SHINERS)

The unique optical properties resulting from the excitation of surface plasmon reso-

nances (SPR) in metallic particles (e.g., Au, Ag), especially Ag NPs, have led to signif-

icant advances in the areas of photocatalysis, information processing and biosensors 

development (Austin et al. 2011; Evanoff et al. 2004). This is due to the interactions 

between fluorophore and Ag, inducing fluorescence enhancement (Asselin et al. 2016; 

Hu et al. 2013; Sui et al. 2014). Low-k dielectric silica can be used as a coating shell 

around plasmonic metal NPs cores, raising precision in SPR-based applications (Asselin 

et al. 2016; Hu et al. 2013; Kudelski et al. 2012; Niitsoo et al. 2011; Uzayisenga et al.

2012). The design of core-shell metal@silica protects the plasmonic metal cores from 

oxidation or damage from sensitive biological medias (Chen et al. 2015; Montaño-

Priede et al. 2017; Yang et al. 2011). Such a structure has been widely applied in emerg-

ing technologies, such as detection of chemical species with metal-enhanced fluores-

cence (MEF) in biochemistry and molecular biology (Asselin et al. 2016; Hu et al. 2013; 

Sui et al. 2014), as well as investigation of various interfaces with shell-isolated nano-

particle-enhanced Raman spectroscopy (SHINERS) (Kudelski et al. 2012; Uzayisenga 

et al. 2012). The performance of both technologies depend on the combined factors of 
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not only the size and shape of the metal cores, but also the porosity and thickness of the 

silica shells (Asselin et al. 2016; Kudelski et al. 2012; Si et al. 2001; Su et al. 2014; 

Uzayisenga et al. 2012).

1.3 Synthesis of hollow/mesoporous silica-based materials 
via a sol-gel method

For hollow or mesoporous silica-based materials, a “bottom-up” approach is a common 

strategy. Two approaches are available to synthesize hollow silica spheres: physi-

cal/hard template and chemical/soft template techniques (Table 2) (Bao et al. 2016; Yu 

et al. 2011; Zhang et al. 2009). The hard template includes spray drying, layer-by-layer 

deposition and the coaxial-nozzle method. Many substances can be used as hard tem-

plates, including latex particles, inorganic solids, natural materials, and metallic oxides. 

Synthesis based on hard templates employs pre-fabricated rigid templates to coat the 

silica on their surface, leading to a definite shape with structure rigidity and highly reg-

ulated appearance. Template removal is achieved by calcinations or solvent treatment. 

Hollow silica prepared using the hard template approach is effective and universal (Bao 

et al. 2016), whereas the soft templates approach is a straightforward in-situ method 

using amphiphilic molecules containing both hydrophilic and hydrophobic surfac-

tants/polymers as templates, prone to deformation during the silica coating process (Bao 

et al. 2016; Bhatia et al. 2000; Yu et al. 2011). The soft template approach includes 

microemulsion, micelles templating and vesicle templating. In contrast to the hard tem-

plate approach, hollow silica prepared by the soft template approach shows irregular 

appearance and wide particle size distribution due to the deformability of the soft tem-

plate (Malgras et al. 2015), though these defects can be overcome (Bao et al. 2016).

Table 2. Methods of synthesizing hollow silica spheres (Bao et al. 2016; Yu et al. 2011; Zhang 
et al. 2009).

Physical / Hard templating Chemical / Soft templating

a. Spray drying a. Microemulsion

b. Layer-by-layer deposition b. Micelle templating

c. Coaxial-nozzle method c. Vesicle templating

1.3.1 Synthesis of hollow or hollow porous silica microspheres via 
a sol-gel emulsion method

A general pathway for mesoporous material synthesis is through the formation of silica 

directed by liquid crystal templating (LCT) mechanism followed by a hydrothermal 

process. Silica is often formed using a sol-gel method (Lin et al. 2013; Cai et al. 1999). 
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LCT involves assemblies of surfactant micelles acting as a structure template for the 

formation of the mesophase (Alothman 2012). MSNs with variable properties can be 

achieved by adjusting synthesis conditions, such as starting precursors, pH, temperature, 

ratio of reactants and different catalysts and surfactants or co-polymers (Schiller et al.

2009; Wu et al. 2013).

The sol-gel technique is a low- temperature method for synthesizing either purely inor-

ganic or organic–inorganic hybrid materials (Depagne et al. 2011; Singh et al. 2014). 

The sol-gel process consists of hydrolysis and condensation reactions of organometallic 

compounds in alcoholic solutions with the aid of catalysts (acid or base) (Singh et al.

2014). Two distinct stages are involved in the synthesis route: (i) the formation of sol,

which is a colloidal suspension of particles in a liquid medium, and (ii) reaction of the 

particles with each other to form a cross-linked 3D polymeric chain, which converts 

into a gel in the second stage (Brinker et al. 1990; Pierre 1998). Synthesis of silica

typically starts with the alkoxide precursors, Si(OR)4, with the most common one being 

tetraethyl orthosilicate (Si(OC2H5)4, TEOS), shown in Equations 4 – 7 (Branda 2011; 

Ciriminna et al. 2013). Hydrolysis is carried out in a mutual solvent as Si(OR)4 and H2O

are immiscible, and alcohol ROH as a catalyst both enhances the rate of reaction as well 

as helps to avoid transesterification reactions, leading to the formation of mixed 

Si(OR)4-x(OR')x species (Baccile et al. 2009). The sol-gel method has gained great pop-

ularity due to its flexibility in controlling particle size, morphology and distribution 

through systematic monitoring of the reaction kinetics (Brinker et al. 1990). 

Hydrolysis
≡ Si – OR + H2O ≡ Si – OH + ROH (4)

Alcohol condensation
≡ Si – OR + ≡ Si – OH ≡ Si – O – Si ≡ + ROH (5)

Water condensation
≡ Si – OH + ≡ Si – OH ≡ Si – O – Si ≡ + H2O (6)

Overall reaction
Si(OR)4 + 2H2O SiO2 + 4ROH (7)

Emulsions generally consist of two immiscible phases and are mixed by dispersing one 

fluid into another nonmiscible one in the presence of surfactants or polymers, with or 

without the aid of a cosurfactant (Leal-Calderon et al. 2007; Oh et al. 2002). The prop-

erties of emulsions and their application are determined not only by temperature and 

composition, but also by droplets size distribution (Leal-Calderon et al. 2007). Typical 
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emulsions for synthesizing hollow particles include water-in-oil (W/O) (also called re-

verse micellar solutions) and oil-in-water (O/W), both of which are soft template ap-

proaches (Chang et al. 1996; Ciriminna et al. 2011; Wang et al. 2002), though other 

emulsions can include water-in-oil-in-water (W/O/W) and oil-in-water-in-oil (O/W/O), 

depending on the application. Both water-in-oil and oil-in-water emulsions coexist sim-

ultaneously and are stabilized by hydrophilic and lipophilic surfactants, respectively 

(Oh et al. 2005). The W/O and O/W approaches differ in the properties of the encapsu-

lated molecules. The W/O approach directly encapsulates hydrophilic molecules into 

silica microspheres, whereas O/W can be used to encapsulate hydrophobic molecules 

(Finnie et al. 2016; Wang et al. 2008). 

The hollow silica microspheres formed through a sol-gel emulsion method combine sol-

gel and microemulsion chemistry, in which the emulsion droplets act as ‘micro-reactors’ 

for conducting hydrolysis and condensation reactions of Si alkoxide in the presence of 

an acid or base catalyst (Figure 4) (Finnie et al. 2007). In this work, a sol-gel mediated 

W/O emulsion approach (Bao et al. 2016) is studied in great detail. W/O microemulsion 

solutions are transparent, isotropic liquid media in which an aqueous sol phase is dis-

persed in a continuous oil phase under mechanical agitation. The high interfacial tension 

of the emulsion formed by the aqueous and oil phase is reduced by the addition of an 

amphiphilic surfactant to reach a kinetically stable state (Brandhuber et al. 2005; Sattler 

et al. 1999). The microemulsion droplets host the sol-gel reaction and inhibit aggrega-

tion of polymeric reacting species during the reaction period. Formation of silica parti-

cles from TEOS has been studied using ionic and nonionic W/O microemulsions (Chang 

et al. 1996). The generated colloidal particles can be micro- or nanosized. The final size 

distribution and surface morphology of synthesized silica particles are impacted by the 

processing factors and characteristics of the surfactants, such as water-to-alkoxide ratio, 

type and concentration of the catalysts, Si alkoxides, surfactants and solvents, aging 

time, calcination temperature and time (Chang et al. 1996; Schiller et al. 2009). Subse-

quent washing removes the oil, solvents and some surfactants. The remaining surfac-

tants at the interface and the residual water evaporate during calcination, thus leading 

to the hollowness of silica spheres (Ciriminna et al. 2011).
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Figure 4. The formation process of hollow silica by a sol-gel emulsion method (modified from 
Finnie et al. 2015).

 

1.3.2 Core-shell Ag@MSN particles by modified Stöber method

Colloid silver nanoparticles (Ag NPs) exhibit distinct features, such as good conductiv-

ity, chemical stability, catalytic and antibacterial properties (Liu et al. 2010; Reidy et 

al. 2013). It is well known that Ag ions and Ag-based compounds show strong biocidal 

effects on many species of bacteria, including E. coli (Spadaro et al. 1974). Interest-

ingly, colloidal silver nanoparticles (Ag NPs) have been historically used in dental hy-

giene, treatment of eye conditions and other infections due to its anti-microbial proper-

ties (Cao et al. 2010; Lansdown 2004; Sarkar et al. 2007; Zeng et al. 2007). Nowadays, 

its utilization has been broadened to include ion exchange fibers (Nonaka et al. 2000) 

and the antimicrobial surface coatings of medical devices (Aymonier et al. 2002; Bosetti 

et al. 2002; Schierholz et al. 1998; Schierholz et al. 1999).

Ag can have different oxidation states, +1, +2 and +3, of which the +1 state is the most 

stable.  Ag NPs can reach up to 100 nm in size, and can have different shapes, including 

spheres, rods, wires and triangles. Materials containing silver often combine with other 

substances to obtain combined functionalities, such as surgical meshes for reinforce-

ments in tissue repair. Future therapeutic directions for Ag NPs include anti-inflamma-

tory, anti-platelet agents and antiviral drugs (Wong et al. 2010). Chemical reduction of 

Ag salts, such as the most commonly used precursor silver nitrate, in the presence of 

surfactants, offers a straightforward and economical method for producing stable and 

colloidal Ag NPs in water or organic solvents (Anne et al. 2006; Banerjee et al. 2014; 

Deirdre et al. 2007; Reidy et al. 2013; Sondi et al. 2000; Spadaro et al. 2010; Zhai et 

al. 1997; Walsh et al. 2012). The size, shape, and physico-chemical properties of Ag 
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NPs as drug agents are of great interest in formulating safe and cost-effective new phar-

maceutical products (Agnihotri et al. 2014; Forestier et al. 1992; Gliga et al. 2014; Raza 

et al. 2016), particularly for coping with the increasing resistance of bacteria to bacteri-

cides (Sondi et al. 2004). 

As carriers for small Ag NPs, mesoporous silica nanoparticles prevent the negative an-

timicrobial effects caused by nanoparticle aggregation, impose a controlled manner of 

release behavior for silver NPs in DDS as well as in MEF and SHINERS (Sondi et al.

2004). The greatest advantage of Ag@MSN composites lies in their ability to integrate 

and combine the multi-functionality of single NPs (El-Toni et al. 2012). In comparison 

with small molecule drugs, nanoenabled DDS may have improved the solubility and 

altered the pharmacokinetics and biodistributions in pharmaceutical applications 

(Huang et al. 2011). The physico-chemical properties of NPs, such as particle size, 

shape and surface chemistry, can dramatically influence their biodistribution and bio-

compatibility in vivo (Helmlinger et al. 2016).

Amorphous mesoporous silica is often synthesized by carrying out a sol-gel ammonia-

catalyzed reaction in the presence of surfactants (Ciriminna et al. 2011; Vries et al.

2016). Mesoporous silica shells on silver cores can be constructed by either a one- or 

multi-pot synthesis route. Multi-pot synthesis involves the separate formation of Ag 

cores and silica shells and combines both with a surface treatment (Devi et al. 2014). 

One-pot synthesis offers convenient advantages over multi-pot synthesis and is often 

based on the well-established Stöber method with modifications. The Stöber method 

was discovered in 1968 (Stöber et al. 1968) and has typically been used for synthesizing 

monodisperse non-porous silica spheres. The reactions (Eqs. 4 – 7) involve ammonia-

catalyzed hydrolysis and subsequent condensation of TEOS in aqueous ethanol solution. 

The tunable particle size and pore size silica spheres can be prepared via the interplay 

of reaction factors, such as composition ratio of reactants, pH, reaction time and type of 

catalysts (Slowing et al. 2008; Yu et al. 2011).

1.4 Research goals and tasks

The goal of this research is to develop sol-gel based synthesis techniques for producing 

hollow silica particles (Publication I – II) offering low thermal conductivity and mes-

oporous silica particles for use in encapsulating materials that can release contents on 

demand. The hollow silica particles are applied in Publication III as fire retardant ad-

ditives for polymer-based surface coatings on steels, and the mesoporous silica particles 

were used in Publication IV to develop a novel process for fabrication of core-shell 
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Ag@MSN particles based on a modified Stöber method. The core-shell Ag@MSN par-

ticles will be used to detect the release of Ag.

In its application as a fire retardant, it is expected that the hollow silica powder inte-

grated into the polymer matrix will flow to the top of the polymer due to its lighter 

density relative to dense silica, as well as a thermal insulation layer upon heating. For 

use of Ag@MSN in controlled release, aggregation of Ag NPs causes the deterioration 

of their chemical properties and, in turn, loss of their antimicrobial functionalities. In-

corporation of Ag into mesoporous SiO2 nanoparticles (Ag@MSN) may prevent aggre-

gation of Ag NPs, thus delaying the time release of Ag. Due to its enhanced colloidal 

and chemical stability, Ag@MSN offers a high surface area for surface functionaliza-

tion and improves the antibacterial properties of Ag.

The following tasks were accomplished to reach the goals of this research: 

Task 1. Development of a sol-gel emulsion synthesis on hollow porous silica micro-
spheres;

Task 2. Optimization of the process by identifying the impact of reaction parameters on 
the properties of synthesized particles;

Task 3. Applying the synthesized hollow SiO2 microspheres in unsaturated polyester 
fire retardant coatings for steels, and comparing their performance with traditional intu-
mescent fire retardant agents;

Task 4. Improvements to the synthesis of core-shell Ag@MSN particles via a modified 
Stöber method and determining the impact of the solvent volume on the properties of 
the synthesized particles;

Task 5. Applying the synthesized particles in dissolution tests to detect the release be-
haviour of Ag species. 

In Task 1, the focus was to determine the impact of synthesis time on the properties of 
hollow porous silica microspheres by using a sol-gel mediated water-in-oil emulsion 

method. It was found that the morphology, particle size, surface area and pore size of 

synthesized silica particles vary with synthesis time (i.e., the longer the synthesis time, 

the denser the silica microspheres produced), as demonstrated by the decrease in pore 

sizes and specific surface areas observed in Publication I. Publication II explored 

Task 2 by further optimizing the synthesis process based on the studies of Task 1. By 

keeping other reaction factors constant, it was possible to determine the individual in-

fluence of variable reaction conditions, such as mixing speeds and volumes of solvent, 

on silica particles. Publication II shows that the particle size of silica decreases linearly 
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with increasing mixing speed, and that specific surface areas and total pore volume ini-

tially decrease followed by a slight increase. When increasing the volume of solvent, an 

overall decrease was observed in silica particle size, surface area and total pore volume. 

In Task 3, the hollow silica particles obtained from the sol-gel emulsion synthesis were 

applied in unsaturated polyester resins (UPRs) and coated on the steel to study their 

performance as fire retardant fillers. Fire retardant performance was evaluated by com-

paring different fire retardant additives, including conventional intumescent agent 

(IFR), synthesized hollow silica powder with IFR, magnesium hydroxide (Mg(OH)2)

NPs with IFR, as well as graphite oxide (GO) with IFR. The aim of Task 4 was to 

extend previous studies on hollow porous silica microspheres to include mesoporous 

silica nanospheres as well as to investigate fabrication of core-shell Ag@MSN via a 

novel modified Stöber method. The impact of ethanol volume as a cosolvent on the 

properties of the resulting Ag@MSN was identified. A dissolution test for detecting the 

release behavior of Ag from the obtained particles was performed using inductively 

coupled plasma atomic emission spectroscopy (ICP-AES) measurements.
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2. Experimental

2.1 Materials

The materials used in the synthesis of amorphous hollow porous silica microspheres 

were tetraethyl orthosilicate 98% (Si-(OC2H5)4, TEOS, Acros Organics), 1-Octanol 

99% (C8H18O, Sigma-Aldrich), hydroxypropyl cellulose (HPC, MW ca. 100,000 g/mol,

Acros-Organics), Sorbitan monooleate (C24H44O6, Span®80, Sigma-Aldrich), 

Tween®20 (C58H114O26, Sigma-Aldrich), deionized water, ammonium hydroxide 25% 

(NH4OH, J. T. Baker), ethanol 99.5% (C2H5OH, Altia Oyj) and deionized water.

The chemicals applied in the fire retardant surface coatings include unsaturated polyes-

ter resin (UPR) containing the thinner Solvent Naphtha (S150), ammonium polyphos-

phate crystal form II ([NH4PO3]n, APP, Budenheim FR CROS S-10), pentaerythritol 

(C5H12O4, Sigma-Aldrich P4755) melamine (C3H6N6, Sigma-Aldrich M2659), magne-

sium hydroxide (Mg(OH)2, Sigma-Aldrich Fluka BioUltra), graphite oxide (GO, pro-

duced by modified Hummer’s method), amorphous hollow silica (SiO2, average particle 

size 2.3 μm, produced via the aforementioned synthetic process).

The reagents applied in the formation of core@shell silver@mesoporous silica spheres 

were silver nitrate 99% (AgNO3, Sigma-Aldrich), L-Ascorbic acid 99% (C6H8O6,

Sigma-Aldrich), and hexadecyltrimethylammonium bromide 99% (C19H42BrN, CTAB, 

Sigma-Aldrich), tetraethyl orthosilicate 99% (Si(OC2H5)4, TEOS, Sigma-Aldrich 

Chemie GmbH), distilled water, as well as ethanol 99.5% (C2H6O, Altia Oyj) and so-

dium hydroxide 0.1 mol/L (NaOH, Sigma-Aldrich Chemie GmbH).

2.2 Fabrication of silica particles

2.2.1 Sol-gel emulsion synthesis of hollow porous silica micro-
spheres

Hollow porous, porous and hollow silica particles were prepared using a sol-gel emul-

sion method, as shown in Figure 5. The emulsion system consisted of water in oil 

(W/O), with an oil phase containing HPC, Span®80 and 1-octanol, and a water phase 

containing Tween®20, ammonium hydroxide and distilled water. The two phases were 

mixed at 313 K for 0.5 h and then 64.5 mL TEOS was added dropwise to the emulsion.
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Figure 5. The process used to form hollow porous or porous or hollow silica microspheres via 
a sol-gel/emulsion approach.

In Publication I, three syntheses were carried out at a constant stirring rate of 550 rpm 

and temperature of 313 K for 24, 48 and 72 h, respectively. The synthesized particles 

were aged at ambient condition for 48 h, then washed with ethanol for 3 times, followed 

by air-drying for 24 h, and finally annealed in air at 773 K for 3 h. Prior to the studies 

in Publication II, the process was optimized and the synthesis mixing time was short-

ened to 6 h. In Publication II, two groups of syntheses were carried out following the 

abovementioned method: (i) variation of solvent amount by 80, 160, and 240 mL 1-

octanol at a constant mixing speed of 1500 rpm; and (ii) variation of mixing speed by 

400, 800, and 1200 rpm at a fixed volume of 1-octanol. The detailed procedure was 

described in Publications I and II.

2.2.2 A one-pot synthesis of core-shell Ag@SiO2

Core-shell Ag@SiO2 particles were obtained via an in situ synthesis using a modified 

Stöber method (Xu et al. 2009). This method was used to study the influence of ethanol 

on the size and surface morphology of synthesized particles under alkaline condition 

using CTAB as a structural template. Silica was generated onto the Ag colloidal parti-

cles which were formed by the reduction of silver nitrate with L-ascorbic acid in the 

presence of CTAB. The detailed procedure is described in Publication IV.
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2.3 The applications of hollow silica microsphere and core-
shell Ag@SiO2 particles

2.3.1 Hollow silica in fire retardant surface coating

Four groups of fire retardancy agents were mixed with unsaturated polyester resin 

(UPR) and coated on hot-dip galvanized steel sheets (thickness ~ 0.5 mm), respectively: 

(i) intumescent fire retardant (IFR) composed of ammonium polyphosphate (APP), pen-

taerythritol and melamine (APP-PER-Mel) at a molar ratio of 2:1:1; (ii) Mg(OH)2 (0.55 

μm); (iii) GO produced by a modified Hummer’s method; and (iv) amorphous hollow 

SiO2 (average particle size 2.3 μm). The coating compositions are listed in Table 3. A 

customized fire test was carried out using a Bunsen burner as the fire source. For the 

detailed coating procedure and fire test setup, see Publication III.

Table 3. Samples with fire retardants additives for the customized fire test.

Coating composition 
(wt%) UPR APP-PER-Mel (IFR) (molar 

ratio 2:1:1) Mg(OH)2 SiO2 GO

Reference 100 0 0 0 0

1 50 50 0 0 0

2 50 49 1 0 0

3 50 44 0 6 0

4 50 44 1 5 0

5 50 49 0 0 1

2.3.2 Detection of Ag release behavior via ICP-AES measurements

The powder samples obtained from three syntheses varying in their volume of ethanol 

were marked as S1, S2 and S3, with 100 mg of each powder sample containing 

Ag@SiO2 particles being dispersed into 25 mL pH 1, pH 3 and pH 5 HNO3 solution. 

The dispersions were mixed with ultrasonication, and then left at ambient conditions for 

releasing of Ag over a period of 7, 10 and 12 days.  The dispersions were then filtered 

via 0.45 μm syringes filters.  Thereafter, 10 mL of filtered solution was collected and 

acidified with concentrated HNO3 and prepared for inductively coupled plasma (ICP) 

tests.
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2.4 Material characterization

2.4.1 Surface morphology

The surface morphology of synthesized silica micron particles and core-shell Ag@SiO2

particles in Publications I, II and IV was studied by scanning electron microscopy 

(SEM, Hitachi-S4700 FEG-SEM).  For SEM sample preparation, a small amount of 

sample powder was dispersed in 96.1 vol% ethanol using an ultrasonic mixer, and then 

dropped onto a silicon wafer. After evaporation of the ethanol, the dried sample was 

placed onto a carbon tape. The sample was then coated with a gold layer using the Gatan 

model 682 precision etching coating system or Leica EM SCD050.

In Publication III, microstructural characterization of the fire retardant surface coating 

after fire tests was carried out by optical microscopy (Leica DMRX) using polarized 

light. The structure of the core-shell Ag@SiO2 particles in Publication IV was observed 

by transmission electron microscopy (TEM, Tecnai G2 F20 FEG) operating at 200 kV.

TEM samples were prepared by dispersing a very small amount of the sample powder 

in 96.1 vol% ethanol by an ultrasonic mixing for 10 minutes, and then the dispersion 

was allowed to stand for 15 minutes before pipetting samples (0.6 μL) from the upper 

layer and dropping it onto a carbon- coated copper grid, and then left to dry. 

2.4.2 Particle size distribution

The particle size distribution of the silica powders in Publication I was determined by 

laser diffraction (Malvern Mastersizer 2000, Malvern Instruments). The particle size 

distribution was calculated according to Mie’s theory using a refractive index of 1.45 

and absorption of 0.1 for silica. The sample was prepared by dispersing the sample par-

ticles in water, and the measurements were carried out both with and without ultrasonic 

mixing.

2.4.3 Identification of chemical composition

The characteristic functional groups of silica powder in Publication II and core-shell 

Ag@SiO2 powders in Publication IV were identified by Fourier Transform Infrared 

Spectroscopy (Nicolet 380 FT-IR). Each powder sample (approximately 0.1 mg) was 

pressed into the pure disc, and the FTIR spectra were analysed by OMNIC software. 

UV–Vis absorption spectroscopy of core-shell Ag@SiO2 was performed in the range of 

300 – 800 nm with a Hitachi U-5100 UV/Vis spectrophotometer, using distilled water 

as a reference.
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2.4.4 Specific surface areas and porosity measurement

The specific surface areas (SSA) and pore size distribution of the synthesized powder 

were measured with Brunauer-Emmett-Teller (BET) method. In Publication I, SSA of 

the hollow porous silica powders used the 1-point BET method with a Micromeritics 

Flowsorp 2300 II instrument, using nitrogen-helium gas mixture and containing 30% 

nitrogen. SSA of Ag@SiO2 in Publication IV was determined with a Micromeritics 

Tristar II 3020 using a nitrogen adsorption-desorption isotherm at 77 K. The samples 

were degassed at 180 °C for 3 h prior to the BET measurements. 

2.4.5 Phase identification

The phases of the synthesized powders were studied by X-ray diffraction (XRD, PAN-

alytical X’Pert Powder Pro) using Cu Kα radiation (λ= 1.5406 Å) with a step size of 

0.01° and 2θ at 10 - 90°. Evaluation of the average crystallite sizes of Ag was based on 

the XRD data using Scherrer's equation. X’Pert HighScore Plus Software was used for 

analysis of XRD patterns.

2.4.6 Identification of elements

The concentration of Ag NPs released from synthesized powders was detected by in-

ductively coupled plasma atomic emission spectroscopy (ICP-AES) using a Perkin 

Elmer ICP-AES Optima 7100 DV (+/- 5% measurement error). The Ag emission spec-

tra were measured at the wavelengths of 328.068 - 338.289 nm. 
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3. Results

This section summarizes the major results based on the Publications I – IV.

3.1 Hollow porous silica microsphres using a sol-gel emul-
sion method

In Publications I and II, hollow porous, porous and hollow amorphous silica micro-

spheres were obtained via a sol-gel/water-in-oil approach (Figure 6). The effect of syn-

thesis time on the particle size and surface morphology of silica were studied in Publi-

cation I. Table 4 presents the properties of silica microspheres synthesized at different 

synthesis time. (

Publication I).
Table 4. Properties of silica microspheres synthesized for 24, 48 and 72 h (Publication I).

Synthesis time 
(h)

Mean particle size with ultra-
sonic mixing (μm)

Surface area

(m2/g)
Main struc-

ture

24 6.5 380 Hollow, po-
rous

48 5.4 366 Hollow, po-
rous

72 8.2 111 Porous

The hollow porous structure of silica particles was observed clearly on the particles 
obtained at 24 and 48 h synthesis time, and porous structure was obtained at the synthe-
sis time of 72 h (Figure 6). The particle size distribution (Figure 7) shows that the mean 
particle size decreases from 6.5 to 5.4 μm corresponding to 24 and 48 h synthesis time 
and increases to 8.2 μm when the synthesis time was prolonged to 72 h. All the particles 
are porous with a specific surface area of 380, 360 and 111 m2/g, respectively.
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Figure 6. SEM images of silica particles obtained via a sol-gel emulsion method at different 
synthesis times: (a & d) 24 h; (b & e) 48 h; (c & f) 72 h (Publication I). 

Figure 7. Particle size distributions with ultrasonic mixing (Publication I).

The properties of synthesized particles in Publication II are summarized in Table 5.
The hollow silica microspheres (Figure 8) (Publication II) were formed via the influ-
ence of variable amounts of 1-octanol and mixing speeds. The characteristic bonds of 
the synthesized particles were confirmed by FTIR measurement (Figure 9) (Publica-
tion II). The peaks at 1041-1050, 800 cm-1 correspond to the stretching and bending 
of Si-O-Si bonds, respectively (Hase 1992). The presence of a silanol (Si-OH) and 
ethoxysilane (Si-OC2H5) group were not observed as the intramolecular bonds O-

H corresponding to 3500-3600 cm-1 and C-H with 3000 cm-1 disappeared after calci-
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nation. The particle size distribution (Figure 10) (Publication II) shows that at a con-
stant mixing speed of 800 rpm, the mean particle size decreases from 4.8 to 2.4 μm 
when the volume of 1-octanol increases from 80 to 160 mL, and the particle size varia-
tion using 160 to 240 mL of 1-octnol is small. At a constant volume of 1-octanol, the 
mean particle size decreases with increasing mixing speed.

Table 5. Properties of silica microspheres prepared via a sol-gel emulsion approach varying 
by: (i) volume of 1-octanol and (ii) mixing speed (Publication II).

Mixing speed 
(rpm)

Volume of

1-octanol 
(ml)

Mean sphere size 
(μm)

Surface area

(m2/g)
Total pore volume 

(cm3/g)

800 80 4.8 140 0.277

800 160 2.4 164 0.299

800 240 2.8 115 0.193

400 125 3.1 173 0.341

800 125 2.4 149 0.237

1200 125 2.3 154 0.266

Figure 8. SEM images of silica particles obtained via a sol-gel emulsion method using different 
amounts of 1-octanol: (a) 80 mL; (b) 160 mL; (c) 240 mL, and those of the particles obtained at 
a constant volume of 125 mL of 1-octanol at different mixing speed: (d) 400 rpm; (e) 800 rpm; 
(f) 1200 rpm (Publication II).
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Figure 9. FTIR spectra (ranging 4000–500 cm-1) of hollow silica microspheres prepared by the 
sol-gel/emulsion method (Publication II).

 

Figure 10. Particle size distribution of hollow silica microspheres: (a) varied amounts of 1-
octanol solvent; (b) varied mixing speeds (Publication II).

3.2 Performance of fire retardant surface coating using hol-
low silica powders

In Publication III, hollow silica microspheres synthesized via a sol-gel emulsion 
method were chosen to be blended with UPR and then coated on steels. To compare its 
performance as a fire retardant, two fire retardant inorganic fillers, e.g. MDH and GO, 
along with the traditional intumescent agent, APP-PER–Mel (IFR), were also applied 
with UPR in four combinations. The steel samples were then charred with a Bunsen 
burner in fire tests to simulate a fire source. The maximum substrate temperature, dry 
film thickness and expansion factor in the fire tests are listed in Table 6 (Publication 
III). In addition, the images were taken from the backsides of the charred samples after 



27 

the fire tests using the optical microscopy. The fire test images for each sample are 
shown in Figure 11 (Publication III).

Table 6. The average values of maximum substrate temperature, dry film thickness and expan-
sion factor in the fire tests (Publication III).

Composition Additives
T max (°C)

Dry film 
thickness

(DFT, μm)

Expansion factor
(EF)

Reference - 440 ± 20 400 ± 10 -

1 IFR 290 ± 20 390 ± 20 18.5 ± 2.4

2 IFR + MDH 360 ± 20 410 ± 30 11.7 ± 2.7

3 IFR + SiO2 330 ± 20 390 ± 20 12.5 ± 2.2

4 IFR + MDH + SiO2 380 ± 20 370 ± 40 8.6 ± 1.4

5 IFR + GO 340 ± 20 340 ± 30 17.9 ± 1.5

Figure 11. Backsides of the char samples taken from (a) Reference sample/unmodified UPR; (b) 
IFR; (c) IFR + MDH; (d) IFR + SiO2; (e) IFR + MDH + SiO2; (f) IFR + GO (Publication III).

The fire retardancy performance of samples 1- 5 with the addition of FRs was more 
effective than the unmodified UPR sample based on the values of the expansion factors. 
Sample 1 containing the IFR obtained the greatest expansion in comparison to the other 
samples, as shown by the optical microscopy image in Figure 11 (b), which implies
larger porous structure and thicker char residues than those of the reference sample 
shown in Figure 11 (a). The addition of MDH, SiO2, and a mixture of MDH and SiO2

do not enhance the intumescence, as demonstrated by the small pore sizes in Figure 11
(c), the char with large and thin walled pores in Figure 11 (d), and the relative dense 
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structure in Figure 11 (e). The fire test results suggest that both MDH and SiO2 inhibit 
expansion of the polymer in the presence of IFR. Sample 5, containing GO, shows in-
significant influence on the expansion factor of the IFR coating and its structure after 
fire test (Figure 11 (f)), a result similar to Sample 1.

3.3 Core-shell Ag@SiO2 spheres by a modified Stöber 
method

In Publication IV, Ag@MSN were obtained via a modified Stöber method (Xu et al.

2009). The resulting Ag@MSN were studied to determine the effect of ethanol on its 

properties. Table 7 (Publication IV) lists the properties of Ag@MSN determined by 

varying the volume of ethanol. The amorphous and crystalline patterns were identified 

by the XRD measurements (Figure 12), in which showed a broad diffraction spectrum 

at 22º, indicating amorphous silica particles and sharp diffraction peaks centered at 

38.08 º, 44.26 º, 64.38 º, 77.31 º and 81.45 º, which were indexed at {111} {200}, {220}, 

{311} and {222} reflections, respectively. These results demonstrated a Fm-3m struc-

ture for the metallic silver (ICDD 04-014-0266).

Table 7. The properties of dried samples prepared by varying the volume of ethanol using a 
modified Stöber method (Publication IV).

Samples Ethanol
(mL)

Volumetric 

ratio of etha-

nol: water

Particle 

size

(nm)

Ag 
core 

(nm)

Silica 
shell 
(nm)

Specific 
surface 

area
(m2/g)

Pore 
size

S1 50 0.2 51 ± 7 47 ± 6 2 356 ± 10 5.7

S2 100 0.4 105 ± 15 36 ± 4 35 419 ± 20 5.0

S3 150 0.6 219 ± 28 11 ± 5 104 490 ± 25 3.3
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Figure 12. XRD patterns of S1, S2 and S3 samples (Publication IV). 

 

The core-free silica and Ag@MSN structure of the particles determined by TEM imag-

ing (Figure 13 (a, d and g)) (Publication IV) exhibited the darker color of silver par-

ticles, as well as the lighter color of the silica shell and the core-free silica particles. It 

should be noted that bare Ag NPs and core-free silica were observed in all samples. 

These results clearly showed that increasing the volume of ethanol, decreased the size 

of the silver particles, while also increasing the size of the silica. A series of TEM im-

ages taken at various time intervals (Figure 13 (a - i) and 14) (Publication IV) revealed 

volume shrinkage of particles due to high temperature induced by the electron beam, 

confirming the porous structure of the silica shell. This agrees with the BET measure-

ments, in which a range of 2 – 5 nm for the pores was observed in all samples (Figure 

15) (Publication IV).  
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Figure 13. TEM images showing the surface morphology of Ag@SiO2: sample 1 images taken 
at (a) 0 s; (b) 75 s; (c)130 s; sample 2 images taken at (d) 0 s; (e) 16 s; (f) 92 s; sample 3 images 
taken at (g) 0 s; (h) 86 s; (i)162 s (Publication IV). 

 

 

Figure 14. Decrease in volume of Ag@MSN samples S1, S2 and S3 as a function of time (Pub-
lication IV). 
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Figure 15. The pore size distribution of the Ag@MSN samples based on BJH desorption 
dV/dlog(W) (Publication IV). 

 

Figure 16 (a and b) showed the composition of UV–Vis measurements between the 

obtained colloidal Ag NPs from the synthesis process of samples S1 to S3, prior to ad-

dition of TEOS and synthesized dry powders is shown in Figure 16 (c). The local sur-

face plasmon resonance (LSPR) absorption bands of the dry powders S1, S2 and S3 

were redshifted in comparison with their corresponding bare Ag NPs, which was in-

duced by the silica coating layer, and meanwhile blueshifts between S1, S2 and S3 of 

LSPR (S1 > S2 > S3) was detected due to the growing thickness of the silica layer. 

 

 

Figure 16. The UV-Vis spectrum of (a) colloidal Ag NPs from the synthesis process of S1, S2 
and S3 and (b) enlargement of Fig. 3.11 (a), and (c) dried samples of S1, S2 and S3 (Publica-
tion IV). 
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3.4 Dissolution of core-shell Ag@SiO2 spheres 

The results of ICP-AES (Figure 17) demonstrated that there was a great difference be-

tween the amount of released Ag ions released at pH 1, pH 3 and pH 5. The release of 

Ag ions for all samples remained approximately constant for 7 to 10 days, subsequently 

followed by an increased release at 10 - 12 days at pH 1. Unlike the Sample 2 and 3, at 

pH 3, a nearly constant slight release of Ag for Sample 1 was detected at an interval of 

7 – 12 days interval. The Ag release for all samples was below the detection limit at pH 

5. 

 

 
Figure 17. Release of Ag from sample 1 (S1), sample 2 (S2) and sample 3 (S3) at 7, 10 and 12 
days at pH 1(Publication IV). 
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4. Discussion

4.1 Controlling properties of silica microspheres via a sol-gel 
emulsion approach

Conventional microencapsulation describes either a liquid droplet or a solid particle 

core surrounded by a solid shell, which delivers, protects or control the release of the 

cores. Microencapsulation capsules are produced by chemical or physical methods (Ci-

riminna et al. 2011; Fairhurst et al. 2008) which comprise emulsion, suspension, pre-

cipitation, dispersion polymerization or interfacial polymerization. In these processes, 

the active core materials are dispersed in a non-solvent continuous phase to form an 

emulsion or dispersion. The shell is generated via a chemical reaction of shell-precur-

sors at the interface of the core material and the continuous phase. Physical methods 

include the co-extrusion of a solution, melting the shell material over a droplet or parti-

cle of the core material, or spray-coating the shell over solid cores (Ciriminna et al.

2011; Fairhurst et al. 2008). The typical capsule size of traditional microencapsulation 

is determined by the methods employed, and normally ranges from 50 to 500 μm in 

diameter (Fairhurst et al. 2008). 

Mesoporous silica particles are attractive potential drug delivery carriers due to their 

tunable size ( 60 nm to 10 μm) and morphology, high surface area (up to 1500 m2/g), 

controllable pore size ( 2 – 50 nm) and pore structure (Wang et al. 2010). The con-

trolled particle size and shape is a basic requirement for a reproducible release rate in a 

particulate system. In Publication I and II, hollow porous silica microspheres were 

synthesized using base-catalyzed sol-gel-mediated W/O emulsion method. In this 

method, silica particles were formed via the W/O interface, acting as a microreactor for 

the hydrolysis and condensation reactions of Si alkoxides. In general, the size and sur-

face morphology of silica particles are dependent on the emulsion and sol-gel reaction 

parameters, such as the type and concentration of the solvents, surfactants, reactants 

ratio and catalysts (Chang et al. 1996; Schiller et al. 2009). As emulsions are thermo-

dynamically unstable, hence, surfactants are often employed to stabilize. Hydrophile-

lipophile balance (HLB) is a system for measuring the efficiency (on a scale of 0 – 60)

of the hydrophilic portion of the surfactant molecule relative to its lipophilic portion of 

the same molecule (Ciriminna et al. 2011). The higher the HLB values of a surfactants, 

the more hydrophilic (water soluble) or the less lipophilic (oil soluble) it is. The aqueous 

phase containing ammonium hydroxide (NH4OH), Tween®20 and water was dispersed 

in an oil phase including 1-octanol, hydroxypropyl cellulose (HPC) and sorbitan 

monooleate (Span®80) to form the W/O emulsion. Tween 20 as a non-ionic surfactant
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having a higher HLB value (Park et al. 2003) is used in aqueous solution to achieve a 

pore size larger than 10 nm (Ciriminna et al. 2011). Surfactants with less than 10 HLB, 

such as Span®80 with HLB 4.3, are used in the oil phase and are preferred for forming 

microspheres. By varying the emulsion parameters, such as the ratio of solvent to sur-

factant, the particle size can be varied between 10 nm and 100 μm size range (Ciriminna

et al. 2011). HPC as a stabilizer increased the stability of the emulsion as well as pro-

motes the formation of the spherical shape of primary silica particles (Oh et al. 2002; 

Park et al. 2003). In Publication I, the Rw (H2O:TEOS) molar ratio was 4:1, which 

corresponds to the stoichiometric amount of water necessary to fully hydrolyze the 

TEOS molecule at a pH of 10 under fixed emulsion parameters (e.g., the combination 

of solvent-surfactant).

Based on Publication I, HPC in the oil phase increases the viscosity of the oil phase 

resulting in decreased mobility of the aqueous droplets. When TEOS is added to the 

W/O emulsion, TEOS molecules are dissolved in the continuous oil phase, though its 

diffusion is restricted due to swelling of the HPC polymer chain (Park et al. 2003). 

Nevertheless, TEOS molecules will eventually penetrate into aqueous droplets, where 

they undergo hydrolysis of TEOS. The hydrolysed polar Si(OH)x(OCH2CH3)y monomer 

then condenses, causing the four alkyl groups to be replaced by OH groups through the 

agglomeration of oligomers, as well as causing the formation of primary silica particles 

at the interface between the aqueous and oil phase, where the surfactant Tween®20 re-

sides in the aqueous droplets surrounded by HPC polymers. The existence of Tween®20

and Span®80 restrict the coalescences of oil droplets and primary silica particles. Con-

tinuous production of primary silica particles led the particles to aggregate and gradually 

grew in size around the surfactants template. However, increasing the mixing time from 

24 to 48 h produced no notable differences in particle size. Nevertheless, when the mix-

ing time was increased to 72 h, the primary particles collided to form aggregates. Further 

deposition of silica onto these aggregates led to the formation of larger particles. After 

calcination, the surfactants and solvents are evaporated, resulting in hollow porous silica 

particles (Park et al. 2003). Increasing the mixing speed boosted the dispersion of water 

and led to smaller water droplets in oil phase, in which the primary silica particles were 

produced. Thus, the size of silica particles was decreased. A high mixing speed may 

deteriorate the generation of pores and resulted in lower surface area.

In Publication II, the mixing time was shortened to 6 h. Two group of silica were syn-

thesized by varying (i) variable volume of octanol solvent, and (ii) variable mixing 

speed.  At a fixed reaction ratio of 1:4 (TEOS:water) and mixing speed, increasing the 

amount of oil phase led to a decrease in the concentration of HPC and Span®80. The 
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decrease in HPC reduces the viscosity of the oil phase, and the resulting lower viscosity 

increases the coalescences between the oil and aqueous droplets, thus, making diffusion 

of TEOS into the aqueous phase relatively easier, and leading to less aggregated primary 

silica particles. A corresponding reduction in the concentration of Tween®20 in the 

whole system resulted in a decrease in the surface area while increasing the volume of 

1-octanol. At a fixed volume of 1-octanol, an increase in mixing speed led to a decrease 

in the viscosity of the system, thus indicating that less swelling of the HPC polymer 

reduces the aggregation of primary particles. All the samples manifested heterogeneous 

morphologies, in which both porous and hollow structure were present.

4.2 Conventional fire retardant coating vs incorporated fire 
retardants-hollow silica microspheres

Passive fire protection (PFP) materials insulates steel structures from the effects of high 

temperatures that may be caused by fire.  There are two types of PFP materials: (i) non-

reactive types, such as boards and sprays and (ii) reactive types, e.g., thin film intumes-

cent coatings, which represent the most common type (SteelConstruction web). In Pub-

lication III, hollow silica having light density was used in the coating containing un-

saturated polyester resin as a substrate. All the fire retardant additives (i.e. IFR, MDH, 

SiO2 and GO) were physically blended with UPR. The fire retardancy performance re-

sults for the different FR additives shows that samples coated with FR additives were 

more effective than the bare UPR sample. Compared to some inorganic fire retardant 

fillers, such as MDH, SiO2 or a combination of MDH and SiO2, the classical intumes-

cent formulation (IFR) achieved the greatest expansion factor, thus, indicating that the 

fire resistance performance from the intumescent coating in this work remained the best. 

The intumescence mechanism functions through an interaction between APP and mel-

amine, whereby this interaction induces a release of NH3, forming a polyphosphoric 

acid foam structure, which acts as a thermal transfer barrier at T > 240 °C. The samples 

with additional MDH, SiO2, MDH and SiO2 to IFR seemed to produce antagonistic ef-

fects in fire retardancy. For the system containing MDH and IFR, the water released 

from the thermal decomposition of MDH delayed the thermal decomposition of mela-

mine, thereby hindering the function of melamine as a fire retardant. It was noted that 

the thickening was observed when adding silica to the IFR mixture. During the fire test, 

silica seemed to sink through the polymer melt layer, which inevitably inhibited the heat 

insulation. The combination of MDH and silica inhibited the expansion of polymer in 

the presence of IFR. The carbon nanoadditive GO as a growing halogen-free fire retard-

ant for polymers (Chen et al. 2017; Higginbotham et al. 2009; Wang et al. 2011; Ye et 

al. 2009) was also used to compare its fire retardancy performance with SiO2. The 

expansion factor of the sample containing 1 wt% GO in addition to IFR showed a similar 



36 

value compared with the IFR sample, however, a notable increase was observed in com-

parison to the samples containing MDH, SiO2, MDH and SiO2. The modest increase in

the expansion factor with the addition of GO to IFR in this work may be attributed to 

(i) the microcomposite generated by simple mixing of the polymer and GO without in-

sertion of the polymer between the GO layers, thus limiting the impact of GO and (ii) 

the physical mixing of melamine in IFR, which was not bound inside the GO, as was 

found in one study (Kędzierski et al. 2012), showing the composite formed with mela-

mine and GO to be more effective in fire retardancy. 

4.3 Control of properties of Ag@MSN

In Publication IV, core-shell Ag@SiO2 particles were fabricated through a modified 

Stöber method. In this process, a surfactant CTAB was used as a structural agent for 

generation of silica onto the silver cores giving silica shells pore sizes ranging between 

2 – 4 nm. The pH value was fixed at 10 for all syntheses. The Ag@SiO2 was confirmed 

by both XRD detection (Figure 12) and TEM imaging (Figure 13). Furthermore, 

shrinkage in the volume of particles (Figure 14) was observed under high energy 

electron beam during TEM imaging, thus demonstrating the porous structure of the 

silica shell. This agrees well with BET measurements (Figure 15) showing mesoporous 

structure with decent specific surface area values. The pore size decreased from 5.7 to 

3.3 nm with increasing amount of ethanol solvent. This is attributed to the capillary 

condensation shifting to a higher relative pressure. Increasing the amount of ethanol led 

to a decrease in the particle size of the silver cores as well as a concomitant increase in 

the thickness of the silica shell. The size of the CTAB micelles determines the size of 

Ag due to the diffusion of Ag nuclei through the surfactant micelles. It has been reported 

that a decrease in CTAB micelles size with increasing amount of ethanol is caused by 

an effect among the surfactant molecules (Shah et al. 2016). Silica size is influenced by 

the water concentration, since a higher concentration of water enhances the rate of the 

hydrolysis reaction, but hinders the rate of the condensation reaction (Brinker et al.

1990). As a result, the primary particles produced through nucleation (Bogush et al.

1991; LaMer et al. 1950) will grow further either by addition of oligomers (LaMer et 

al. 1950) or solely by aggregation of particles (Bogush et al. 1991). Furthermore, the 

presence of ethanol impacts the esterification which is the reverse direction of the hy-

drolysis reaction (Brinker 1988). Increasing the concentration of ethanol decreases the 

rate of the hydrolysis reaction, which not only hinders hydrolysis, but also promotes the 

condensation reaction, resulting in the larger size of the silica particles. 
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Variation in silica shell thickness affected the localized surface plasmon resonances

(LSPR) of silver cores due to a local increase in the refractive index scattered from large 

silica shells. It should be noted that core-shell Ag@MSN particles, core-free silica and 

bare Ag NPs were all observed. 

4.4 Release behavior of silver from core-shell Ag@SiO2
spheres

The ICP-AES test showed that, at pH 1, the amount of Ag ions for all samples remained 

constant from 7 to 10 days, and the release started to increase at 10 – 12 days. At pH 3, 

a release of 0.1- 0.2 mg/L for sample S1 was obtained, while the release of S2 and S3 

were below the detection limit. At pH 5, the release of Ag was as well under detection 

limits. It is evident that the release of Ag is dependent on pH values and time, although 

the presence of bare Ag NPs in all samples makes the comparison of the initial release 

of Ag species difficult. The highest Ag release was achieved at pH 1 resulting from a 

longer period of time due to the slow dissolution of the pores among silica shells under 

high acidic conditions. On the other hand, at pH 1 and pH 3, the release of Ag cores 

may associate with the size of the pores, as the larger the pore size, the more Ag releases 

were observed after 10 days. The Ag release at pH 5 remained under the detection limit, 

providing further confirmation that the release behavior of the Ag@SiO2 particles is pH 

dependent.
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5. Conclusions and future outlook

This thesis has investigated the synthesis of hollow and hollow porous silica. The main

focus of this work has been on improving the existing sol-gel method for forming hol-

low / hollow porous silica microspheres and applying them in fire retardant coatings, as

well as generating mesoporous silica shells on silver nanoparticles cores and their po-

tential application in controlled release. Various particle sizes and surface morphologies 

of hollow and hollow porous silica powder particles were successfully synthesized using 

a sol-gel/water-in-oil emulsion method through a mixed interplay of reaction 

parameters, such as synthesis time, mixing speed and the volume of the solvent. The 

synthesis time was later shortened to 6 h. This work offers a simple, easy and cost-

effective method for fabricating hollow and hollow porous silica. The application of

hollow and hollow porous silica as a fire retardant additive to the traditional 

intumescence agent IFR was tested on unsaturated polyester resin. Compared to 

traditional intumescence coatings, the physical blending of silica and IFR with UP 

showed no improvement in fire retardancy due to the sinking of silica during heating. 

The tunable size and surface morphology of Ag@MSN were obtained via a modified 

Stöber method by varying the volume of ethanol. The use of sodium hydroxide avoids 

the etching of silver cores. It was observed that the volume of ethanol as a cosolvent 

impacts the size of  both Ag cores and silica shells as well as the porosity of the silica 

shells. The dissolution test confirmed that the release of Ag cores is pH and time 

dependant. At a particular pH, control of the Ag release is associated with the pore size 

of silica shells. This thesis has shown that homogeneous deposition of silica particles is  

difficult to control. Future work should aim to enhance the homogeneity of the synthe-

sized particles in order to facilitate their application in drug delivery system.

Advances in modern silica and core-shell silver-silica particles will have substantial im-

pact on the development of versatile utilizations, especially in biomedical applications. 

This work contributes to the development of current research on silica-based composite 

materials. However, there are areas that have not been studied due to the limitation of 

time. For example, a layer-by-layer coating strategy could be set for applying hollow 

silica to UPR-based fire retardant coating. Alternatively, the polymer substrate could be 

modified with silica to form a silica-polymer composite. Regarding the controlled re-

lease of silver@MSN, future research could also attempt to minimize the amount of 

aggregated bare silver NPs, thereby adjusting the shape of silver cores, which would 

provide valuable data to enhance their utilization for emerging technologies, such as 
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MEF and SHINERS. Utilization of core-shell Ag@MSN particles in these technologies 

can be anticipated by adjusting the size of the silver cores and the thickness of the silica 

shells to meet future requirements.
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