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Abstract 

Silica materials especially mesoporous silicas are prime candidates as materials which could help solve 

many issues currently existing such as rising CO2 levels as capture devices and rising levels of cancer 

worldwide as therapeutics. Interest in these materials are always rising due to the large amount of 

applications which these materials hold a good portion of the research. From adsorption processes in 

waste streams and exhaust systems to supports of enzymes and catalysts, silicas offer large benefits to 

these areas of study.  

In chapter 1, the main motivations as to why the research presented during this PhD was carried out are 

discussed. The chapter explains the current challenges facing the various sectors, based on the 

application associated with that particular area. It lays out the fundamentals associated with mesoporous 

silicas which include synthesis, grafting and characterisation of resulting products.  

In chapter 2 the synthetic methods to produce silica throughout the results chapters are outline and 

discussed. The methods of characterisation including the techniques used are also described along with 

their governing principals.  

In chapter 3 the role of cleaning methods is examined in terms of their effect on mesoporous silicas. 

The cleaning of silica surfaces is a critical step in the semiconductor industry and is carried out before 

functionalisation to prime the surface for attachment with whatever ligand or agent is being attached. 

The chapter examines this effect in mesoporous silicas and looks to determine if it has any effect on 

latter grafting quantities.  

In chapter 4 the functionalisation of mesoporous silicas SBA-15 and MCM-41 with polymers is 

examined. Hydroxyl-terminated poly-2-vinyl pyridine is used and the optimal conditions for grafting 

are determined. Using SBA-15 grafted poly-2-vinyl pyridine, metal salts can be infiltrated into the 

polymer layer and were examined with potential applications such as heavy metal adsorption from 

waste streams and as a catalyst in mind.  
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Chapter 5 explores the incorporation of antimicrobial essential oils (EO) into mesoporous silica, SBA-

15 for potential application food packaging. The development of a simple method to load antimicrobial 

EO within a support material chemically bound to a substrate was explored. Mesoporous silica (SBA-

15) was functionalised via a post-synthetic reaction using (3-aminopropyl) triethoxysilane (APTES) 

and then grafted to a 3-glycidyloxypropyltrimethoxysilane (GPTS) modified surface. The smart 

delivery device was assessed against common food spoilage microorganisms.  

In chapter 6 final conclusions are wrapped up and potentially new lines of enquiries which could be 

examined are outlined in future works. 
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1.1 Porous materials 

The term ‘porous materials’ is incredibly vague and is widely used to describe so much in an ever-

expanding field. From zeolites in the 1940s[1] to novel covalently ordered frameworks 

(COFs)[2,3] today, materials are still being developed and innovated to deal with many niche 

issues which exist, of which porous materials have a huge impact. Porous materials although a 

vast umbrella, can be defined by several different properties. Porous materials can be crystalline 

(quartz) or amorphous (colloidal). They can occur naturally while most used in supports and 

devices are synthesized. Silica or other oxide-based materials such as alumina[4] and titania[5] 

materials also account for a large proportion of these which are classified as inorganic materials 

whereas materials such as COFs are considered fully organic materials. Somewhere in the middle 

of these mentioned are metal organic frameworks (MOFs)[6–8]. By diving into different 

categories of these materials, one finds that these can be further classified based on their 

morphologies and dimensions.  

The most important of these classifications though is based on the surface chemistry of porous 

materials. Pores are divided in to macropores, mesopores and micropores[9]. Understanding the 

pore structure of the material is vital as it more often than not determines the application or area 

to which the material can have the most impact. Macroporous materials have pore sizes greater 

than 50 nm and include porous glasses such as controlled porous glass (CPG). Mesoporous 

materials have pore sizes ranging between 2 and 50 nm and includes silica materials such as 

mesocellular foam (MCF). Microporous materials have pore sizes less than 2 nm and zeolites are 

an example of such. Due to the pore network of many of these porous materials, applications in 

areas which utilise processes such as adsorption and chemical interactions to produce materials in 

catalysis, separations, and storage. Of all the materials that could be discussed, it is the area of 

porous silicas which will be discussed in this chapter and thesis. 
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1.2 Silica 

1.2.1 Naturally occurring silicas 

Silicon is the most abundant metal on earth accounting for approximately 55% of the crust and 

therefore leads to formation of many natural silicate species. There are many silicas which occur 

naturally which tend to be categorised into crystalline and amorphous. Crystalline silicas include 

cristobalite, stishovite, tridymite and of course quartz, of which is the most well-known due to its 

wide use in watches. Quartz is formed from a natural hydrothermal method and occurs in two 

states alpha and beta. The crystal forms a tectosilicate structure with a framework of a hexagonal 

symmetry along with channels which run parallel along the c axis[10]. Cristobalite and tridymite 

are two crystalline polymorphs which contain a more open structure allowing for the incorporation 

of other dopants when compared with quartz. Tridymite has a two layer crystalline structure 

whereas cristobalite has a three layer crystalline structure[11,12]. Cristobalite is formed under high 

temperature and for that reason is often found in volcanic rocks. Opal is another form of silica 

except in its purest form is amorphous. Opal has a high degree of hydration and due to this and 

other additions to its make-up, is found with limited crystallinity. There are multiple polymorphs 

of opal and are labelled opal-A, opal-C and opal-CT[11,12]. Finally, other naturally occurring 

amorphous silicas include diatomaceous earth and infusorial earth.  

1.2.2 Synthetic silicas 

Silicas have been synthesised for decades. Using the sol-gel method (detailed in section 1.4.1), 

silica is prepared into various morphologies and sizes. These low-cost silica sols in solution 

produce particles in which do not settle or agglomerate. These are sometimes classified as 

dispersed silica systems. These sols can produce gels in which the silica forms a three-dimensional 

network which spans the total volume of the solvent phase. These gels are often produced in 

alcoholic solvents but if prepared in water they are known as hydrogels[13,14]. The addition of 

fillers into the silica network solution can also add to keeping the structure from shrinking during 

drying producing more silica materials with varying properties. Further processing of these gels 



Chapter 1: Introduction  2021 

16 

 

by drying for instance removes the solvent phase leaving behind the three-dimensional network 

of amorphous silica which are known as xerogels in which a large shrinkage typically occurs[15]. 

If for instance the solvent is removed using a gas (i.e. super-critical fluids) to fill the space of the 

gel, the resulting silica framework is known as an aerogel. These aerogels are typically fragile but 

can consist of a pore structure that is predominantly air, up to 95%[13,16–18].  

A major technological advance in the field of porous silicas came with Stober et al, when they 

used the sol-gel method to synthesise monodisperse spherical silica particles[19]. Obviously, in 

the infancy of its development but the method changed the face of analytical chemistry especially 

chromatography[20]. The ability to consistently produce particles of the same morphology and 

size, enormously change the efficiency of columns in chromatography by allowing columns to be 

regularly packed with uniform spheres[21]. These particles be they nano- or micron- sized, drove 

development further to more adventitious properties by building on the stober process[22–24]. 

Langsi et al grew sub-2 µm what are termed as superficially porous silica or core-shell 

particles[25]. These typically consist of a solid, mostly non-porous spherical core synthesised 

using a similar stober process and then growing multiple layers of a porous shell[26].  

Fumed silicas (pyrogenic) are synthesized by combustion of silicon tetrachloride in a plasma flame 

producing a relatively high surface area material that is rich in silanols at the surface. These 

materials are often used in spectroscopic studies for better understanding of the surface 

properties[27]. More recently as pyrogenic silica, it is considered safe for food packaging and 

additives and it has gained attention for its inflammatory effects which is discussed by Sun et 

al[28].  

Ordered mesoporous silica (OMS) materials are the most commonly used and studied silica 

materials. These materials offer high surface area along with high mechanical strength. As many 

are synthesised using what is known as a bottom-up approach, by allowing chemists the ability to 

control the desired physical properties. This key feature allows OMS to be synthesized to precise 
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parameters for optimal performance in specific applications. Li et al were able to produce large-

sized mesoporous silica by changing parameters around solvent concentration and re-precipitation 

of silica spheres and the relationship between these[29]. Dong et al showed that recycled quartz 

could be used to produce silica spheres with well-defined lattice points typical of OMS. By 

controlling the hydrochloric acid concentration the structure and morphology could be 

tailored[30].  

Another major advancement came with the invention of a range of different structural OMS then 

known as molecular sieves by Mobil, the oil exploration incorporation. Beck et al synthesised a 

family of mesoporous molecular sieves which varied on their crystal arrangement[31]. The family 

consisted of MCM-41 which formed a hexagonal arrangement of uniform mesopores synthesised 

in the range between 15 and 100 Å. MCM-48 which had displayed a well ordered cubic 

symmetry[31,32]. MCM-50 was also synthesised with a lamellar mesostructured.  

Even within OMSs, there are a wide variety of materials which exist. Zhao et al from the university 

of California in Santa Barbara first synthesised  a series of materials known as SBAs[33,34]. 

Compared with MCM-41, which is synthesised using cationic surfactants, SBAs use block 

copolymers. Both are however synthesised by a mechanism known as template assisted technique 

discussed in section 1.4.2[35]. These materials have become the most studied and used 

mesoporous silica of the past three decades especially the leading member of the SBA family 

called SBA-15. SBA-15 is arranged in a highly ordered hexagonal mesoporous structure with 

extremely large pore sizes along with much thicker pore walls when compared back to MCM-41. 

These can also be synthesised with very high surface areas up to greater than 1000 m2g-1[33,34]. 

SBA-11 consists of a cubic structure, SBA-12 with a 3-d hexagonal structure and SBA-16 with a 

cubic cage structure[33]. After synthesis of silica particles, removal of the block copolymer is 

critical for producing the porous structure. The removal of this is achieved in two ways; calcination 

or washing[36]. Thielemann et al showed that when removing the copolymer by washing that 

precise changes in volumes and mixtures of solvents can drastically change the physical properties 
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of the resulting SBA-15 material[37]. Rahmat et al also showed that sodium silicate could be 

utilised to produce SBA-15 which is typically manufactured with tetra-alkoxysilanes as a silica 

source[38]. It has also now become possible to synthesise SBA-15 with different morphologies as 

demonstrated by Gong et al in their application of oxygen sensing[39]. 

Other OMS exist although not as popular include Hexagonal mesoporous silicas (HMS) another 

branch of OMS and quite similar to that of MCM-41 was synthesised by Tanev et al using 

quaternary ammonium cations under strong acidic conditions to produce a much longer range 

order material compared with MCM-41[40]. Mesostructured cellular foam (MCF) which have 

attracted interest as consists of interconnected pore structure along with the large pores (size and 

volume) and high surface areas. They can offer advantages against other OMS in chromatography 

due to the larger pore sizes which allow for separation of large biomolecules while also increasing 

eluting time and retention of analytes[41,42]. Yan et al also developed an MCF adsorbent support 

which successfully captured large amount of carbon dioxide[43]. Zhang et al also showed its 

potential use as a drug delivery system using the controlled release of the drug simvastatin[44]. 

These publications display the wide variety of applications that OMSs and MCF has an impact on. 

Folded sheet materials (FSM) synthesised by Kuroda et al first in 1990, combined kanemite, a 

layered polysilicate (NaHSi2O5.3H2O), with alkyl trimethylammonium salt solutions to produce 

layers of silica which condensed to form three dimensional networks of porous silica[45]. It was 

termed FSM-16[46].  

Beyond OMS there are other silica materials which are called porous glasses. These were more 

used as supports for size-exclusion chromatography[47] in the 1980s whereas now are typically 

used in enzyme immobilisation and large-scale separations[48]. They are known as controlled 

porous glass (CPG). These glasses are typically far more disordered than silicas such as MCM-41 

and SBA-15 and have much wider pore size distributions than those already mentioned[49]. CPG 

can be synthesised depending on the thermal treatment to produce porous supports which range in 

pore diameters from 30 Å (mesopores) to more than 1000 Å (micropores). The glass also behaves 
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in very similar ways as many of the silica materials already discussed due to silanol groups lining 

the surface of the porous wall network[50,51]. 

1.3 Properties of silica 

1.3.1 Crystalline & Amorphous 

It must be stated from the offset that the absolute majority of porous silicas are amorphous. Unger 

stated when defining criterion of porosity that in a few instances after prolonged high-temperature 

treatment of silica, a small degree of crystallinity is observed[52]. Tranter et al synthesised a 

porous crystalline silica named ‘Gubka’ which translates as sponge from Russian, as a novel 

adsorbent[53]. After these examples, most other synthetic silicas are amorphous. Silicas such as 

spherical monodisperse Stober particles are completely amorphous with no defined internal 

structure but a web of siloxane and silanol groups. Other silicas such as SBA-15 are amorphous 

but have a regular crystal lattice point and consists of long-range order due to its mechanism of 

formation from micelles to the formation of a regular hexagonal pore structure[54]. Similarly with 

MCM-41, it displays a highly ordered hexagonal array of one dimensional pores but the make-up 

of the pore walls are completely amorphous[31,55].  

Finally, silicon wafers which are by far the most used silica material across the world [56]. These 

wafers are present in every computer and phone across the planet and is produced at a scale which 

is unfathomable. Silicon dioxide wafers are ultra-flat and non-porous the exact opposite to all these 

materials which have been discussed in detail. What wafers do have in common is the same silicon 

tetrahedra which make up the same siloxane (Si-O-Si) and silanol (Si-OH) groups. This in turn 

gives it the similar possibilities for interactions and procedures and therefore potential applications 

to be included in this thesis. 
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1.3.2 Surface Chemistry 

The most important aspect of silica is its surface. The make-up of the surface will depend on what 

is achievable in terms of activity and the ability to carry out a function in an application. The silica 

surface is where all interactions with external forces occurs, be this on the surface inside the pores 

of high surface area silicas or ultra-flat silica wafers. The surface is predominately made up of 

mostly hydrophobic siloxane bonds and hydrophilic silanol groups. Silicon surface atoms can be 

joined by either a single hydroxyl species or multiple groups. These are termed isolated silanol 

(single), geminal (silanediol) and silanetriol of which the latter has not been experimentally found 

and is thought to only exist theoretically[52,57,58]. These highly polar active sites are the primary 

source of modification and interaction compared with the siloxane bridges which are considered 

less reactive. Zhuravlev in 1987, found that the average number of silanols on the surface of fully 

hydroxylated silica is 4.6 OH groups nm-2 [59] The number is still widely accepted as correct. 

Zhuravlev also developed a model to continue to predict this density of hydroxyls as the material 

goes through various stages of various parameters (temperature, formation mechanism, water 

concentration). For instance, as silica is heated from 200 ˚C to over 1000 ˚C, silanol groups are 

lost from the surface by dehydroxylation to produce more siloxane bridges[60]. Rehydroxylation 

occurs when cooled and hydrated.  

Another important property of surface silanols is their ability to form hydrogen bonds with 

adjacent silanols groups. Silanols which carry out these intramolecular interactions, are known as 

vicinal silanols. Vicinal silanols play an important role in reactivity as they are coupled with an 

adjacent silanol through hydrogen bonding. Reactivity is reduced when compared to a silanol 

which is isolated. This was demonstrated by Ong et al[61].  
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Figure 1.3.1: Schematic illustration of changes associated with silanols as silica are heated. This figure is 

reproduced from Dugas et al[62]. 

As demonstrated by Zhuravlev, the various silicon species can interact with differing 

environments in many ways. In a detailed publication, it was demonstrated that silica can be fully 

hydroxylated when treated in water or completely dehydroxylated by undergoing calcination to 

temperatures beyond 1100 ˚C. Water can be fully adsorbed to surface silanols by hydrogen 

bonding. Silica under vacuum was also studied and tracked the physiochemical properties from 

what is described as all the stages through which silica undergoes heating and cooling from room 

temperature to 1100 ˚C[63]. The dehydroxylation of silanols begins when the temperature of the 

silica begins to rise. Physisorbed water is removed in the range 150 – 200 ˚C. The removal of 

water from the surface and pores leaves behind the above mentioned silanol groups.  

Most people not in the sphere of science have experienced the surface properties associated with 

silica materials. Silicas used as an adsorbent in packaging, utilises its immense hygroscopic 

property. The ability of silanols to hydrogen bond to water resulting in layers upon layers 

adsorbing to the silica’s surface. Due to the high polarity of the surface hydroxyl groups, 

adsorption of other polar solvents is also extremely likely.  
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Figure 1.3.2: Illustration showing hydrogen bonding between silanols and H-bond interaction of water with 

various silanol environments which include an isolated (free) silanol, vicinal silanol and 

geminal. This figure is modified from Christy et al[64,65]. 

Grunberg et al examined the adsorption of water in the pores of both SBA-15 and MCM-41. The 

mechanism of water adsorption was found to be different due to the different pore sizes of both 

materials. SBA-15 has wider pores diameters than MCM-41 and thus after initial water coverage 

on the surface, growth of the water layer towards the pore axis. MCM-41 pores were filled with 

water by axial filling[66]. These reasons outline why water can also be a hinderance when working 

with silicas due to the high affinity for adsorption to the surface silanols. Functionalisation requires 

silanols to be predominantly free from interacting with water while also requiring some water 

present for the most common grafting methods of hydrolysis of the silane functional group[67]. 

Gartmann et al showed that the presence of water can lead to clustering of silanes which in turn 

leads to non-uniform grafting which can block pores and ultimately reduce the efficacy of the 

material[68]. This was also discussed by Bauer et al[69]. 

When discussing silica surface, it is imperative to mention silicon wafers and their place in 

studying the surface chemistry. All porous silica materials which have been discussed thus far, 

have in common a non-uniform surface with high surface areas. This is the opposite for silicon 
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wafer substrates which have been the base groundwork for understanding the surface chemistry 

and interactions of silica. The ability to measure surface changes on ‘flat/uniform’ surfaces is clear 

and observable when compared with the same measurements on porous materials. Techniques 

such as ellipsometry, atomic force microscopy (AFM) which can help identify silane layers readily 

are insignificant in the area of porous materials. This can be seen from simple measuring of the 

surface contact angles of silicon substrates and porous silicas[70,71]. Wafers, although sometimes 

easier to characterise, tend to need surface activation pre-grafting due to adsorption of organic 

molecules. This is carried out by many methods including acid-treatments, ultraviolet/ozonolysis 

or oxygen plasma treatments[72–80].  

1.3.3 Pore structure 

The surface chemistry of silica materials is vital for many applications, but it is the pore structure 

which makes porous silicas absolutely critical in many sectors and in applications. In an ideal 

world, pores are synthesised with uniform shape and size with minimal defects. The use of the 

pore structure in porous silica materials is crucial in applications such as catalysis and 

chromatography[26,42,81–84]. As already discussed, the major advantage in terms of OMS is the 

ability to synthesis these materials with highly ordered pore structures such as one-dimensional 

hexagonal structure of MCM-41 with typical pore size ranging from 1-3 nm[85]. As MCM-41 is 

the standard in consistency of pore structures, other OMS are not always consistently produced. 

MCM-48 and SBA-15 for instance, consist of an interconnected micropore structure which can 

ultimately trap water and effect the material’s ability to carry out its function in an application or 

impact its grafting ability. This was discussed by Grunberg et al where they found that water 

adsorption was stronger and more tightly bound in SBA-15 compared with MCM-41 due to 

surface defects. This further agrees with work carried out by Jun et al which demonstrated that 

these tiny micropores present in SBA-15 [86]which trap water in pores, do not seem to exist in 

MCM-41 mesoporous silicas as further outlined by Thommes et al[49]. Thielemann et al examined 

the changes on pore shape in SBA-15 by different washing procedures of which deduced that more 
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washing does not necessarily increase the homogeneity and order of the pores[37]. Gouze et al 

examined the role of pore size and wall porosity by comparing both MCM-41 and SBA-15. They 

concluded as MCM-41 consisted of smaller pore diameters lead to pore deformation and 

eventually clogging whereas SBA-15 is impacted much less due to the larger pore diameter[87]. 

SBA-15 is also known to have stronger and thicker pore walls which would agree with the 

findings[30,33].  

With micron-sized spherical mesoporous silica particles, used typically in chromatography, the 

pore structure can be completely different to that experienced from OMS. These silica particles 

due to formation through the sol-gel route, produce pores which are completely random and 

sometimes internal. The interaction of analytes in chromatography within the pore structure needs 

careful consideration alongside other important parameters (particle size, packing uniformity, 

column, stationary phase chemistry, mobile phase etc.) which all impact successful 

chromatographic separations. Efforts to standardise the pore structure of these particles has come 

in the form of core-shell silica particles. These come from the synthesis of a solid core particle 

(sometimes non-porous) which grows controlled layers of porous silica onto the surface of the 

solid particle[88,89].  
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Figure 1.3.3: Electron micrograph images of superficial porous silica particles. A(i) and B(i) show scanning 

electron microscopy images along with A(ii) and B(ii) showing transmission electron 

micrographs of two different core-shell particles synthesised with two varying outer shell 

layers. This figure is modified from Omamogho et al[89]. 

1.4 Synthesis methods 

1.4.1 Sol-gel method 

The method of sol-gel processing is thought to be straightforward and is readily used to produce 

silica particles of varying sizes, morphologies, and physical properties. The mechanism of 

formation on the other hand, is not simple, but a generally accepted scheme and simplified route 

is outlined below. The method utilises metal precursors (inorganic or organic) in aqueous or 

organic solvents which undergo hydrolysis and condensation to produce M-O-M bonds. The most 

common route to synthesizing silicas through the sol-gel route is by using a silica source derived 

from tetra-alkoxysilanes[74]. Tetra-ethoxysilane (Si(OC2H5)4) and tetra-methoxysilane 

(Si(OCH3)4) more commonly abbreviated as TEOS and TMOS respectively, are the most often 

used in conjunction with an alcohol solvent system. Silicas can also be produced using other 

silicon sources which include sodium silicate along with other silicates[38].  
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The alkoxysilane is hydrolysed in water producing hydrated silica tetrahedra with the resulting 

alcohol dependant on what alkoxysilane is used[90–92].  

𝑺𝒊(𝑶𝑹)𝟒 + 𝟒𝑯𝟐𝑶 ↔  𝑺𝒊(𝑶𝑯)𝟒 + 𝟒𝑹𝑶𝑯     EQ.1 

The hydrated silica then interacts with another nearby hydrated silica and a water condensation 

reaction is seen. 

𝟐𝑺𝒊(𝑶𝑯)𝟒  ↔  (𝑶𝑯)𝟑𝑺𝒊 − 𝑶 − 𝑺𝒊(𝑶𝑯)𝟑 + 𝑯𝟐𝑶    EQ.2 

This condensation reaction between the silica tetrahedra forms a siloxane bond (Si-O-Si) and in 

turn continues to aggregate by polycondensation reactions as long as neighbouring silanols are 

close enough to condense and expel water as it proceeds[58,93]. These hydrolysis and 

condensation reactions occur simultaneously throughout the solution mixture and form into 

colloids or sols to which the method gets its name. Depending on the parameters and materials, 

the silicic acid polymerizes into discrete particles that aggregate into various morphological 

networks. Polymerisation occurs in three different stages as described by Iler et al; [94]  

▪ Polymerization of monomers into particles 

▪ Growth of particles 

▪ Linking of particles into chains, then networks that extend throughout the liquid medium, 

thickening it to a gel.  

Smaller colloid particles will continue to aggregate with larger ones. Eventually stable sol particles 

collide, condense and agglomerate. The rate of aggregation will decrease exponentially with their 

increase in size. As the concentration of silanol groups increases, condensation of silanols 

continues in the development of a sol-gel by increasing the number of bridging bonds[95]. Stober 

et al synthesised monodisperse silica spheres with various particle size in 1968[19] in what is still 

considered the gold standard method for these types of particles. He showed by changing 

parameters such as temperature or by using longer chained alcohols one could achieve larger 
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spherical particles. Keane et al used a similar method with the addition of CTAB along with post 

treatment steps to produce spherical silica particles with larger size and greater pore volume[96]. 

Shimura et al modified the method to produce nanoporous spherical particles with much higher 

surface areas in the range 380-1060 m2 g-1[97]. Variables such as particle size, shape, porosity, 

and order can be tailored depending on temperature, pH, viscosity, and the kinetics of the 

hydrolysis step. Mackenzie et al highlighted the factors which impact mostly on porosity and pore 

size during synthesis[13].  

Role of the catalyst is also very important in the sol-gel method. The method is typically carried 

out in either acidic or basic conditions[98]. Under acid conditions the overall route carries out an 

electrophilic reaction from the presence of the hydronium ion. The water attacks producing a 

positive charge on the protonated alkoxysilane in turn making the resulting alcohol an effective 

leaving group[93]. The lower the pH of the acid in turn increases the speed of the hydrolysis step. 

Under basic conditions, a nucleophilic substitution of hydroxyl ions with -OR groups occur where 

hydrolysis takes place to the alkoxysilane producing OR- group which in turn is then hydrated by 

water. This replenishes the hydroxyl ion for the process to be repeated. As one would expect the 

opposite from the acid-catalysed reactions, the higher the hydroxyl ion concentration the faster the 

rate of hydrolysis. Finally, other parameters are important and depend on the desired properties of 

the sol, of which include different acids/base, steric inductive effects of the 

substituents[93,95,98,99]. Hydrolysis is often the rate-determining step in base-catalysed particle 

growth. 

1.4.2 Template assisted technique 

Often termed the liquid-crystal template approach which describes the formation of silica materials 

by the mechanism of an ordered crystallisation of silicate material between the formation of 

surfactant micelles in solution[55].  
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Figure 1.4.1: Liquid-crystal template approach to the formation of silica. The figure shows the self-

assembly of the surfactant (polar orange head with black non-polar long-chain alkyl group) 

with the silica source (blue spheres) in the opposite phase. The hydrolysis and 

polycondensation of the silica source, allowing for the controlled aggregation of silica to form 

a long ranged ordered silica framework. The final step of calcination of the particles, removes 

the organic surfactant producing porous silica. 

The mechanism first proposed by Chen et al described the formation of the surfactant micelles 

which interacts with the silicate source[100]. These randomly form into ordered rod-shaped 

micelles. The silica source when added undergoes hydrolysis and condensation and due to the 

polarity of the silica species and micelles, the silica follows the directing template along its outer 

surface forming silica tubes. These rod-like micelles with silica interacting on the outside wall 

then begin to co-condense with similar composites, in turn forming the highly favourable 

hexagonal arrangement of the silica framework[101–103]. Finally, to produce the mesoporous 

silica material, the now internal surfactant must be removed to leave behind the ordered porous 

framework. This is achieved by washing out the surfactant, calcination, or a mixture of both. A 

schematic in figure 1.4.1 shows a simple illustration of the mechanism of formation.  

The resulting silica particles produce materials with highly regular pore channels of which can be 

tailored based on parameter changes to precise detail. These materials can be synthesised with 

very high surface areas and also exhibit high mechanical and thermal strength which offered them 

advantages over other materials in catalysis, storage, and others. Due to the mechanism of 

synthesis by the surfactant acting as a directing agent, the materials are produced with some 

crystallinity (regular lattice points) unlike most other silicas. It must be noted that the pore walls 

are completely amorphous but due to the highly ordered arrangement of the surface micelles, the 
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hydrolysis and condensation of the silica source is templated into producing a regular structure 

which displays long-range order.  

Two of the most studied OMS, MCM-41[31,55] and SBA-15[33,34] are both synthesised using 

the liquid-crystal template approach. Kresge et al first reported the use of quaternary ammonium 

surfactants such as hexadecyl-trimethylammonium salt to synthesis MCM-41 and its counterparts 

[31,55]. They also highlight that by changing the surfactant one can change the width of the pore 

channels produced. Corma et al reported that the pore channels could be swelled and in turn change 

the pore size as well without the need to change surfactant[104]. Attard et al synthesised 

mesoporous silicas using non-ionic surfactants such as octa-ethylene glycol mono-hexadecyl ether 

(C16EO8)[105]. Most MCM-41 synthesis methods now utilise CTAB whereas SBA-15 use block 

co-polymers such as Pluronic 123 (PEO20PPO70PEO20 - P123) [106]. Katiyar et al synthesised 

spherical and fibrous SBA-15 particles with larger pore sizes than typical SBA-15 materials by 

incorporating P123 along with CTAB and trimethylbenzene for adsorption of biomolecules in size 

selective separations[107].  

1.4.3 Chemical etching technique 

Unlike the template assisted technique which uses a structure directing agent to produce porous 

silica materials, the chemical etching technique uses various etching agents to create the porous 

material[103]. Firstly, silica is typically synthesised by following a modified stober method to 

produce standard spherical particles (porous or non-porous). The etching agent as Chen et al 

showed can form the porous structure of silica while also changing the morphology of the 

nanostructures, in a controlled environment[108]. Sodium carbonate was used to synthesise the 

hollow mesoporous silica spheres and varying concentrations of ammonia was used to 

manufacture hollow/rattle-type mesoporous silica spheres. Zhang et al also use the wet chemical 

etching technique to control the morphology to produce ellipsoidal silica particles[109]. Rosu et 

al carried out a similar method as above by synthesising stober silica particles and then used a very 
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dilute (3mM) solution of sodium hydroxide. This is to ensure a slow and controlled etching of the 

silica surface[110]. 

1.5 Chemical modification 

All silica supports or devices tend to be somewhat inert for use in many applications and thus 

some form of derivatisation is needed. The functionalisation tends to be dependent on the end 

application or intermediate stages driven by the functional group(s) critical at the end. 

Modification of the supports typically occurs in two ways by either direct in-situ modification or 

by a post-grafting method. Grafting of silica materials is typically carried out using silane based 

ligands which have some degree of functionality including amines[88–95], thiols[117–125], 

carboxylic[126] and aliphatic chains[106–111].  

 

Figure 1.5.1:  Schematic process of mesoporous silica functionalisation. The schematic  shows the co-

condensation method along with post-grafting method. The template structure directing 

surfactant is represented by the blue micelles. The figure is reproduced from Bruhwiler et 

al[133].  

1.5.1 Direct synthesis modification 

This is also known as co-condensation method. This method of functionalisation utilises the idea 

of a one-pot synthesis. It follows the synthesis methods already described with the addition of 
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organosilanes with the desired functional groups. The difference here comes from the organosilane 

co-condenses with the tetra-alkoxysilane silica source as the porous material is forming. This leads 

to functional groups throughout the silica structure including the pores, the outer walls of the silica 

and the internal structure. Co-condensation functionalisation is employed during synthesis by the 

sol-gel[134–136] route and the template assisted technique[123,137,138]. Dobrowolski et al 

synthesised SBA-15 by co-condensation with 3-aminopropyl triethoxysilane (APTS) for 

applications in metal sorbents[139]. Hoang et al also synthesised SBA-15 by co-condensation with 

3-mercaptopropyl trimethoxysilane (MPTMS)[117]. Zafarzadeh et al synthesised silica 

nanoparticles by a modified stober method by co-condensation with APTS for silica nanoparticles 

with optical properties[140]. A minor disadvantage of co-condensation functionalisation is 

sometimes due to while the silica structures are forming during the hydrolysis and condensation 

stages of synthesis, the organosilane can compete with the silica source and in turn weaken the 

internal structure impacting the rigidity of the structure [141]. 

1.5.2 Post-synthetic grafting 

The second more widely used method of functionalisation is post-synthesis grafting. The post-

grafting of silicas is much more advantageous as it provides a more hydrothermally stable and can 

provide higher coverages than the co-condensation method[142]. Since the silica particles are 

already synthesised, grafting can only occur on the surface and therefore does not impact the 

internal structure of the materials. The mesostructured pores are maintained and if the desired 

functional R-group fits the pores even grafting can occur. Issues can arise where if the functional 

R-group is sterically hindered from entering the pores, grafting will occur on the outer surface and 

block functionalisation in the pores owning to diffusion issues and non-even grafting to the silica 

material[102].  

Grafting of nearly all silicas, be they OMS, sol-gel spherical particles or high-spec silicon wafers, 

are carried out in variations of the same principals. Silanols on the surface act as active sites for 
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strong covalent attachment to more often than not organosilane derivatives. Just like in the 

formation of silica, predominantly alkoxy-organosilanes [(R1O)3SiR] are hydrolysed and undergo 

condensation with the silica material. This forms the covalent bond on the surface which acts as 

the anchor for the required functionality for the desired application. Chlorosilanes are also used to 

graft various functional groups to silica. They are commonly used for grafting of silica particles 

with end applications in chromatography and for further steps as intermediates to end-functional 

group synthesis[64,137]. It is also very common when grafting octadecylsilanes (ODS) to use 

spherical particles in chromatography columns to use halogenated silanes[143–147]. 

Key to successful grafting is to form a strong covalent bond between the support and the 

organosilane, but just as important is to ensure a homogenous coverage of the silane. Gartmann et 

al demonstrated that controlled functional group placement is crucial to successful silica support 

materials[148]. Grafting of silicon substrates, for obvious reasons, must also be carried out using 

post-synthetic functionalisation. Derivatisation of wafers includes similar functional groups 

already discussed including amines[149,150], thiols[120], polymer brushes[151–153] and a 

mixture of all as discussed by Vlachopoulou et al[154].  

1.6 Applications 

1.6.1 Catalysis 

For mesoporous silica materials, catalysis has been one of the big areas to which interest has been 

shown. Due to the wide range of possibilities to derivatise silicas has led them to be considered as 

viable devices for increasing efficiency in catalytic processes. Nearly all of the OMS discussed 

have been examined as options as catalysts. The advantages of high surface areas and relatively 

large pores is of such that the materials facilitate high mass transfer and high diffusion rates 

through the material offering better conversion to product rates[155,156]. The infiltration of metals 

into the silica support framework has shown silica to be useful in areas of CO oxidation, phenol 

hydrogenation, heck reaction and benzene hydrogenation just to mention a few[157–160]. 
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Agirrezabal-Telleria et al functionalised mesoporous SBA-15 with varying sulfonic acids to carry 

out the cyclodehydration of xylose to furfural[161]. Crisci et al also grafted alkyl sulfonic acids to 

SBA-15 showing that the synthesised support was efficient and selective at the dehydration of 

fructose to 5-hydroxymethylfurfural (HMF)[162]. Pham et al carried out interesting dissolution 

studies on the ability to carry out catalysis of thiol modified silicas under basic conditions for 

potential use in water treatment[163]. Sadjadi et al also reviewed the ability to functionalised 

through intermediate steps, large organometallic complexes for encapsulating[164–168]. 

1.6.2 Enzyme Supports 

Enzyme immobilisation in terms of silica, is the process of multiple grafting stages to 

accommodate the use of silica as a support. Grafting typically begins with functionalisation with 

amines or thiols before continuing through intermediate stages to activation of the end material 

which has enzyme bound to the support[50,169]. The end goal typically is the separation or capture 

of specific proteins. Covalent attachment of the support to the protein is the most common method 

of immobilisation. It consists of strong binding through covalent links to the protein which offers 

stability and loss of leakage from the support. Other methods of immobilisation include 

encapsulation, cross-linking, adsorption, affinity and electrostatic interactions all of which have 

their advantages and disadvantages[170]. Enzymes such as Lactobacillus rhamnosus have been 

successfully immobilised on mesoporous silica supports for use as a catalyst device for lactic acid 

production[171]. Dezotti et al immobilised two enzymes (lignin peroxidases and horseradish 

peroxidase) to a silica support which they used for the removal of chlorolignins from eucalyptus 

effluent[172].  

S.M.L. dos Santos et al synthesised mesoporous silicas SBA-15 and SBA-16 for adsorption of 

common biomolecules including bovine serum albumin (BSA), lysozyme (LYS) and cellulase 

(CEL) of which they showed high capacities of adsorption[173]. They also noted that the method 
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of synthesis was important in relating to adsorption capacity. Grafting procedures and protein 

immobilisation on silicon wafers was also shown[169,174–176] along with Kim et al[77]. 

1.6.3 Environmental 

The use of silica materials in the area of environmental chemistry has continued to grow with time 

due to its ability to be relatively stable in aqueous solutions. The use of mesoporous silica materials 

with their high surface areas and relative ease of functionalisation has benefited from its ability to 

carry out effective adsorption processes of water pollution including in wastewater treatment and 

specifically heavy metal extraction[177]. Grafting of these silica supports allows for the 

incorporation of functional groups which act as interacting binding sites for some heavy metals 

which can include copper (Cu), nickel (Ni), lead (Pb), mercury (Hg), cadmium (Cd) and zinc 

(Zn)[178–180]. Hernandez-Morales et al synthesised APTS grafted mesoporous SBA-15 by co-

condensation method to remove lead from batch aqueous solutions concluding that highest 

sorption capacity achieved came from the material with the greatest amine loading[181]. Lee et al 

bi-functionalised porous silica with thiol and amine functional groups to enhance the properties of 

the porous silica. By adding functionality, the silica material could interact and adsorb other 

species than Hg (thiol groups selectively adsorb Hg) by increasing the hydrophilicity of the 

material with the addition of the amine groups[123]. Gupta et al used SBA-16 as a support which 

showed high selectivity for the removal of lead, mercury and cadmium[182]. More recently Kang 

et al functionalised silica gel with polyamines to measure the selectivity for di-valent ions which 

focused predominantly on Cu along with Ni, Co, Zn and Pb[183].  

1.6.4 Gas sequestration 

Gas sequestration or more commonly carbon dioxide capture (not limited to) is a very popular 

topic in research due to global warming and rise in support for novel approaches to reduce and 

remove CO2 from our atmosphere. Unlike in other applications, derivatisation of porous silica 

supports in this area is nearly always with nitrogen functional moieties as they selectively absorb 
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CO2 to form carbamates[184]. Many of the discussed mesoporous silicas such as MCM-41, SBA-

15, MCF and aerogels have been used[115]. Zelenak et al functionalised SBA-12 with different 

amino ligands which included 3-aminopropyl (APTS), 3-(methylamino) propyl and 3-

(phenylamino) propyl and showed higher affinity for higher basicity of amine ligand[185]. In 

relation to pore size, Wang et al examined the relationship between CO2 adsorption and pore 

diameter concluding that larger pore sizes had better CO2 capture ability than smaller mesopore 

material[186].Mohamedali et al encapsulated imidazolium-based ionic liquids into mesoporous 

silicas, MCM-41 and SBA-15. These showed higher sorption rates for CO2 with stable cyclic 

adsorption/regeneration performance[187].  

1.6.5 Chromatography 

Of all the applications mentioned, chromatography is the largest and most widely used analytical 

tool in every quality control laboratory throughout the world. It consists of high-performance 

liquid chromatography (HPLC), size-exclusion chromatography (SEC), gas-liquid 

chromatography, ultra-high-pressure liquid chromatography (UHPLC) to name just a few. In all 

these variations of separations, silica is predominantly the backbone support material for these 

techniques. Silica has been used as the support material for at least the last 70-80 years[188–190]. 

The array of publications in areas of silanol coverage, bonding with different ligands, end-capping 

methods, columns, plate heights, mobile phases is so vast that each section could be the basis of 

many more thesis’. Many of the issues associated with chromatography come from a desire to 

carry out faster and more efficient separations. Taking just porous silica materials as an example 

has led to lots of innovation into the sector with huge companies such as Agilent, Waters, 

Phenomenex and Sigma leading the way. Smaller companies and research groups look to develop 

novel materials or niche supports for very specific separations. In a very recent publication from 

Pantsulaia et al, they described using core-shell porous silicas for the specific separation of 

enantiomers using polysaccharide based chiral selectors[191]. Nakamura et al discuss the use of 

different derivatised silica stationary phases by examining retention of analytes in reversed phase 
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liquid chromatography (RPLC). They grafted C18 and phenyl hexyl ligands to the porous silica 

and discussed the relationship between the aqueous and silane layers at the surface[192].  

1.6.6 Drug delivery 

Silica particles have long been studied as vectors for safe and effective drug delivery systems 

(DDS) and as imaging devices. A review by Natarajan et al discussed the wide range of drugs 

which have been loaded to mesoporous silicas including Ibuprofen, doxorubicin and nicotinamide 

to name a few[193]. Zhang et al synthesised MCF silica and examined the release of a poorly 

soluble drug called simvastin. They discussed the importance of the physical properties of the 

silica material for DDS and controlling the release of the drug better[44]. Yang et al examined 

adsorption and release of aspirin on mesoporous MCM-41which was also loaded with luminescent 

composite particles (CaWO4:Ln – Ln = Eu3+, Dy3+, Sm3+, Er3+) which allowed to measure the 

amount of aspirin incorporated on the support and its subsequent release[142].  

The materials have also been used as slow release mechanisms to control the amount of a drug 

over time for better therapies. Slowing et al examined mesoporous silica nanoparticles as 

controlled drug delivery release system. These systems use a concept known as gatekeeping which 

encapsulates the drug loaded mesoporous silica and under specific stimuli responses will release 

the drug over time at specific sites. Drugs such as vancomycin and neurotransmitters such as ATP 

have been discussed. This technology is particularly useful when the drug is toxic (anti-cancer 

drugs)[194]. Kim et al for simultaneous use as a drug delivery vehicle and in bioimaging (magnetic 

resonance and fluorescence imaging) synthesised core-shell particles with the incorporation of 

iron oxide nanoparticles. The hydrophobic core with porous outer shell which incorporates the 

iron oxide nanoparticles (encapsulated in PEG) was used in-vivo to image tumour sites and to 

determine the effect of drug loading to specific sites[195].  
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1.6.7 Devices  

Devices which incorporate SiO2 are typically carried out on wafer substrates. In terms of porous 

silica materials there is plenty of research into novel devices using the well understood chemistries 

and processes which have been widely discussed thus far in this chapter. Two areas which interlink 

and sometimes co-exist are in the development of sensors and storage devices. Yamada et al 

fabricated nitrogen oxide sensors onto wafers using mesoporous silicate films of the typical 

synthesis method described for the manufacture of SBA-15 using block co-polymer 

(PEO20PPO70PEO20 - P123) and TEOS with hydrochloric acid. The films produced showed 

different performances as sensors based on the orientation of the porous film which had a major 

impact on the accessibility of the gas through the sensor[188]. Radu et al examined the use of 

mesoporous silica MCM-41nanospheres by functionalisation with polylactic acid which acts as a 

sensor for the selective detection of amino-containing neurotransmitters[197]. Amonette et al 

studied the use of aerogels as sensors due the benefit of extremely high porosity, by discussing 

sensors which function on humidity, oxygen, hydrocarbons, acid and alkaline gases along with 

other niche sensor devices[198]. Ravaro et al synthesised mesoporous silica via the sol-gel route 

and incorporated cadmium telluride (CdTe) quantum dots on the silica surface. The oxygen 

sensors produced successful optical properties when exposed to varying oxygen levels owning to 

the success of the silica support[199]. Yin et al used the incorporation of platinum salts into 

mesoporous silica to produce platinum nanoparticles heavily dispersed throughout the pore 

framework to act as a high performing hydrogen storage device, especially at room 

temperature[36].  

1.7 Aims 

While the use of silica materials in applications mentioned in section 1.6, is far from its infancy 

with the extensive body of research accumulated over the past decades. It is still a critical area 

with a continuing increase in interest to solve many issues currently experienced in these 
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applications. Of all the synthesis methods carried out, silica materials produced, functional groups 

grafted etc., behind all the research there is a common desire for increased efficiencies and 

robustness of processes. With so many researchers focusing on changing properties on silica and 

developing new devices to aide with old tasks, the thought was to take a step back and re-focus. 

Many issues in chromatography come from low coverages of ligands and unwanted interactions. 

Issues in immobilisation can be due to longevity and stability. Issues in drug delivery, storage and 

environmental devices is development. With a step back and re-focusing on the basic ideas of all 

these problems, greater impact could be made on increasing knowledge on pre-treatment methods 

of silica. The aims of this extensive body of work was focused on this idea in chapter 3. Zhuravlev 

has shown many times, that the silanol concentration on nearly all silicas is always the same. With 

the basic methods of grafting, all quite similar and the core chemistry at the silica surface is the 

same under all of the materials discussed, the thought of increasing silanol availability which in 

turn would increase efficiency and potential robustness of materials would increase. This  was 

achieved by examination of surface pre-treatment steps by refluxing ordered mesoporous silicas 

in various solutions and then determine the effect on grafting due to this cleaning step. Chapter 4 

deals with the functionalisation of mesoporous silicas with polymers. The aim of this chapter was 

to first understand the grafting of poly-2-vinyl pyridine to two mesoporous silicas, MCM-41 and 

SBA-15. Once this is optimised, the infiltration of cerium metal salt was examined. The ultimate 

aim of the chapter is to examine the potential application of using grafted mesoporous silicas as 

supports for metal uptake for applications in catalysis and environmental services. The aim of 

Chapter 5 is to deal with the use of silica particles in conjunction with silicon substrates to produce 

potential new devices for food packaging with enhanced properties in anti-microbial activity. This 

was examined by grafting amine loaded mesoporous silicas with silicon surfaces grafted aliphatic 

epoxides, covalently attaching the two. This new device could have antimicrobial activity which 

could open possibilities in applications of food storage and extension of its shelf-life. 
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2.1 Synthesis of silicas 

2.1.1 Preparation of mesoporous silica SBA-15 

The synthesis of mesoporous silica SBA-15 consisted of the following procedure. 8.0 g of 

Pluronic 123 (PEO20PPO70PEO20) was stirred in 60 mL of deionised (DI) water at 40 ˚C until it 

was fully dissolved. 116.5 mL of 2M hydrochloric acid was added followed by the dropwise 

addition of TEOS. The reaction solution was then sealed and autoclaved at 90 ˚C for 48 hours 

with no stirring. The resulting precipitate was filtered and washed with DI water. The solid was 

dried and calcined in a furnace at 550 ˚C for 6 hours. This method of preparation was followed 

from Zhao et at[1]. 

 

2.1.2 Preparation of mesoporous silica MCM-41 

The synthesis of mesoporous silica MCM-41 consisted of the following procedure. 4.8 g of 

hexadecyltrimethylammonium bromide (CTAB) was dissolved in 240 g of DI water by stirring. 

16 mL of ammonium hydroxide solution was added when all the CTAB was dissolved and no 

foam was seen. After 10 min, 20 mL of TEOS was added slowly. The solution mixture was stirred 

overnight for 18 hours and then filtered. It was washed thoroughly with equal aliquots of ethanol 

and DI water, three times each. The resulting solid was calcined for 8 hours in a furnace at 550 

˚C. The method of preparation was followed from Kumar et al[2]. 

 

2.2 Preparation of piranha acid solution 

The use of piranha acid requires great care and attention. It was also prepared as required for 

cleaning of the mesoporous silica and silicon wafer substrates. It reacts strongly with organics. It 

consists of a mixture of sulfuric acid (H2SO4) and hydrogen peroxide (H2O2) and was prepared in 

a ratio of 3:1 for sulfuric acid to hydrogen peroxide[3–5]. Typical quantities were as follows; 30 

mL of H2SO4 was placed in a round-bottom flask to which 10 mL of H2O2 was added dropwise 

over the course of 15 minutes. The solution was then used as required.  
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2.3 Characterisation techniques 

2.3.1 Electron microscopy 

Electron microscopy consists of the most commonly used techniques employed to visually image 

and characterise materials, not just in the area of silica materials. Higher resolving power is 

achieved compared with conventional microscopy as the wavelength of the electron is 10,000 

times shorter. Electron microscopy is made up of scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM). TEM imaging is the phenomenon of electrons 

tunnelling through a sample and in terms of porous silicas requires a tiny sample amount for 

imaging. Samples are dispersed in HPLC grade water and dropped on copper grids to which some 

sample will stick. TEM allows the imaging of the pore structure although of a very small sample 

size. SEM imaging uses the scattering of secondary and back-scattered electrons. The electron 

beam is scanned across the sample surface and produces images which show the morphology of 

the silica materials. SEM was carried out using a Karl Zeiss Ultra Plus field emission (in-lens 

detection) with Gemini column. TEM was carried out using a JOEL 2100 operating at 200 kV. 

All images were acquired in bright-field mode.  

 

2.3.2 Nitrogen sorption analysis 

The characterisation of porous materials is impossible without N2 sorption analysis to measure 

the physical properties of the synthesised porous silica materials. Physisorption analysis examines 

the adsorption and desorption isotherms of nitrogen at 77 K to the surface of the porous material. 

The adsorption-desorption isotherm over a range of P/P0 against quantity of N2 allows the 

determination of the porous structure, be they micro, meso or macro pores. Methods such as the 

Brunauer-Emmet-Teller (BET) and Barret-Joyner-Halenda (BJH) allow for the calculation and 

measurements of surface areas and pore volume/size distribution respectively[6,7]. The 

instrument used was a Micromeritics Tristar II surface area analyser. The specific surface area 

was calculated using the multi-point BET method in the relative pressure range P/P0 = 0.05-0.3. 

The specific pore volume, pore diameter and pore size distribution were calculated based on the 
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desorption plot using the BJH method. Sorption analysis was carried out at 77 K and was degassed 

under N2 prior to analysis for 5 hours at 200 ˚C. 

 

2.3.3 Fourier-transform Infrared spectroscopy (FT-IR) 

Infrared spectroscopy is an important tool to help identify characteristic molecular functional 

groups which are present in samples. Infrared wavelengths are radiated at a sample which interacts 

by absorbing quantised levels of energy. This allows oscillations of specific frequencies to occur 

for particular functional groups. These specific frequencies produce a spectrum which is 

displayed in wavenumbers (cm-1) which is the reciprocal of the wavelength in cm against 

absorption or transmittance. Infrared spectroscopy is split between near-IR (12800-4000 cm-1), 

middle-IR (4000-200 cm-1) and far-IR (200-10 cm-1). Most infrared spectroscopy occurs in the 

range of 4000-400 cm-1. In Chapter 3 and 4, the instrument used was a Bruker Tensor II (mid-

range extended with diamond UATR) and the spectra collected used an attenuated total reflection 

infrared accessory. Spectra were recorded in the range 4000-250 cm-1. In chapter 5 a Varian 660-

IR spectrometer using a diamond crystal ATR Golden Gate was used. Spectra were recorded in 

the range 4000-500 cm-1. All the data was taken as the average of 32 scans at 2 cm-1 resolution. 

 

2.3.4 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy is a qualitative and quantitative technique which measures the 

kinetic energy of electrons which are emitted from a samples surface after x-ray photons are 

bombarded onto a sample’s surface. Typically, soft x-rays from aluminium, magnesium or silver 

sources are used. As the method emits photoelectrons from the sample’s atomic core, information 

on chemical states, atomic states and elemental composition can be determined. Kinetic energy 

of photoelectrons is converted to binding energy of which is displayed in spectra. Core lines 

relating to atomic states are displayed at specific binding energies which allows for qualitative 

analysis. Electrons which are emitted from the surface without any loss in kinetic energy produce 

narrow specific peaks which are followed by background of electrons which loose energy through 
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inelastic scattering. Ultra-high vacuum is required for XPS analysis as the photon energy must 

only interact with the surface of interest. For also this reason, XPS is a completely surface 

sensitive technique with characterisation only possible for a depth of 10 nm. It is the most 

important technique for surface science characterisation. XPS was carried out at ultra-high 

vacuum (<5x10-10 mbar) on a VG Scientific ESCA lab Mk II system equipped with a 

hemispherical analyser using Al Kα lines (1486.6 eV). The photoelectrons were collected at an 

angle of 90˚ from the surface of the sample. The pass energy of the survey scans was 200 eV. 

 

2.3.5 Nuclear magnetic resonance (NMR) spectroscopy 

Nuclear magnetic resonance (NMR) spectroscopy utilises nuclei’s behaviour to react in a 

magnetic field. The technique functions as the nuclei are subjected to a magnetic field, if the 

correct frequency related to specific chemical environments occurs, the spin of the nuclei flips to 

its higher energy level. This causes a resonance of that particular frequency which in turn 

produces a peak on a spectrum relating to a particular chemical environment. The frequency of 

the resonance is both equally dependant on the external magnetic field (force applied), B0 and the 

identity of the nuclei involved. Some magnetic nuclei which are most determined are 1H, 2H, 13C 

and 29Si. The use of solid-state magic angle spinning (MASNMR) was used for analysis. This is 

a technique where the material is rotated on an axis to the magnetic field at a ‘magic angle’ of 

54.74˚. This allows anisotropic dipole interactions to be suppressed to allow for greater resolution 

of nuclei states. MASNMR was carried out using a Bruker AVANCE II HD instrument, using a 

3.2 mm HX cross-polarisation MAS probe. 2H spectra used a one pulse sequence with a 

temperature of 20 ˚C and a spin rate of 10 kHz. 29Si spectra used a standard cross polarisation 

sequence with a magnitude of 60 kHz for the Si radio frequency field, 50 kHz for the proton 

decoupling field with a contact time of 1 ms and a spin rate of 5 kHz at a temperature of 20 ˚C. 

13C spectra had a standard cross polarisation pulse sequence in a 60 kHz C field. The proton 

decoupling field was 50 kHz with a contact time of 3 ms and a spin rate of 10 kHz. The sample 

temperature was set at 20 ˚C. 
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2.3.6 Elemental analysis 

A technique also known as microanalysis, is used typically to measure the composition of 

compounds i.e. empirical formulas. It does this by complete combustion (up to 1800 ˚C) of a 

sample in oxygen rich environment which leads to the conversion of different gases relating to 

the elemental composition. In the case of carbon, hydrogen, and nitrogen (CHN) analysis, carbon 

in the sample produces CO2, hydrogen produces H2O and nitrogen can be NOx or N2. These gases 

are detected typically by a thermal conductivity detector. The instrument used was an Elementar 

vario EL cube elemental analyser. 

 

2.3.7 X-ray diffraction (XRD) 

X-ray diffraction is a technique used to measure or identify the crystal structure of materials along 

with measuring the size and shape of the material. The premise of XRD is x-ray electromagnetic 

radiation is transmitted at a sample and depending on the wavelength of the incident x-ray and 

the angle to which it is emitted from the atoms in the crystal causes a special interference effect 

called diffraction. The interference occurs when x-rays interact with each other. When the waves 

are in alignment, they are said to be constructive and amplify the signal producing peaks. When 

the waves are not aligned, they are said to be destructive and no signal is produced. As the 

wavelength of the incident x-ray interacts with well-defined planes of crystal structures, the 

specific angle of the scattered beam from the lattice points amplify the signal and produce the x-

ray pattern. The principal of the technique follows Bragg’s law; 

𝐧𝛌 = 𝟐𝐝𝐬𝐢𝐧𝛉         EQ.2.1 

The instrument used to carry out XRD was completed on a Bruker D8 Advance diffractometer 

equipped with an un-monochromated Cu-Kα source with a 1D detector which includes an energy 

discriminator which filters out Cu-Kβ. Samples were ran in the low angle range from 0.5˚ to 5˚ 

(0.5˚ ≤ θ ≥ 5.0˚). 
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2.3.8 Contact angle measurements 

Atoms and molecules interact differently at the surface than they do at the bulk of the material. 

For this reason, contact angle measurements are an important tool to measure surface properties. 

The technique works by releasing a drop of a liquid with known properties and parameters onto 

a surface and then using a high-speed camera to measure/record the contact angle of the resulting 

droplet. This is called static contact angle. If the resulting angle is below 90˚ it is said to be wetting 

and if above is said to be non-wetting. This can lead one to determine if the surface of materials 

is hydrophilic or hydrophobic or allow the tracking of a process of functionalisation of a surface. 

Dynamic contact angle is the measuring of the contact angle as liquid is added to the surface and 

as the droplet is moving. Dynamic contact angle and surface free energy were calculated from the 

advancing and receding water contact angles and were recorded on three different regions of each 

sample as outlined by Lundy et al[8]. Silica particles were pressed to a pressure of two tonnes 

into disks before contact angle measurements. Water and diiodomethane were used as liquids and 

the values used were as follows; 

H2O γlvD/γlvP = 21.8/50.8 mJ m-2 & CH2I2 γlvD/γlvP = 48.5/2.3 mJ m-2. 

In chapter 3, 150 nL of the liquid was dispensed on the material surface at a flow rate of 15 nLs-

1. In chapter 5, 60 nL of the liquid was dispensed on the material surface at a flow rate of 5 nLs-1. 

Both used a microinjection syringe pump (SMARTouch, World Precision Instruments, Sarasota, 

FL, USA) with a 35-gauge needle and images were captured with a monochrome industrial 

camera (DMK 27AUR0135, The Imaging Source, Bremen, Germany). Contact angles were 

calculated using a piecewise polynomial fit (ImageJ, ver. 1.46, DropSnake plugin). Surface 

energy calculations were determined using Fowkes’ theory. 

 

2.3.9 Thermo-gravimetric analysis (TGA-DTG) 

Thermogravimetric analysis is the technique of tracking the change in weight of a sample or 

material as a function of temperature or time. The technique is quantitative and qualitative and is 
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carried out by placing the sample in a TGA pan which hanged from a balance and enclosed inside 

a chamber. As the analysis proceeds, the weight loss is measured as a function of the temperature 

or time increase. The technique is widely used to measure decomposition of samples or evolution 

of water from porous materials. TGA was carried out using a Model TGA 2950 high-resolution 

thermogravimetric analyser V5.4a, on a temperature level from 30 to 800 °C with a warming 

speed of 5 °C min-1 under nitrogen flow. 

 

2.3.10 Atomic force microscopy (AFM) 

Atomic force microscopy (AFM) is again a surface sensitive technique which uses a cantilever 

tip which is rastered over the surface of substrate samples to give topographic information on the 

sample. The tip is brought near the surface and the potential is measured based on the distance 

between the two. A mix of attractive and repulsive forces cause the tip to hover or contact the 

surface allowing the topography to me determined. The AFM instrument used was a Park system, 

XE-7, made in South Korea.  Measurement were performed in non-contact mode with high 

resolution, silicon micro-cantilever tips. Topographic images were recorded at a resonance 

frequency of 270-300 kHz.   
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3.1 Abstract 

Silica supports used e.g. in chromatography, separation and bioassay lack complete efficacy 

unless they are surface functionalised. Thus, chemistries are grafted to the surface to enhance their 

properties and capacity in specific applications. Here, various strategies are examined for 

‘cleaning’ and hydroxylation of SBA-15 mesoporous silica (as a high surface area exemplar) to 

sponsor efficient functionalisation through maximising surface hydroxyl groups as the surface 

binding sites. Cleaning process effects on the mesoporous silica were studied using transmission 

electron microscopy (TEM) and scanning electron microscopy (SEM). The physical properties 

were characterised using N2 sorption and x-ray diffraction (XRD). The bulk and surface 

compositions were characterised by Fourier-transform infrared (FTIR) spectroscopy and 29Si 

nuclear magnetic resonance (NMR) spectroscopy. Contact angle measurements were also taken, 

and the surface energy components calculated. Finally, the mesoporous silica was functionalised 

with 3-(aminopropyl) triethoxysilane (APTS) to determine the impact of these cleaning methods 

on grafting. Elemental analysis along with NMR (13C and 1H) were used to determine the impact. 

This study provides a facile approach to prepare organosilicas for potential higher loading 

capacities. 

3.2 Introduction 

Ordered mesoporous silica (OMS) substrates and particulates are a primary focus of research due 

to a wide variety of application areas including adsorbents[1,2], drug delivery[3], catalysis[4,5], 

therapeutics and imaging[6], sensors[7], gas capture[8,9] and storage[10,11]. Interest derives 

from advantages such as variations of pore morphology[12,13], high mechanical stability[14–16], 

adjustable pore sizes[17–19] and high surface areas. Silica supports have particular relevance due 

to ease of functionalisation by silane reagents. Due to their high surface area, OMS materials offer 
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opportunities for study and developing greater understanding of mechanism as their high surface 

area allows for easier detection of surface species. 

In silica functionalisation, grafting of various alkyl or other functional groups takes place at 

surface hydroxyl sites[20,21] be this for any application. Functionalisation is dependent on the 

presence of surface silanol sites [Si-O-H] [22] with sites such as  siloxane bridges [Si-O-Si] 

largely inactive. Grafting of organosilanes (most notably 3-(aminopropyl) triethoxysilane or 

APTS)[15,23] is the most widely studied method of functionalisation and acts as a precursor to a 

significant number of intermediate or terminal functional groups (-NH2, -SH, -COOH)[24,25]. 

Similar methodologies are used for chromatography, enzyme immobilisation and small molecule 

separations[26–28]. For gas sensing and storage, primary amine groups of e.g. APTS  provide 

sites for storage of gases including carbon dioxide[8,29].  

Key to effective functionalisation is a strong covalent bond between the support and the 

organosilane to increase efficiency and lifetime of the material. Optimal conditions for 

functionalisation are vital for reaching the maximum silane capacity and performance. Cleaning 

methods are thought to play a crucial role in surface grafting, by removal of contaminants and 

hydroxylation of the surface for silane attachment[30]. Such methods parallel the cleaning of 

silicon wafers in the semiconductor industry[31–34]. These cleaning methods include washing 

and refluxing in piranha solution (sulphuric acid and hydrogen peroxide combine with the 

formation of peroxymonosulfuric acid) and other solutions, along with ultraviolet light and 

ozonolysis[35–37]. Other methods from the semiconductor industry are hydrofluoric acid wash 

and plasma cleaning but these result in surface damage or add preparation complexity to physical 

particles. In industry, grafting methods can be lengthy, complex, intricate, and unreliable at scale 

and it is postulated that process efficiency could be increased using effective pre-treatments.  
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This work, the first of its kind, was to determine the impact of various silica pre-treatment steps 

to define the relationship between cleaning, rehydroxylation, and changes in silane attachment. 

To achieve this, OMS was synthesised and characterised. The silica was then cleaned by several 

methods and studied. This cleaned material was then functionalised, characterised, and compared 

to silica material which was not cleaned prior to functionalisation.  

3.3 Materials & Methods 

3.3.1 Materials 

Pluronic 123 (poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol), 

tetraethyl orthosilicate (>99%),  hydrochloric acid (ACS reagent 37%), 3-(aminopropyl) 

triethoxysilane (99%), sulphuric acid (ACS reagent 95-98%), nitric acid (ACS reagent 70%), 

hydrogen peroxide solution (30%), 2-propanol (CHROMASOLV, for high performance liquid 

chromatography [HPLC], 99.9%), dimethyl sulfoxide (anhydrous 99.9%) were purchased from 

Sigma Aldrich, Ireland.  

3.3.2 Synthesis of SBA-15 

The preparation of silica SBA-15 followed procedure reported by Zhao et al [34]. 8.0 g of Pluronic 

123 was stirred in 60 mL of deionised (DI) water at 40 °C until fully dissolved. 116.5 ml of 2M 

HCl was added followed by dropwise addition of 17.6 ml TEOS (tetraethyl orthosilicate). The 

reaction solution was transferred into a sealed bottle and autoclaved at 90 °C for 48 hours without 

stirring. The white product was filtered and washed with DI water. The solid was dried and 

calcined at 550 °C for 6 hours. The term SBA-15 refers to a calcined material. Within this chapter, 

SBA was synthesised once and therefore no replicates were made. 



Chapter 3: Hydroxylation methods for mesoporous silica and their impact on surface  

  functionalisation        2021 

79 

 

3.3.3 Cleaning of mesoporous silicas 

1 g of SBA-15 was measured into a flask and 10 ml of nitric acid was added. The solution was 

refluxed at 100 °C for 60 min. The mixture was filtered and rinsed with DI water. In a similar 

manner, SBA-15 was treated with piranha solution (3:1 ratio of H2SO4 to H2O2[38]). The 

mesoporous silica was refluxed for 60 min at 100 °C. Acid mixtures were diluted to 150 ml with 

DI water and then filtered and rinsed with DI water. Ultraviolet ozonolysis (UV/O3) was examined 

as it is widely used to remove any organics on silicon wafer substrates[25] and silicon slabs[39]. 

SBA-15 was placed on a glass plate and evenly spread as a thin layer to ensure the same level of 

cleaning throughout the sample. As controls, samples underwent no cleaning method and also 

after reflux in de-ionized (DI) as acid treated samples. All samples were dried in an oven at 110 

°C for 60 min for further study/use.  

3.3.4 Functionalisation of mesoporous silica with silane 

The cleaned materials were functionalised with APTS using the following method. 1 g of dried 

silica (cleaned/not) was placed in a flask containing 9.0 % (v/v) solution of APTS in dimethyl 

sulfoxide (1.0 mL of APTS in 10 mL DMSO)[40]. The reaction was carried out at 90 °C for 60 

min. The functionalised silica was then filtered, washed with DMSO, propan-2-ol and DI water. 

The amine grafted SBA-15 was then dried in the oven at 80 °C until used. 

3.3.5 Characterisation techniques 

3.3.5.1 Electron microscopy 

Scanning electron microscopy (SEM) was carried out using a Karl Zeiss Ultra Plus field emission 

SEM (in-lens detection) with Gemini column to provide detailed external surface morphology. 

The samples were placed on carbon tape and then to a stainless-steel stub before being placed in 

the instrument’s chamber. It was operated at 5 KeV. Transmission electron microscopy (TEM) 
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provided detailed images of the internal structure of the synthesised mesoporous silica. The 

samples were sonicated in HPLC grade water and dropped on support films of lacey carbon with 

200 mesh copper grids. The TEM used was a JOEL 2100 operating at 200 kV. All images were 

acquired in bright field mode. 

3.3.5.2 Contact angle measurements & Surface energy calculations  

Samples were pressed into disks to a pressure of 2 tonnes and advancing contact angle (CA) 

measurements were recorded on a custom-built system of each sample using 60 Hz sampling rate 

high speed camera to examine the changes after the various stages outlined in the introduction. 

Water (polar) and diiodomethane (non-polar) were used to measure the contact angle of the 

droplets. A droplet size of 150 nL was used at a rate of 15 nLs-1 using a 35-gauge needle for all 

disks and both solvents. ImageJ software (dropsnake as a plugin) was used to process the images 

and measure the advancing contact angle. Surface energy calculations were determined using 

Fowkes’ theory. 

3.3.5.3 Fourier transform infra-red (FT-IR) 

Fourier transform infra-red spectroscopy was performed using a Bruker Tensor II (mid-range 

extended with diamond UATR) and was collected using an attenuated total reflection infrared 

accessory. Spectra of the SBA-15 at various stages of the process were recorded in the range 250 

to 4000 cm-1. 

3.3.5.4 N2 adsorption-desorption isotherms 

The surface area, pore diameter, pore volume and pore size distributions were calculated using 

N2 sorption technique on a Micromeritics Tristar II surface area analyser (Micrometrics, Norcross, 

GA, USA). The specific surface area was calculated using the multi-point Brunauer, Emmett and 

Teller (BET) method [41] in the relative pressure range P/P0 = 0.05-0.3. The specific pore volume, 
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pore diameter and pore size distribution curves were calculated based on the Barrett-Joyner-

Halenda (BJH) method [42]. The sorption analysis carried out was measured at 77 K. Each sample 

was degassed under nitrogen for five hours at 200 ˚C prior to analysis.  

3.3.5.5 Elemental analysis 

Elemental analysis (Elementar vario EL cube elemental analyser) was used to determine the 

percentage carbon and nitrogen in the sample. All analyses were in triplicate. 

3.3.5.6 Nuclear Magnetic Resonance (NMR) 

Standard liquid phase NMR was carried out along with solid state, magic angle spinning, 

MASNMR. The method followed for liquid phase NMR was described by Thomé et al[43]. An 

NMR stock solution was produced by adding acetic anhydride (190 µL, 2.0 mmol) into a 10 mL 

volumetric flask and was filled with D2O. Both phases were combined before filling up to the 

mark. For the NMR measurements, the mass of the mesoporous material (bare, cleaned, or 

functionalised) was weighed (100 mg) into a microtube with cap. The NMR stock solution was 

added (100 µL) followed by 400 µL of 40 wt% NaOD/D2O. The microtube was shaken for 30 

min and allowed to stand for another 30 min to ensure full dissolution of the mesoporous silica 

materials. The solution was transferred to an NMR tube.  

MASNMR data were recorded on a Bruker AVANCE II HD, using a 3.2 mm HX cross-

polarisation (CP) magic angle spinning (MAS) probe. The proton spectra used a one pulse 

sequence with a temperature of 20 ̊ C and a spin rate of 10 kHz. The silicon spectra used a standard 

cross polarisation sequence with a magnitude of 60 kHz for the Si radio frequency field, 50 kHz 

for the proton decoupling field with a contact time of 1 ms and a spin rate of 5 kHz with a 

temperature of 20 ˚C. The carbon spectra had a standard cross polarisation pulse sequence in a 60 
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kHz C field. The proton decoupling field was 50 kHz with a contact time of 3 ms and a spin rate 

of 10 kHz. The sample temperature was set at 20 ˚C. 

3.3.5.7 X-ray diffraction (XRD) 

X-ray diffraction (XRD) patterns have been recorded with a Bruker D8 Advance diffractometer 

equipped with an un-monochromated Cu-Kα source with a 1D detector which includes an energy 

discriminator which filters out Cu-Kβ. Samples were ran in the low angle range from 0.5˚ to 5˚ 

(0.5˚ ≤ θ ≥ 5.0˚). 

3.4 Results and Discussion 

3.4.1 Characterisation of SBA-15 

The N2 adsorption and desorption isotherm (see figure 3A.1) of the synthesized and calcined 

SBA-15 (SBA-cal) is type IV with a typical hysteresis loop and a defined step seen at P/P0 of 0.4-

0.6 that demonstrated the material contains mesopores. The surface area of the produced material 

was measured at 612 m2g-1. The pore volume and pore diameter were determined from the 

desorption plot which measured 0.56 cm3 g-1 and 48 Å respectively. These results are seen in table 

3.1. 
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Table 3.1.  Physical properties of SBA-15, samples cleaned by the four methods and their corresponding 

properties after grafting with 3-aminopropyl triethoxysilane. 

Sample 

Cleaning 

Time 

BET 

Surface 

Area 

Pore 

Diameter 

(PDdes) 

Pore 

Volume 

(PVdes) 

BET 

Surface 

Area 

Pore 

Diameter 

(PDdes) 

Pore 

Volume 

(PVdes) 

h m2g-1 Å cm3g-1 m2g-1 Å cm3g-1 

Cleaning Functionalised 

SBA-15 - 612 48 0.56 152 51 0.23 

Nitric 

1 585 50 0.57 193 47 0.28 

24 542 51 0.56 151 54 0.21 

Piranha 

1 564 49 0.55 148 47 0.21 

24 488 52 0.58 108 46 0.15 

UV/Ozone 

1 608 48 0.56 211 44 0.29 

24 606 49 0.57 201 54 0.3 

Water 

1 548 50 0.56 162 44 0.22 

24 487 51 0.57 158 54 0.24 

Typical spectra for calcinated OMS SBA-15 material was observed in figure 3A.2. The SiO2 

framework symmetric and anti-symmetrical vibrations were seen at 803 and 1063 cm-1. The 

torsion vibrations of the Si-O-Si framework is also seen at 446 cm-1[44]. Silanol peaks (Si-OH) 

are also observed and derive from the vibrational bending mode at 962 cm-1[45]. Adsorbed water 

is also seen in the data with a sharp peak at 1637 cm-1 along with a broad peak seen at 

approximately 3400 cm-1. Finally, there is also a minor feature at 3740 cm-1 due to the presence 

of silanol groups[44]. 
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SEM images of different magnifications are seen in figure 3.1. The morphologies of the particles 

are of no defined shape but rather a range of different sizes and shapes as seen in figure 3.1 (ii) 

where morphologies of rods, spheres and pyramids can be seen. The particle size demonstrated 

from the SEM images also show that all particles are smaller than 100 µm (length of the largest 

dimension). TEM images (fig. 3.1(iv-v), show highly ordered parallel pore channels. The images 

also show the ordered hexagonal pore structure as the pores emerge from the surface. Using 

imaging software, the average pore diameter measured was 5.0 nm and pore walls were measured 

at 4.8 nm in close agreement with the results obtained with N2 sorption measurements.  

The Si29 MASNMR spectrum showed three peaks present as seen in figure 3A.3. The peak 

positions seen are -91.4, -100.5 and -109.2 ppm which can be assigned to the Q2, Q3 and Q4 peaks 

respectively[46]. The peaks represent the number of oxygen bonds to that silicon atom. This is 

demonstrated in figure 3A.3. The integrals of the peaks show the relative concentrations for the 

three different silicon environments. 

Powder X-ray diffraction was completed on SBA-15. It is shown in figure 3A.4 and shows the 

low angled spectrum of the sample with the standard (1 0 0), (1 1 0) and (2 0 0) reflections typical 

of a hexagonal mesoscopic structure [47,48]. 
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Figure 3.1: Electron microscopy of synthesized mesoporous silica, SBA-15: Scanning electron 

microscopy (SEM) images of varying magnification; (i) 100 µm; (ii) 10 µm; (iii) 1 µm; 

Transmission electron microscopy (TEM) images showing the pore structures of (iv) lateral 

direction and (v) hexagonal pore structure. Imaging software (ImageJ) was used on TEM 

images to demonstrate and measure (vi) the pore diameter and pore wall thickness of the 

mesoporous SBA-15.  
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3.4.2 Analysis of Cleaned SBA 

As previously discussed, four cleaning methods are examined in this study allowing comparison 

to as-calcined material. N2 sorption results are reported in table 3.1. Figure 3.2 displays the direct 

impact of cleaning from the different methods by showing a reduction in surface areas. It was 

observed that the surface area decreased after cleaning with the different methods. This is a 

negative effect on the materials as one of the key attributes of OMS materials are high surface 

area. It is worth noting that extended cleaning times of 1 to 24 h, cause further decreases in surface 

area and higher pore diameter for all methods are seen.  
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Figure 3.2:  Surface area measurements using BET method. It demonstrates the changes in surface area 

due to the different cleaning methods taken at 1 h and 24 h. The samples are nitric acid 

(square/black), piranha solution (circle/red), UV/ozone (triangle/blue) and water 

(nabla/green). 

The surface area decreases are assigned to pore volume and pore diameter increase suggestive of 

some pore etching and a possible secondary reaction step of condensation cross-linking of surface 

silanol groups[49–51]. For all four cleaning methods there is an increase in pore size of 2-4 Å 
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compared to virgin SBA-15. The surface area decreased noticeably less for ultraviolet/ozonolysis 

cleaning consistent with a non-chemical, non-acidic method. Cleaning in water and piranha 

solution causes the most significant decrease in surface area. This could be due to two different 

reasons. With piranha and nitric acid solutions, it is suggested that the strongly oxidising 

conditions completely removes any organics and may have an etching effect. With water it is 

suggested that this is an absorption effect. Cleaning might cause physisorption of water and 

blocking of smaller pores. These pores may not be cleared by degassing. Smaller pore sizes may 

result from multilayers of water condensing on cleaned pore walls.  

Figure 3.3:  Surface energy measurements for cleaned SBA-15 samples broken down into their polar and 

  dispersive interactions. These are based on their corresponding contact angle measurements 

  using the Owens-Wendt approach. The figure shows (i) Nitric acid (ii) Piranha solution (iii) 

  UV/Ozone. Data points represent a minimum of 3 replicates.  

Contact angles of the cleaned samples are reported in table 3.2 together with the calculated surface 

energy measurements which show the polar and dispersive interactions. The contact angles 

measured in both water and diiodomethane have a degree of variation between measurements of 

the same sample. This is because of the non-uniform and highly porous surface of the pressed 

disk. The results still show the influence of cleaning on the mesoporous silica. The surface energy 

calculations are displayed in figure 3.3. The figure for nitric acid (i) illustrates that there is little 

measurable difference in the polar contributions or dispersive interactions. This would indicate 
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that there is no significant change in hydroxyl availability. The same trend is not seen with the 

other cleaning methods. The piranha solution (ii) and UV/ozone (iii) show a significant increase 

in the polar contributions after cleaning. This suggests more surface hydroxyl groups available 

for interaction compared to original SBA-15. For the piranha cleaned material there is a continual 

increase of surface energy from 47 to 54 mJ m-2 for the polar contributions. For the UV/ozone 

cleaned samples, a plateau in polar contributions of 49 mJm-2 after a 1-hour and 24-hour cleaning 

cycle. In both cases, little measurable change in dispersive interactions was observed from both. 

Table 3.2:  Contact angle measurements and surface energy calculations for SBA-15 and cleaned 

samples. Data points represent a minimum of three replicates. 

Sample Time (h) 
Contact Angle Measurements (θ) Surface Energy (mJ/m2) 

H2O (°) ± CH2I2 (°) ± Dispersive ± Polar ± 

SBA-15 -- 32.5 6.2 44.6 10.3 24 5.9 38.2 8.6 

Water 
1 49.1 6.2 54.7 8.5 20.9 5.6 29.5 8.7 

24 33.9 4.6 36.4 3.2 28.2 2.1 34.1 4.2 

Nitric 
1 35.1 7.7 49.5 6.8 21.8 4.5 38.5 8.7 

24 27.8 6.4 37 12.1 27.2 6.2 38.2 8.2 

Piranha 
1 12 1.1 40.5 11.8 24.3 5.5 46.9 5.4 

24 8.5 2.3 52.2 4.9 18.4 2.5 53.6 3.3 

UV/Ozone 
1 15.7 5.6 47.8 6.9 20.9 3.8 49 5.7 

24 15.7 3.6 47.4 3.7 21.1 2.1 48.8 3.3 
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1H NMR data are presented in table 3A.2. The integral of the standard acetate protons was used 

to normalise the change in HOD amount. In the process of silica dissolution in NaOD/D2O, 

siloxane (Si-O-Si) bridges are cleaved by the NaOD and produces a deuterated silanol (Si-OD). 

Silanols (isolated or geminal) also interact with the NaOD/D2O by deprotonation and add to the 

total HOD content which would also include any deuterated amine. The HOD integral is based 

on the acetate concentration is shown in figure 3.4. The figure displays the HOD concentration 

increases after cleaning with water (2.87 & 3.14 a.u.), piranha solution (2.65 & 2.91 a.u.) and 

nitric acid (2.67 & 2.92 a.u.).  
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Figure 3.4:  1H NMR of HOD integral plotted against the cleaning time of the various cleaning methods 

which include nitric acid (black), piranha solution (red), ultraviolet/ozonolysis (blue) and 

water (green). 

There is a decrease in HOD after UV/O3 (2.62 & 2.57 a.u.) and this could be due to damage to 

the surface silanols and the material by the ozone radicals produced during cleaning. The increase 

in HOD seen is due to an increase in free silanols after cleaning. Another suggestive reason for 
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the increase in HOD could be due to adsorbed water. Piranha and nitric acid are wet methods and 

any water present would lead to an increase in concentration of HOD. This could also be the 

reason as to why water shows higher HOD compared with piranha solution and nitric acid.  

Following cleaning experiments, several different outcomes are seen using MASNMR. Details of 

this are shown in table 3.3 which displays the relative percentages of the peaks present after 

cleaning. Data is displayed in this form for sample to sample comparisons. Firstly, it shows the 

relative concentrations of the three silicon species for SBA-15 which displays 17 %, 69 % and 14 

% for Q4, Q3 and Q2 peaks, respectively. The percentages are normalised and achieved by 

assuming no change occurs to the Q4 siloxanes concentration as this is expected to remain 

unchanged because of chemical inertness. Interesting results are seen in table 3A.1 showing the 

normalised data based on the data in table 3.3. Cleaning with wet methods show a decrease in the 

isolated and geminal silanols. This could be explained by the fact that water is involved in all 

three methods and that water cannot be fully removed unless calcined again and under 

vacuum[49].  
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Table 3.3.   29Si solid-state NMR relative percentages of the various peaks. 

Sample Name 

% Q Peak 

Q4 Q3 Q2 Q4 Q3 Q2 

SBA-cal 17 69 14 - 

SBA-APTS - 48 49 4 

 Cleaned Functionalised 

Nitric 1h 18 70 12 48 47 5 

Nitric 24h 22 69 9 50 45 5 

Piranha 1h 20 68 11 56 42 2 

Piranha 24h 20 70 10 47 49 4 

UVO3 1h 16 69 16 49 48 3 

UVO3 24h 16 72 13 49 49 2 

Water 1h 18 68 14 50 48 3 

Water 24h 19 69 12 48 49 3 

The opposite is seen when cleaned with ultraviolet/ozonolysis. An increase in Q3 and Q2 could 

indicate that either the surface is being rehydroxylated or that the UV/O3 is damaging the surface 

of the silica. The latter would help explain why lower grafting is seen compared with the other 

methods. Further, following the UV/O3 treatment the surface could be passivated by CO2 or 

hydrocarbon adsorption as seen for activated carbon and many plastic surfaces[52,53].  

FTIR was used to examine all cleaned SBA-15 samples. In figure 3.5 it can be seen that there are 

clear changes in the intensity of the silanol peak (962 cm-1 [45,54]). The peaks were normalised 

from the beginning of the peak and compared. The spectra show that after cleaning there was an 

increase in peak intensity. This suggests a potential increase in number of silanols. For this study, 

this number was not quantified but compared to as-calcined SBA-15 material. The data show 
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there are slight differences in intensities for each cleaning method. For instance, after cleaning in 

piranha solution, the highest intensity was seen indicating the highest number of silanol groups 

present. Another point to note is that cleaning for 1 h and cleaning for 24 h showed the same 

intensity for each of the four methods. This indicates that cleaning times could be reduced to 1 h 

or less.  

850 875 900 925 950 975 1000

In
te

n
s

it
y

 (
a

.u
.)

Wavenumbers (cm-1)

 Water (24h)

 UV/Ozone (24h)

 Nitric (24h)

 Piranha (24h)

 SBA-15

 

Figure 3.5:  FTIR Spectra of cleaned SBA-15 and calcined SBA-15. The figure shows a wavenumber 

(962cm-1) associated with the presence of silanols in the material. The impact is seen by 

normalising the peak and showing the increase in its relative intensity to the calcined SBA-

15 sample. Included are calcined SBA-15 (line/black), piranha solution (dash/red), nitric acid 

(dash-dot/blue), UV/ozone (dash-dash-dot/green) and water (dash-dot-dash/magenta). 

XRD was also used to examine the changes in the structure of the cleaned SBA-15. In figure 3A.4 

there was no change in the pore structure after either the 1h cleaning or the 24h cleaning of each 

of the four cleaning methods. This was interesting as (especially with piranha for the 24h cleaned 

sample) it supports the suggestion that effects are largely due to pore size expansion rather than 

morphological changes.  
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3.4.3 Impact of Cleaning on Functionalisation 

3.4.3.1 N2 Sorption (Surface Area & Pore Properties) 

As shown previously, cleaning reduces the surface area of the SBA-15 material and so too does 

functionalisation, which can be assigned to the grafting of APTS in and around the pores. The 

results are shown in table 3.1. The large reduction in pore volume showed that functionalisation 

is occurring for all samples. The largest decrease seen between the original silica material and the 

related cleaned SBA-15 is from the 24 h piranha grafted sample. Here the final material has a 

pore volume of just 0.15 cm3g-1 and a surface area of 108 m2g-1. All other pore volumes 

approximately fall in between a range of 0.21-0.3 cm3g-1 and surface areas 150-200 m2g-1.  

Figure 3A.5 tracks the quantity of N2 adsorbed through the different stages of the study from as 

calcined SBA-15 to piranha cleaned and grafted SBA-15. The isotherms shift to lower relative 

pressure as the SBA-15 material is progressed through the stages. This shows a decrease in N2 

adsorbed firstly due to cleaning using piranha solution and then a further reduction due to grafting 

from APTS.  

3.4.3.2 Elemental analysis 

The main purpose for potentially cleaning silicas is to increase efficiency and robustness of 

grafting applications. Table 3.4 displays the results following grafting with APTS. Unbonded 

SBA-15 (control sample) showed a percentage carbon and nitrogen of 0.05 and 0.03 %, 

respectively. For all grafted samples, the percentage carbon ranged from 6.7 to 8.7 % and 

percentage nitrogen ranged from 2.0 to 2.8 %. To show the impact of cleaning, functionalisation 

on bare SBA-15 occurred with percentage carbon and nitrogen values showing 6.95 and 2.27 % 

respectively.  
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Table 3.4:  Elemental analysis for carbon and nitrogen content for SBA-15 and cleaned samples after 

functionalisation with APTS. All samples were ran in triplicate. 

Sample Time (h) % C ± % N ± 

Control - 0.05 0.02 0.03 0.02 

SBA-15 0 6.947 0.227 2.271 0.085 

Nitric Acid 

1 7.317 0.046 2.53 0.017 

24 7.775 0.049 2.135 0.048 

Piranha Solution 

1 7.724 0.031 2.446 0.012 

24 8.68 0.495 2.81 0.141 

Water 

1 6.928 0.443 2.479 0.153 

24 6.71 0.156 2.01 0.12 

UV/Ozone 

1 6.94 0.128 2.1 0.081 

24 7.417 0.086 2.61 0.105 

Percentage carbon shown in figure 3.6, demonstrates an increase on the control sample (no 

clean/black) for both nitric acid and piranha solution. The UV/ozone and water samples show no 

increase in percentage carbon for 1hour cleaned sample. The UV/ozone sample cleaned for 24 

hours showed an increase from the control and a slight increase on the 1hour sample. The water 

sample produced a lower percentage carbon than the control sample and the 1hour water cleaned 

sample. The piranha solution, nitric acid and the UV/ozone cleaned samples all increased their 

percentage carbon and therefore their grafting potential with longer cleaning times. The highest 

grafting achieved was with piranha solution cleaned SBA-15. It had the most effective grafting 

for the 1hour and the 24hour cleaned sample. This 24h value was seen at 8.68 %.  
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Figure 3.6:  Elemental analysis of various SBA-15 samples functionalised with APTS. The percentage 

carbon is measured for SBA-15 which was not cleaned (square/black) and cleaned samples 

by nitric acid (circle/red), piranha solution (triangle/blue), water (diamond/green) and 

UV/ozone (star/gold). The error range for each sample is also included as each sample was 

tested in triplicate. 

Analysis of the percentage nitrogen results are seen in figure 3.7. Again, the piranha solution 

achieved the highest percentage nitrogen (2.81 %) for the 24h cleaned sample compared with all 

other samples. The nitric acid cleaned sample had the highest percentage nitrogen for 1hour 

durations at 2.53 %. Water also showed a high percentage nitrogen for the 1hour sample (2.48 %) 

which was slightly above the piranha solution cleaned sample (2.45 %). The control no clean 

sample showed a percentage nitrogen of 2.27 % which was higher than the 1hour UV/ozone 

sample whose percentage nitrogen was 2.10 %. As already mentioned, the piranha cleaned sample 

grafted the largest quantity of APTS. As cleaning time increased, a decrease was seen from both 

water (2.01 %) and nitric acid cleaned (2.14 %) samples. Both samples fell below the control 

sample. Also interesting was the large increase in the UV/ozone sample which was just below the 

piranha solution at 2.61 %. However, we suggest that this is largely due to adventitious adsorption 

as mentioned. 
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Figure 3.7:  Elemental analysis of various SBA-15 samples functionalised with APTS. The percentage 

nitrogen is measured for SBA-15 which was not cleaned (square/black) and cleaned samples 

by nitric acid (circle/red), piranha solution (triangle/blue), water (diamond/green) and 

UV/ozone (star/gold). The error range for each sample is also included as each sample was 

tested in triplicate. 

Note that statistical analysis was used to verify these conclusions. A significant P-value was 

determined from the percentage carbon results presented above. The P-value of the piranha 

sample cleaned for 24 hours was shown to be significantly different. It had a P-value of 0.035 

which showed this to be significantly different to the control sample. The other samples after 

24hour cleaning had P-values of 11.2, 39.2 and 16.0 for nitric acid, water, and UV/ozone cleaning, 

respectively.  

3.4.3.3 NMR 

After functionalisation, the presence of T peaks proves that successful grafting of APTS has 

occurred[55]. This can be seen in figure 3A.6. The results in this study show T2 and T3 peaks 

which indicate the aminopropyl group grafted to a central silicon with two adjacent O-Si (seen at 

-58 ppm) with one O-H and the aminopropyl group grafted to the central silicon with three 
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adjacent O-Si species (seen at -66 ppm), respectively[4]. The relative concentrations percentages 

are shown in table 3.3. The data shows grafting occurs at the isolated and geminal silanols. If the 

same assumptions as before are taken some comparisons can be made between samples. After 

grafting the relationship between Q4 siloxane and Q3 isolated silanols changes from typically 

1:3.5 to 1:1. This dramatic difference shows the impact of grafting on the surface hydroxyl groups. 

Similarly, after cleaning the ratio between Q4 to Q2 is just less than 1:1. Cleaning methods such 

as piranha and nitric acid have a ratio closer to 2:1 in terms of Q4:Q2. After grafting this ratio 

changes to a minimum of 9:1 showing the significant change occurring to the geminal silanols. 

The degree of modification is also calculated by dividing the sum of the integral of the T peaks 

by the sum of the Q integrals[43]. The value for the degree of modification was consistent with 

an average at 37.5 %.  

NMR was carried out using both 1H and 13C probes. 1H NMR results show that grafting has 

occurred as the presence of the alpha, beta and gamma protons are seen. Labelling of hydrogens 

can be seen from table 3A.2 where the positions of the peaks are described. An example spectrum 

can be seen in figure 3A.7. The two control samples SBA-15 (SBA-cal) and the SBA-15 which 

was grafted but not cleaned (SBA-APTS) are included. Examining the samples which are cleaned 

and then functionalised, the data shows that some increase their HOD amount and some decrease. 

Interestingly, nitric acid samples increase their HOD concentration, but piranha samples remain 

pretty much identical to the related cleaned samples. Whereas ultraviolet/ozonolysis and water 

samples decrease in their HOD concentrations. Higher grafting is occurring for piranha solution 

and nitric acid cleaned samples compared with the others. This agrees with the elemental analysis 

presented above. More APTS means more amine groups and as these become deuterated in excess 

D2O, this will add to the HOD contributions. 

Carbon NMR was also carried out and the results are displayed in table 3A.3. A spectrum can be 

seen in figure 3A.8. The integrations are normalised to the methyl carbon and it is seen that the 
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alpha and gamma carbons have a higher number detected when compared to the beta carbon. The 

values obtained are quite similar to each other, but it is clear that the piranha cleaned samples 

show higher carbon concentrations along with the water cleaned samples. Also worth noting that 

full hydrolysis of the silane is occurring during functionalisation seen from the fact that there are 

no carbon peaks detected where one would expect ethoxy related carbon peaks (17 and 57 

ppm)[43]. This shows some insight into the mechanism of the grafting process. 

3.5 Conclusion 

The aim of the study was to gain insight into the effects of cleaning of a silica material such as 

SBA-15. SBA-15, a mesoporous silica, was synthesised and characterised. The physical 

properties were as cited and as expected. 

Cleaning of the silica surface does occur in acid. Piranha solution and nitric acid do change the 

surface and increase availability of surface hydroxyl groups. IR spectroscopy showed that 

cleaning of the material increased the intensity of the silanol peak for all methods described. 

Cleaning also demonstrated an increase in polar contribution to the surface energies in turn 

making the surfaces more hydrophilic. Cleaning did have an impact on the physical properties of 

the material by decreasing surface areas. Piranha solution was the most effective at these. Water 

cleans the silica surface but not to the same extent as piranha and nitric acid. 

Ultraviolet/ozonolysis cleans but is less effective due to a damaged surface and/or due to air 

passivation blocking silanol sites. The other three methods do not show this as water is adsorbed 

to the surface. These results therefore tell that the mesoporous silica is cleaned by removing 

adsorbates and increasing availability of silanols for functionalisation as opposed to producing 

more silanol groups. This was shown by NMR.  

After functionalisation of the cleaned samples investigated, the cleaning methods were shown to 

significantly enhance the grafting of 3-(aminopropyl) triethoxysilane. Elemental analysis showed 
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piranha solution to be the most effective at increasing the APTS load. Decreases in pore volume 

and diameter indicates that grafting is occurring inside the pore framework. MASNMR showed 

that grafting occurs at the isolated and geminal sites and can dramatically change the surface 

composition to a 1:1 ratio of siloxane bridges to isolated silanols. Full hydrolysis of the APTS 

also occurred during grafting as no ethoxy carbons were detected using 13C NMR. The potential 

for enhancing the grafting ability of silica materials by introducing a cleaning or pre-treatment 

step which impacts positively on potential lifetime and efficiency of the material has been shown. 
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3.7 Appendix – Chapter 3 

Table 3A.1.  Normalised MASNMR. Data has been normalised to the Q4 peak for each sample. 

Sample Name 

Q4 Q3 Q2 Q4 Q3 Q2 

Cleaned Functionalised 

SBA-cal 100 406 82 - 

SBA-APTS - 100 102 8 

Nitric 1h 100 389 67 100 98 10 

Nitric 24h 100 314 41 100 90 10 

Piranha 1h 100 340 55 100 75 4 

Piranha 24h 100 350 50 100 104 9 

UVO3 1h 100 431 100 100 98 6 

UVO3 24h 100 450 81 100 100 4 

Water 1h 100 378 78 100 96 6 

Water 24h 100 363 63 100 102 6 
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Table 3A.2.   Proton NMR results. 

Proton NMR 

Sample 
Time 

Cleaned 
Acetate HOD H alpha H beta H gamma 

  Position Integral Position Integral Position Integral Position Integral Position Integral 

SBA-cal - 1.07 1.00 4.91 2.64       

SBA-APTS - 1.1 1.00 4.94 2.43 -0.53 0.44 0.6 0.44 1.69 0.37 

Nitric 
1 1.09 1.00 4.938 2.67       

24 1.08 1.00 4.94 2.92       

Piranha 
1 1.069 1.00 4.921 2.65       

24 1.063 1.00 4.921 2.91       

UVOzone 
1 1.08 1.00 4.94 2.62       

24 1.06 1.00 4.92 2.57       

Water 
1 1.08 1.00 4.94 2.87       

24 1.08 1.00 4.94 3.14       

Functionalised with APTS 

Nitric 
1 1.09 1.00 4.95 3.03 -0.56 0.53 0.59 0.54 1.67 0.46 

24 1.076 1.00 4.92 3.49 -0.567 0.5 0.578 0.5 1.661 0.42 

Piranha 
1 1.088 1.00 4.923 2.63 -0.557 0.38 0.608 0.39 1.672 0.33 

24 1.07 1.00 4.92 2.91 -0.57 0.5 0.57 0.5 1.66 0.41 

UVOzone 
1 1.1 1.00 4.94 2.26 -0.54 0.41 0.63 0.42 1.69 0.37 

24 1.1 1.00 4.94 2.48 -0.55 0.48 0.6 0.48 1.68 0.42 

Water 
1 1.075 1.00 4.916 2.21 -0.569 0.38 0.575 0.38 1.659 0.33 

24 1.056 1.00 4.917 2.8 -0.579 0.52 0.556 0.53 1.64 0.47 
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Table 3A.3.   Carbon NMR results. 

13C NMR 

Sample 
Time 

Cleaned 
Methyl Acetate alpha beta gamma 

  Position Integral Position Integral Position Integral Position Integral Position Integral 

SBA-cal - 23.75 1.00 180.92 0.55       

SBA-APTS - 23.85 1.00 180.9 0.72 12.65 0.73 27.09 0.47 43.83 0.7 

Nitric 
1 23.79 1.00 180.94 0.44       

24 23.81 1.00 180.94 0.49       

Piranha 
1 23.8 1.00 180.92 0.46       

24 23.8 1.00 180.91 0.49       

UVOzone 
1 23.78 1.00 180.94 0.49       

24 23.8 1.00 180.91 0.47       

Water 
1 23.81 1.00 180.94 0.63       

24 23.83 1.00 180.93 0.6       

Functionalised with APTS 

Nitric 
1 23.86 1.00 180.87 0.49 12.65 0.74 27.09 0.65 43.82 0.74 

24 23.82 1.00 180.84 0.48 12.62 0.7 27.06 0.59 43.8 0.58 

Piranha 
1 23.85 1.00 180.88 0.61 12.65 0.59 27.09 0.65 43.82 0.57 

24 23.82 1.00 180.86 0.48 12.62 0.85 27.06 0.68 43.8 0.7 

UVOzone 
1 23.82 1.00 180.9 0.44 12.63 0.68 27.07 0.55 43.82 0.59 

24 23.83 1.00 180.89 0.6 12.63 0.62 27.07 0.73 43.81 0.72 

Water 
1 23.82 1.00 180.89 0.56 12.62 0.68 27.07 0.57 43.81 0.59 

24 23.81 1.00 180.86 0.52 12.61 0.76 27.05 0.71 43.79 0.84 
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Figure 3A.1: Analysis of physical properties of mesoporous SBA-15 material: (i) N2 sorption isotherm of 

calcined SBA-15 showing type IV hysteresis loop typical of mesopores; (ii) BJH pore size 

distribution curve of calcined SBA-15 (desorption). 
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Figure 3A.2:  FTIR of calcined SBA-15. 
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Figure 3A.3: MASNMR 29Si spectra of calcined SBA-15 along with labelled peaks seen for different silicon 

environments present.  
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Figure 3A.4:  XRD of all samples cleaned along with bare SBA-15. Spectra show no change to crystal 

structure after any cleaning methods.  
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Figure 3A.5:  N2 sorption analysis of quantity adsorbed of liquid nitrogen through different stages including 

bare SBA-15 (black), piranha solution cleaned SBA-15 (red) and SBA-15 which was cleaned 

with piranha solution and then functionalised with APTS (blue). 
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Figure 3A.6.  29Si MASNMR spectra for SBA-15 sample which was cleaned with piranha solution for 1h 

and then functionalised with APTS. The spectra show Q4 peak (-109.5 ppm), Q3 peak (-100.0 

ppm), Q2 peak (-90.5 ppm), T3 peak (-67.0 ppm) and T2 peak (-58.8 ppm). 
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Figure 3A.7.  1H NMR spectra of 24-hour piranha solution cleaned SBA-15 which was then functionalised 

with APTS. The spectra shows the peaks which correspond to the grafted APTS peaks with 

are alpha proton (-0.57 ppm), beta proton (0.57 ppm), gamma proton (1.66 ppm) along with 

the standard acetate peak (1.07 ppm) and the HOD contribution (4.92 ppm). 
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Figure 3A.8. 13Carbon NMR spectra of 24-hour piranha solution cleaned SBA-15 which was then 

functionalised with APTS. The spectra shows the peaks which correspond to the grafted APTS 

peaks with are alpha carbon (12.62 ppm), beta carbon (27.06 ppm), gamma carbon (43.80 

ppm) along with the methyl carbon peak (23.82 ppm) and the acetate carbon (180.86 ppm). 
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4.1 Abstract 

Polymers can be functionalised to silicas to enhance their properties and increase the potential to 

which they could play a vital role in future applications in many different products. Interest in 

mesoporous silicas are always increasing and in this study two different types are synthesized. 

MCM-41 and SBA-15 are synthesized, and their physical properties are determined using N2 

sorption and x-ray diffraction along with FTIR. The polymer poly-2-vinyl pyridine (hydroxy 

terminated) is grafted to mesoporous silicas to attach a long alkyl chain with an interest in the 

active pyridine functional group. The nitrogen of the pyridine group is in the ortho position. The 

optimal concentration for the grafting process was determined for both mesoporous silicas using 

elemental analysis. 2 k polymer weight was optimal for MCM-41 while 4-6 k polymer weight was 

for SBA-15. The grafted support then underwent metal salt inclusion. Cerium metal salt was 

examined. The surface was analysed using x-ray photoelectron spectroscopy (XPS) to determine 

the metal concentration. These metal infiltrated samples were imaged using transmission electron 

microscopy (TEM) and scanning electron microscopy (SEM).  

4.2 Introduction 

Porous silicas make up a large proportion inside the sphere of porous materials and are widely 

studied due to their applications in multiple fields such as catalysis[1–4], drug delivery[5–8], 

bioimaging[9], sensing[10]/biosensing[11–13], adsorption[14–21] and separations[22–24]. Its 

large benefits which include their high mechanical strength, tuneable pore size and varying high 

surface areas[25]. Other widely studied porous materials such as MOFs[26,27] and zeolites 

compete with mesoporous molecular sieves for other applications in gas sensing and storage and 

as new adsorbent materials[28]. Mesoporous materials (MCM-41, MCM-48, SBA-15 etc.) have 

been considered as ideal catalytic and adsorption supports due to their high surface area and 

thermal stability and uniform interconnected pores which offer an interaction between catalysts 
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and reactants. Along with these well-defined pores and enhanced accessibility, their ability to 

anchor diverse chemical functionalities on their surface provides added benefit to other porous 

materials. 

MCM-41 a member of the M41S family of molecular sieves was first synthesized by Mobil Oil as 

an experiment to synthesize organic-inorganic adsorbents or supports with the ability to fine tune 

properties[29]. MCM-41 has one-dimensional channel system[30] in the range of 2-10 nm 

depending on the template used and has a two-dimensional hexagonal arrangement of the 

mesopores[31]. It is the most studied of the MCM family due to others being less thermally stable 

or different physical properties like that of MCM-48 which has a cubic arrangement of its 

mesopore structure[31]. 

Stucky et al synthesized a similar material which also consisted of a two-dimensional (p6mm) 

hexagonal array of pores called Santa Barbara Amorphous (SBA) [32]which has attracted the 

interest of many researchers due to their well-defined pore structure, large pore size (4.6–30 nm), 

inert framework, thick pore wall and high thermal and hydrothermal stability[33]. All these 

advantages make them suitable candidates for many applications in catalysis, adsorption, 

immobilization, drug delivery and separation techniques. SBA-15 has attracted more attention 

among different mesoporous silica structures due to their desirable properties such as thick pore 

wall and hexagonal mesopores (4–12 nm), high surface area, ease of synthesis and 

functionalization and high thermal and mechanical stability.  

As with all silicas, different functional moieties can be introduced to the support framework by 

incorporating different functional ligands either directly by co-condensation[34–36] during 

synthesis or by a post grafting step[20,30]. Grafting of the mesoporous silicas surface with various 

functional groups (i.e. amines, thiol, nitriles, epoxides etc.) has been studied by various researchers 
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in the past all to add applications to the area of porous silicas[37–43]. Their ability to be readily 

modified with different functional groups is due to the presence of surface silanol groups[44–46]. 

The popularity of porous materials aside from their adventitious physical properties, is due to the 

relative ease of functionalisation with a vast array of alkoxysilanes with different terminal 

functional groups and chemistries. Mesoporous silicas must be functionalised and in turn offers 

stability and as a stable support for the now active layer on the material. Grafting occurs at surface 

silanol (Si-OH) sites and with careful optimization of parameters, functional layers can be attached 

which offer excellent coverage of the functional moiety. Most of the functionalisation of porous 

materials comes from the attachment of organosilane compounds which forms a very stable Si-O-

Si bond. The grafting mechanism typically will follow the hydrolysis and condensation of the 

alkoxysilane but is sometimes dependent on the terminal functional group or groups throughout 

attached layer. Therefore, careful consideration must be placed on the surface chemistry to allow 

the deposition of a dense polymer layer. The polymer chosen in this study was hydroxy-terminated 

poly-2-vinyl pyridine (P2vP-OH) which would allow dehydration and in turn produce the 

necessary grafting of the polymer to the mesoporous support. This would mimic the normal 

grafting route.  

Polymer and brush films have been studied with mesoporous silicas[47]. Marcoux et al produced 

mesoporous polymer composites with poly(chloromethyl styrene) PCMS and poly(glycidyl 

methacrylate) PGMA[48]. Chen et al prepared mesoporous SBA-15 materials which were 

derivatised with PGMA and poly(glycidyl methacrylate)-b- poly(methyl methacrylate) PGMA-

PMMA[49]. Liu et al grafted poly-4-vinyl pyridine (P4vP) to mesoporous silica as a pH-sensitive 

controlled release device for therapeutics[50].  

Two key requirements for effective catalysis are high activity and conversion rates. For better 

catalytic activity, supports require higher surface area and good metal dispersion. A lot of research 



Chapter 4: Functionalisation and optimisation of ordered mesoporous silicas with hydroxy-

  terminated poly-2-vinyl pyridine with metal salt infiltration  2021 

124 

 

into metal dispersion occurs in the semiconductor manufacturing environment where processes 

such as sequential infiltration synthesis (SIS), metal salt infiltration (MSI) and aqueous metal 

reduction are common[51,52]. These processes typically occur on silicon wafer substrates and in 

the case of block co-polymers (BCPs) a layer of the biopolymer is grafted to the wafer’s surface. 

The BCP then acts as an infiltration site for the interested metal. In the case of semiconductors this 

produces finely ordered features in the nanometre range. In the case of BCPs, the metal has a 

higher affinity toward one of the polymers. Metal infiltration then occurs selectively on one 

polymer and not on the other. In the case of poly-2-vinyl pyridine (P2vP), the N group at the centre 

of the pyridine ring, interacts with the metal cation which facilitates the infiltration. This has been 

shown to provide good metal dispersion (pyridine at regular points in the polymer chain) which 

adds to the effectiveness of the potential catalyst.  

In this study, metal infiltration occurs as there is an affinity from the metal ion to the organic 

polymer layer which is with the P2vP. Metals can form an interaction with the nitrogen in the 

pyridine ring. The nitrogen can coordinate with the metal(s) and in turn attach to the support. The 

polymer layer can then be removed by multiple methods including plasma cleaning, calcination 

and can convert the metal to a different oxide. This can further incorporate other functional 

moieties and layers if required by grafting with silanes or other reactive ligands.  

Many different metals supported silicas have been shown to increase the catalytic ability of some 

transformations leading to 100% conversions and greater than 90% selectivity’s. Transition metal 

which include Ru, Pt, Pd, Au, Ag, Cu, Ni have all been incorporated into mesoporous silicas to 

carry out catalytic conversions of organic species.  

In this report we outline the optimization of grafting the hydroxy terminated polymer poly-2-

vinylpyridine to two classes of mesoporous silicas, SBA-15, and MCM-41. The silicas were 

initially synthesised and characterised. After functionalisation with the polymer the silicas were 
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characterised using elemental analysis to determine the quantity loaded. Electron microscopy was 

used to observe any changes in structure and x-ray diffraction was used determine the crystallinity 

of the new material. Finally, metal salts are infiltrated into the polymer layer and the surface 

composition is analysed using X-ray photoelectron spectroscopy throughout the infiltration stage 

and in the removal of the polymer. Electron microscopy was also used to image this new material. 

4.3 Materials & Methods 

4.3.1 Materials 

Pluronic 123 (Poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol), 

tetraethyl orthosilicate (>99%),  hydrochloric acid (ACS reagent 37%), 2-propanol 

(CHROMASOLV, for high performance liquid chromatography [HPLC], 99.9%), 

hexadecyltrimethylammonium bromide [CTAB] (>98%), ammonium hydroxide (ACS Reagent 

28.0-30.0 wt.%), ethanol (anhydrous >99.5%) were all purchased from Sigma Aldrich, Ireland. 

Tetrahydrofuran (99.8 % HPLC grade) was purchased from Fisher Scientific, UK. Poly-2-

vinylpyridine-hydroy-terminated of varying sizes (2k, 4k, 6k, 10k, 16k) were purchased from 

Polymer Source Inc. Montreal, Canada. Ammonium cerium (IV) nitrate (99.99% trace metals 

basis) was purchased from Sigma Aldrich, Ireland.  

4.3.2 Methods 

4.3.2.1 Synthesis of mesoporous silicas 

The preparation of silica SBA-15 was achieved by following the procedure reported by Zhao et 

al. 8.0 g of Pluronic 123 was stirred in 60 mL of deionised water at 40 °C until fully dissolved. 

116.5 mL of 2 molL-1 HCl was added followed by the dropwise addition of 17.6 mL TEOS 

(tetraethyl orthosilicate). The reaction solution was the transferred into a sealed bottle to be 

autoclaved at 90 °C for 48 h without stirring. The white product was filtered off and washed with 
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deionised water. The solid was then dried and calcined at 550 °C for 6 h. Any mention of SBA-15 

from this point on will have been as synthesised and calcined. Within this chapter, SBA was 

synthesised once and therefore no replicates were made. 

The preparation of MCM-41 was carried out using method described by Kumar et al. 4.8 g of 

hexadecyltrimethylammonium bromide (CTAB) was dissolved in 240 g of deionised water by 

stirring. 16 mL of ammonium hydroxide solution was added and stirred for 10 min when 20 mL 

TEOS was then added. The solution mixture was stirred overnight for 18 h and then filtered. It 

was washed with equal aliquots of ethanol and water three times. The resulting powder was then 

calcined for 8 hours at 550 °C. Enough MCM-41 was synthesised in this batch and as such no 

replicates were made for this chapter.  

4.3.2.2 Functionalisation of mesoporous supports with P2vP 

The grafting of P2vP-OH to mesoporous silicas was carried out to determine the optimal polymer 

weight for functionalisation. 3 % w/w solutions of poly-2-vinyl pyridine in THF were made up to 

a volume of 8 mL. 0.25 g of mesoporous silica (SBA-15/MCM-41) was measured and added to 

the flask. The reaction was stirred at 62 °C for 90 min. The resulting product was filtered and 

washed with tetrahydrofuran. As a control, the two mesoporous silicas were also stirred in THF at 

62 °C for 90 min and then filtered and washed with THF.  

4.3.2.3 Metal infiltration of SBA-P2vP with Ce 

SBA-15 functionalised with P2vP was infiltrated with cerium metal. The ammonium cerium (IV) 

nitrate salt was placed into absolute ethanol and dissolved overnight with constant stirring. 

Different concentrations were examined. A mass of 0.25 g of SBA-15 was measured and added to 

the dissolved solution of the salt and stirred for 24 h at room temperature. The resulting product 
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was filtered, washed with ethanol, and dried in an oven set at 50 °C overnight. Control samples 

including SBA-15 were also examined.  

4.3.3 Characterisation techniques 

4.3.3.1 X-ray photoemission spectroscopy (XPS) 

X-ray photoelectron spectroscopy was performed under ultra-high vacuum conditions (<5x10-8 

mbar) on a VG Scientific ESCAlab Mk II system equipped with a hemispherical analyser using 

Al Kα x-rays (1486.6 eV). The emitted photoelectrons were collected at a take-off angle of 900 

from the disks’ surface. The analyser pass energy for the survey scans was 200 eV. The binding 

energy scale was referenced to the adventitious carbon 1s core level scans at 284.8 eV. Core level 

scans of Si 2s, C 1s, N 1s and O 1s were examined along with Ce 3d. 

4.3.3.2 Electron microscopy 

Scanning electron microscopy (SEM) was carried out using a Karl Zeiss Ultra Plus field emission 

SEM with Gemini column. The technique was used to provide detailed visual information on the 

external surface morphology. An in-lens detector was used. The samples were placed on carbon 

tape and then adhered to a stainless-steel stub before being placed in the instrument’s chamber. It 

was operated at 5 KeV and various magnifications were used as required. Transmission electron 

microscopy (TEM) was used to provide detailed images of the internal structure of the synthesised 

mesoporous silica. The samples were sonicated in HPLC grade water and dropped on support 

films of lacey carbon with 200 mesh copper grids. The TEM used was a JOEL 2100 operating at 

200 kV. The images were acquired in bright field mode. 
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4.3.3.3 Fourier transform infra-red (FT-IR) 

Fourier transform infra-red spectroscopy was performed using a Bruker Tensor II (mid-range 

extended with diamond UATR) and was collected using an attenuated total reflection infrared 

accessory. Spectra of the SBA-15 at various stages of the process were recorded in the range 400 

cm-1 to 4000 cm-1. 

4.3.3.4 N2 sorption analysis 

The surface area, pore diameter, pore volume and pore size distribution measurements of the 

samples were performed based on the sorption technique using the Micromeritics Tristar II surface 

area analyser (Micrometrics, Norcross, GA, USA). The specific surface area was calculated using 

the multi-point Brunauer, Emmett and Teller (BET) method in the relative pressure range P/P0 = 

0.05-0.3. The specific pore volume, pore diameter and pore size distribution curves were computed 

based on the Barrett-Joyner-Halenda (BJH) method. Nitrogen gas was used. The sorption analysis 

carried out was measured at 77 K. Each sample was degassed under nitrogen for five hours at 200 

˚C prior to analysis.  

4.3.3.5 Elemental analysis 

Elemental analysis took place on mesoporous silicas after grafting and after removal of the 

polymer layer. SBA-15 and MCM-41 were examined to determine the percentage carbon and 

nitrogen in the sample after grafting to understand the optimum level of attachment. The analysis 

was performed on Elementar vario EL cube elemental analyser. All samples analysed were ran in 

triplicate. Furthermore, samples were measured after samples were calcined after metal infiltration 

to prove all the P2vP layer had been removed.  
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4.3.3.6 X-ray diffraction (XRD) 

X-ray diffraction (XRD) patterns have been recorded with a Bruker D8 Advance diffractometer 

equipped with an un-monochromated Cu-Kα source with a 1D detector which includes an energy 

discriminator which filters out Cu-Kβ. Samples were ran in the low angle range from 0.5˚ to 5˚ 

(0.5˚ ≤ θ ≥ 5.0˚). 

4.4 Results and discussion 

4.4.1 Characterisation of synthesized silicas. 

Electron microscopy was carried out on both calcined SBA-15 (SBA15-cal) and calcined MCM-

41 (MCM41-cal). The SEM micrographs of different magnifications are shown in figure 4.1(a-f). 

The SBA-15 (figure 4.1[a-c]) and MCM-41 (figure 4.1[d-f]) both look very similar from the 

figures. Both have no well-defined morphology or size, but the individual particles all appear to 

be smaller than 150 µm in size. The SBA-15 seems to be an accumulation of much larger particles 

compared with the MCM-41 particles. The MCM-41 particles look smaller in size with the largest 

based on the SEM images estimating to be no bigger in diameter than 80 µm but many seem much 

smaller than this. The SBA-15 looks more rigid with a more crystalline edge compared with the 

majority of MCM-41 particles, looking much fluffier and as though more aggregation of smaller 

particles combined. 

TEM results are shown in the same figure 4.1 indicating SBA-15 particles (g) and MCM-41 (h-i). 

The TEM image for SBA-15 (g) show the highly ordered pore channels which run parallel to each 

other in the right foreground along with the left background of the image. The TEM image also 

show the ordered hexagonal pore structure which runs from the end-on side of the particles. This 

is shown inset in the top right corner of the image. The same structure is seen for MCM-41as 

described for SBA-15 just seen on higher magnification. Figure 4. (h) shows the hexagonal pore 
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structure of MCM-41 and (i) shows the ordered pore channels running parallel to each other 

although curved.  

 

Figure 4.1: Electron microscopy images. SEM images of SBA-15 at different magnifications (a-c), SEM 

  images of MCM-41 at different magnifications (d-f), TEM image of SBA-15 (g) and TEM  

  images of MCM-41 (h-i). 

The N2 sorption isotherm was measured for both SBA-15 and MCM-41 and is displayed in figure 

4.2. For both curves, a type IV isotherm with a typical hysteresis which indicates mesopore 

structure. The MCM-41 curve is very much a H1 type hysteresis loop which is described by the 
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vertical and parallel lines[53]. This is compared with the SBA-15 curve which is someway 

between a H1 and H2 loop due to the more horizonal line shape which is also not fully parallel. 

This indicates that the mesopores are not completely uniform and that there is a change as N2 is 

adsorbed (lower red curve) and desorbs (higher red curve) from the surface of the SBA-15[54].  
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Figure 4.2: Nitrogen adsorption-desorption isotherms (TOP) of synthesised mesoporous silicas SBA-15 

  (red) & MCM-41 (black) and the pore size distribution (BOTTOM) of both mesoporous  

  silicas. 
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The physical properties for both synthesised SBA-15 and MCM-41 are displayed in table 4.1. It 

displays surface areas of MCM-41 and SBA-15 to be 1005 and 611 m2g-1, respectively. The pore 

volume was higher for SBA-15 at 0.56 cm3g-1 than MCM-41 at 0.46 cm3g-1. This is typical as 

SBA-15 has larger and more interconnections between the cylindrical pore structure compared 

with MCM-41 which normally consists of unidirectional pores[53]. This then leads onto pore 

diameter, which for SBA-15 is much larger than MCM-41. SBA-15 pore diameter was determined 

at 48 Å and MCM-41 was 26 Å. The pore size distribution of both MCM-41 and SBA-15 are also 

displayed in in the bottom half of figure 4.2. Here it can be seen that the pore diameter of both are 

plotted against the pore volume. The pore diameter of MCM-41 is very narrow and small and 

shows that the pore volume is below 25 Å which agrees with the overall average pore diameter 

value shown and already discussed at 26 Å. The pore size distribution of the SBA-15 is misleading 

from the plot as the pore size is quite narrow but when compared with the MCM-41, it is quite 

broad. This would agree with the general synthesis of SBA-15 when compared to MCM-41 which 

has a narrow pore diameter range and has typically much smaller pores[55].  

Table 4.1: Physical properties of silicas SBA-15 & MCM-41 determined using N2 sorption. 

Sample 

Surface Area Pore Volume Pore Diameter 

m2g-1 cm3g-1 Å 

MCM-41 1005 0.46 26 

SBA-15 611 0.56 48 

Powder X-ray diffraction results of both SBA-15 and MCM-41 are displayed in figure 4.3. The 

low angled spectra shown displays three points which relate to the (1 0 0), (1 1 0) and (2 0 0) 

lattice points which indicate the p6mm structure associated with the hexagonal framework of both 

mesoporous silicas[56–58]. It is obvious and clear from looking at the spectra that the MCM-

41peaks are much more pronounced compared with the clear (1 0 0) point for SBA-15 but the two 
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shoulder points for the (1 1 0) and (2 0 0). This would indicate that there is a more crystalline 

lattice structure for the MCM-41 compared with the SBA-15.  
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Figure 4.3: XRD pattern for mesoporous silicas MCM-41 and SBA-15. 

4.4.2 Functionalisation of silicas with P2vP 

Elemental analysis results for the grafting of P2vP-OH are seen in figure 4.4. Percentage carbon 

and nitrogen are displayed showing the impact of the functionalisation step. The polymer weight 

noted is the minimum size of the polymer over a wide variance. Functionalisation of both SBA-

15 and MCM-41 with poly-2-vinyl pyridine occurred. Elemental analysis of both mesoporous 

silicas which underwent functionalisation without the polymer present showed a percentage 

carbon and nitrogen of 0.05 % and 0.02 %, respectively.  

An increase in percentage carbon and nitrogen associated with grafting of P2vP is seen for all 

derivatised samples. Firstly, examining SBA-15 (figure 4.4a), the percentage carbon result show 
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that there was an increase in percentage carbon to 11.77 % from the 2k polymer weight to 14.99 

% for the 4k polymer weight. The percentage carbon slightly decreases within error to 14.93 % 

and plateaus for the 6k polymer weight. A decrease in percentage carbon is then seen as the 

polymer weight increases to 10 and 16k polymer weight at 13.36 % and 8.99 % of carbon, 

respectively. This follows a trend shown by Lundy et al in which they grafted poly-2vinyl pyridine 

to silicon substrates[59]. Using XPS in their case it was seen to follow the same trend to 6k 

polymer weight and then dropped significantly at higher molecular weights. The potential reason 

for this reduction in grafting is due to π-π stacking interactions between overlapping nitrogen 

groups in the pyridine rings. As the polymer weight increases there becomes more interactions 

with more cluttered pyridine rings as demonstrated by Sieranski et al[60]. This interaction causes 

more agglomeration and in turn reduces the coverage of the polymer. This is seen from the 

percentage carbon result which shows and links the quantity of the polymer functionalised onto 

the mesoporous silica surface. This was also demonstrated by Lundy et al[61] using AFM on a 

flat silicon wafer surface which underwent grafting by poly-2-vinyl pyridine and other block-co-

polymers. AFM in conjunction with contact angle measurements showed coverage using the 

Cassie-Baxter model. This showed the uniform grafted layer on the surface of the wafer substrate. 

The percentage nitrogen results for SBA-15 also follows the same trend as the carbon component. 

There is the initial increase from 2k to 4k with a plateau at 6k and then the decrease down at 10k 

and 16k.Another potential reason for the large reduction in grafting coverage could be due to the 

larger polymer weights not being able to enter the hexagonal pore structure and attach to the silica 

support. XPS could also have been used to determine the degree of P2vP attachment. It was used 

as a qualitative measure to show polymer derivatisation by the presence of nitrogen at the surface.  
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Figure 4.4: Elemental analysis plots of polymer weight grafted to mesoporous silicas SBA-15 (a) and  

  MCM-41 (b). Plots show percentage carbon and nitrogen against the difference in polymer  

  P2vP weight grafted to both mesoporous silicas. Data points represent three repeats. 

Interestingly, the trend seen for both percentage carbon and nitrogen for SBA-15 is completely 

different for MCM-41. The MCM-41 result is seen in figure 4.4(b). The percentage carbon and 

nitrogen determined for MCM-41 showed the highest values for the 2k P2vP. The results were 

2k 4k 6k 10k 16k
8

9

10

11

12

13

14

15

16

 % Carbon

 % Nitrogen

%
 C

a
rb

o
n

(a)

1.4

1.6

1.8

2.0

2.2

2.4

 %
 N

it
ro

g
e

n

2k 4k 6k 10k 16k
3

4

5

6

7

8

 % Carbon

 % Nitrogen

P2vP Weight

%
 C

a
rb

o
n

(b)

0.4

0.5

0.6

0.7

0.8

0.9

 %
 N

it
ro

g
e

n



Chapter 4: Functionalisation and optimisation of ordered mesoporous silicas with hydroxy-

  terminated poly-2-vinyl pyridine with metal salt infiltration  2021 

136 

 

7.36 % for carbon and 0.81 % for nitrogen. There was a dramatic decrease in percentage carbon 

and nitrogen as the weight of the polymer increased to where it produced a trough at 6k and above. 

This would indicate that the larger polymer weights are unable to enter into the pores of the 

mesoporous silica supports. With MCM-41 having smaller pores (26 Å) than SBA-15 (48 Å) the 

results would agree and explain the low percentage carbon and nitrogen numbers.  
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Figure 4.5: FT-IR spectra of SBA-15 and MCM-41 along with their corresponding spectra after P2vP  

  attachment. 

Fourier-transform infrared spectroscopy (FT-IR) was used to show the grafting of P2vP had 

occurred on both mesoporous silica supports. Figure 4.5 shows two spectra, SBA-15 (top) and 

MCM-41 (bottom). In both plots the bare silica material is shown by the black line and the P2vP 

grafted materials is displayed with the red lines. Typical spectra for mesoporous silicas are 
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observed for both SBA-15 and MCM-41. The SiO2 framework symmetric and anti-symmetrical 

vibrations were seen at 798 and 1058 cm-1 for SBA-15 and at 800 and 1052 cm-1 for MCM-41.  

Figure 4.6: Nitrogen adsorption-desorption isotherms (TOP) of P2vP functionalised mesoporous silicas 

  SBA-15 (red) & MCM-41 (black) and the pore size distribution (BOTTOM) of both  

  mesoporous silicas. 
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The torsion vibrations of the Si-O-Si framework is also seen at 420 and 422 cm-1 for SBA-15 and 

MCM-41, respectively[62]. The stretching modes related to the nitrogen of the pyridine ring is 

present at 1654 and 1652 cm-1 for SBA-15 and MCM-41[63]. 

The physical properties were calculated and measured using N2 sorption analysis. The results are 

seen in table 4.2. With the original surface areas of MCM-41 and SBA-15 at 1005 and 611 m2g-1, 

respectively, there was a significant drop in surface area after P2vP attachment.  

Table 4.2: Physical properties of P2vP functionalised mesoporous silicas, MCM-41, and SBA-15. 

Sample 
Molecular weight Surface Area Pore Volume Pore Diameter 

k m2/g cm3/g Å 

MCM-41 

2 714 0.35 26 

4 638 0.31 26 

6 674 0.33 26 

10 849 0.43 25 

16 922 0.44 25 

SBA-15 

2 344 0.43 46 

4 290 0.38 45 

6 283 0.35 40 

10 265 0.33 42 

16 280 0.35 42 

Taking MCM-41, two things are happening. The lower molecular weight polymers are grafting to 

the support on the surface and inside the pores. This is reducing the pore volume significantly. 

The opposite is occurring with the higher molecular weights of the polymer. Grafting is taking 

place, but it seems only on the outer surface and not inside the pore structure. This is causing the 

surface area to decrease more at the lower polymer weights where it begins to increase after the 

4-k polymer. A similar trend is seen with SBA-15 silica support but is less pronounced and begins 

to increase at higher weights (10 k). The pore diameter for both materials seems to stay very 
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constant and does not change drastically in relative to any of the different polymer weights. A 

comparison of the two isotherms and the pore diameter of both P2vP functionalised materials is 

seen in figure 4.6. The regular pore structure of both materials is maintained in the isotherms along 

with showing the higher slope of the adsorption plot for MCM-41 indicating the higher surface 

area. The two pore diameter plots show the narrow pore size distribution of both materials along 

with SBA-15 having the bigger pore size as already outlined.  

4.4.3 Metal infiltration of silicas  

Cerium metal adsorption was examined in mesoporous silica which had been derivatised with 

P2vP. As the grafting to MCM-41 was significantly lower when compared with SBA-15, it was 

decided to infiltrate using only grafted SBA-15 (SBA-P2vP) as its interaction potential was much 

higher. As a control to these trials, silicas which were not grafted with polymer were also 

examined. 

4.4.3.1 Electron microscopy 

Electron microscopy was carried out on mesoporous silica SBA-15 which was grafted with P2vP 

and incorporated with cerium. SEM showed no difference to unchanged SBA-15 in terms of 

morphology and size. TEM also showed no difference after incorporation but again shows the 

hexagonal pore structure and parallel pore channels of SBA-15 with CeO2 as seen in figure 4.7 

(a) and (b) respectively.  
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Figure 4.7:  TEM images of SBA-15 with CeO2 infiltrated into P2vP polymer layer; (a) shows the  

  hexagonal pore arrangement with (b) showing the parallel pores produced during silica  

  formation. 

4.4.3.2 XPS 

XPS was used to determine the elemental surface composition and chemical states of the 

mesoporous silica. Firstly, XPS showed qualitatively the presence of cerium at the surface of 

samples. Cerium was detected on all samples which had been grafted with P2vP. Quantification 

of cerium adsorbed into the P2vP functionalised mesoporous silica is displayed in table 4.3. The 

results in the table show that adsorption of cerium from solution occurred.  
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Table 4.3: Elemental surface composition using relative percentage determined from XPS data. 

Sample 
Composition (Relative %) 

O1s C1s Si2p Ce3d N1s 

SBA-cal 63.9 - 36.1 - - 

SBA-Ce (1.0%) 36.0 45.4 18.6 - - 

SBA-Ce (5.0%) 62.6 2.80 34.6 - - 

SBA-P2vP 45.2 26.4 25.70 - 2.7 

SBA-P2vP-Ce (0.1%) 62.5 3.2 34.0 0.2 - 

SBA-P2vP-Ce (1.0%) 62.9 1.7 35.1 0.3 - 

SBA-P2vP-Ce (5.0%) 63.5 2.5 33.2 0.8 - 

SBA-P2vP-CeO2 (0.1%) 60.5 0.9 38.4 0.3 - 

SBA-P2vP-CeO2 (1.0%) 62.2 - 37.5 0.3 - 

SBA-P2vP-CeO2 (5.0%) 64.4 1.7 33.3 0.5 - 

The results in table 4.3 show the relative percentage of elements making up the surface of the 

mesoporous silica pressed disk. As the mesoporous SBA-15 material is functionalised with P2vP 

and then infiltrated with cerium, it is natural to expect the presence of silicon, oxygen, carbon, 

nitrogen and finally cerium.  
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The different silica materials were exposed in solution to difference concentration of cerium in 

ethanol. Not surprisingly, an increase in concentration of metal is seen from the silica material that 

is in contact with higher concentration solutions. This increase includes a relative percentage of 

the surface to contain from 0.2 to 0.8 % of cerium. As a control, unfunctionalized silica material 

was also exposed the cerium solutions. After each exposure, the materials were filtered and 

washed. As can be seen from the table, no cerium was determined in the SBA-15 material (SBA-

cal) along with SBA-Ce (1.0 %) and SBA-Ce (5.0 %).  

Figure 4.8: XPS spectra for SBA-P2vP-Ce (5.0%) showing survey scan (a), core level scans for silicon (b), 

  oxygen (c) and cerium (d). 

860880900920940

Binding Energy (eV)

 Data Ce3d

 Ce 3d5/2

 Ce 3d3/2 

 Background

In
te

n
s

it
y

 (
C

P
S

)

0200400600800100012001400

Binding Energy (eV)

 Survey

In
te

n
s

it
y

 (
C

P
S

)

S
i 
2
p

C
e
 3

d

O
 1

s

C
 1

s

510515520525530535540545550

Binding Energy (eV)

 Data O1s

 SiO2

 CeO2

 Background

In
te

n
s

it
y

 (
C

P
S

)

8090100110120130

Binding Energy (eV)

 Data Si2p

 Background

 SiO2

In
te

n
s

it
y

 (
C

P
S

)

(a) (b) 

(c) (d) 



Chapter 4: Functionalisation and optimisation of ordered mesoporous silicas with hydroxy-

  terminated poly-2-vinyl pyridine with metal salt infiltration  2021 

143 

 

This clearly shows that the interaction for adsorption occurs due to the presence of the P2vP 

polymer, specifically the pyridine group. It must be stated that as the concentrations of cerium 

detected in all of the samples is quite low (<1.5%), they are within the limit of detection for 

accurate figures but can be interpreted as definitely present with error in the precise percentage. 

Based on the XPS results displayed, the oxidation state of the cerium salt was determined as +4 

due to the position of first peak at 880 eV[64]. 

After incorporating the cerium into the polymer layer, the resulting material was calcined for the 

removal of the polymer. The percentage cerium decreased after calcination in respect of its related 

concentration sample. Also, interestingly nitrogen was only determined in the SBA-P2vP sample 

which also had a very high percentage carbon when compared to the rest of the samples. This was 

the polymer grafted sample used for infiltration with the cerium salt.  

Figure 4.8 shows the survey and core level scans of the material which the highest determination 

of cerium was achieved. The survey scan shows the presence of silicon, oxygen, carbon, and 

cerium. High resolution core level scans are also shown of silicon, oxygen, and cerium. The core 

scan of silicon only shows one elemental species relating to the silica and its presence as SiO2. The 

oxygen core level scans show the presence of two differing oxygen species. This includes the 

predominant oxygen relating to silica (532 eV) along with the lower binding energy oxygen seen 

at 530 eV. This species is due to the presence of the cerium oxide found at the surface. Lastly, the 

core level scan of the cerium allows the determination of the oxidation state of the cerium present. 

The shape and build-up of the peak’s components, allow for the conclusion that the cerium is in 

the +4 oxidation state[64]. The position of the first component of the peak seen at 880 eV also 

proves that the cerium is CeO2 as opposed to Ce2O3. 
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4.4.3.3 FT-IR 

The adsorption of cerium from solution to silica grafted with P2vP was shown using FT-IR. Figure 

4.9 displays the different spectra of silica samples which were infiltrated with cerium from 

solutions of differing concentrations. Firstly, the spectra show the same peaks which have been 

discussed previously and displayed in figure 4.5. After infiltration with CeO2, a peak which can 

only relate to the adsorption of Ce, is seen at 1306 cm-1. This is related to wavenumbers seen by 

Mesaros et al[65]. This strong band seen at approximately 1300 cm-1 was also described by Yang 

et al to be due to CeO2[66]. It is seen that this peak is absent for the SBA-P2vP standard sample. 

It is also absent from the control samples displayed in figure 4A.3. There is a slight presence of 

the peak beginning to form for the low concentration solutions associated with Ce (0.1%) samples. 

As the concentration of the salt solution increases so too is there a correlation between the intensity 

of this CeO2 peak. Finally, there is an obvious peak for the presence of CeO2 in the highest cerium 

concentration studied at 5.0 % w/w solutions. Figure 4A.2 represents a highlighted version of 

figure 4.9, showing detailed viewing of the related peak. It must be also noted that some materials 

were calcined after infiltration and that these related samples showed a higher intensity for this 

specific peak at approximately 1306 cm-1. 
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Figure 4.9: FT-IR spectra of multiple SBA materials functionalised with P2vP including the infiltration 

  of cerium metal from solutions of varying metal concentrations. Some materials (titled CeO2) 

  had been calcined. 

4.4.3.4 Elemental analysis 

Elemental analysis was used to determine if the removal of the polymer occurred after uv/ozone 

and calcination. If any substantial percentage carbon was determined it was agreed that removal 

of the polymer failed. It was noticed that UV/O3 did not remove fully the grafted polymer layer. 

Carbon percentages between 5-8 % were seen from this method of material cleaning. It is thought 

that the method is only removing the P2vP from silica which forms the top layer of silica placed 

inside the chamber. The silica buried at the bottom of the pile will undergo less ‘cleaning’ 

compared with the material which forms the outer layers. This is potentially the reason as to why 

some of the polymer is removed and not all. When calcined, the percentage carbon becomes 

negligible with a value approximately zero. This shows that the polymer is removed leaving 

behind the silica material which incorporates the metal which was infiltrated into the polymer. 
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XPS also shows that after calcination the oxidation state of the metal does not change. The cerium 

oxide stays in +4 oxidation state seen by the position of the cerium core scan at 882 eV[64]. 

4.5 Conclusion 

Two types of common mesoporous silicas, SBA-15 and MCM-41 have been synthesised and 

characterised. Both mesoporous materials were grafted with hydroxy-terminated poly-2-vinyl 

pyridine. The two mesoporous silicas were synthesised and characterised and the resulting 

materials were produced as expected. The optimal functionalisation conditions for both 

mesoporous silicas with P2vP was determined. Higher loading of P2vP to SBA-15 was achieved. 

The optimal polymer weight determined was between 4-6 k. For mesoporous MCM-41 silica this 

optimal weight was much lower. It was determined that 2 k was best. The reason for these wide 

difference in polymer sizes is due to the higher pore sizes available with SBA-15 compared to 

MCM-41. This is typical of the two materials and is shown due to the physical properties especially 

pore size or diameter. The values obtained for SBA-15 were a surface area of 611 m2g-1 and pore 

diameter of 48 Å. This was compared to MCM-41 whose pore diameter was 26 Å with a surface 

area of 1005 m2g-1. The adsorption of cerium from solutions with varying concentrations was also 

examined. SBA-15 which had been grafted with P2vP, adsorbed cerium from solution compared 

with un-functionalised SBA-15 in which no cerium was measured using both XPS and FT-IR. An 

approximate relative concentration of 0.5-0.8 % of cerium was determined at the surface of the 

functionalised mesoporous silica pressed disk. Finally, samples were calcined to potentially 

remove any polymer while also to see if any there was a change in the oxidation state of the cerium. 

The polymer was removed by calcination by measuring percentage carbon using elemental 

analysis. The cerium remained in the CeO2 state (+4) as determined by XPS.  
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4.7 Appendix – Chapter 4 

Figure 4A.1: XPS survey spectra of various mesoporous silica SBA-15 samples including calcined SBA-15 

  (a), SBA-P2vP (b), SBA-Ce (1.0%) (c),SBA-Ce (5.0%) (d), SBA-P2vP-Ce (0.1%) (e), SBA- 

  P2vP-CeO2 (0.1%) (f). 
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Figure 4A.2: FT-IR spectra of P2vP functionalised mesoporous silica with specific interest in the peaks seen 

  at 1306 cm-1. 
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Figure 4A.3: FT-IR spectra showing the difference between the control samples and the P2vP grafted 

   samples which adsorption of the cerium metal was detected. 
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5.1 Abstract 

The objective of this study was to develop a simple method for smart delivery of antimicrobial 

essential oils using a support material with a high surface area that was chemically bound to a 

substrate.  Mesoporous silica (SBA-15) was functionalised via a post-synthetic reaction using (3-

aminopropyl) triethoxysilane (APTES) and then grafted to a 3-glycidyloxypropyltrimethoxysilane 

(GPTS) modified surface. The smart delivery device (mesoporous SBA-15) was loaded with 

antimicrobial oregano essential oil (OEO) and the antimicrobial activity assessed against common 

food spoilage microorganisms Escherichia coli, Bacillus cereus, Staphylococcus aureus and 

Pseudomonas fluorescens. Results indicate that functionalization of the SBA-15 with APTES 

resulted in similar antimicrobial activity to SBA-OEO and that SBA-APTES was successfully 

bound to a GPTS modified surface. However, the integration of the functionalised and loaded 

carrier materials to a model substrate did not result in significantly higher antimicrobial activity. 

Nevertheless, given the strong absorption properties of SBA materials, good antimicrobial activity 

and GRAS nature of SBA-OEO and SBA-APTES-OEO, the results found in this study open 

potential applications of the functionalised carrier materials via a simple “sprinkle” directly on a 

food product or through the insertion into an edible film and also potentially used as a flavour 

delivering system.  

5.2 Introduction 

5.2.1 Industrial Relevance 

Given the resource intensive nature of growing, producing, processing, and packaging food 

products, food wastage represent a significant cost not only to the food industry but also to society 

as a whole. Increasing consumer demand for sustainable, fresh-like, minimally processed, and 

clean label food products has driven interest in the use of essential oils (EO’s) for food 

preservation. However, applications of EO’s on food products is somewhat limited due to the EO’s 

characteristics such as strong hydrophobicity and volatility, which may cause off-flavours and 
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odours within the packaged product. Therefore, techniques such as incorporation into active edible 

films, carriers, or encapsulation, could offer controlled release of EO’s into the food environment 

reducing the organoleptic properties while delivering the antimicrobial properties of the EO’s 

more effectively. We developed a simple method for smart delivery of antimicrobial essential oils 

using a support material (mesoporous SBA-15) with a high surface area that was chemically bound 

to a substrate.  Given the strong antimicrobial activity and GRAS nature of SBA-OEO and SBA-

APTES-OEO, this smart delivery system could potentially be applied via a simple “sprinkle” 

directly on a food product, through the insertion into an edible film or potentially used as a flavour 

delivering system of other EO’s.  

5.2.2 Introduction 

Global food security challenges such as an increasing global population (estimated to reach 9 

billion by 2050), increasing rural to urban migration, and climate change are putting increased 

pressure on global food production and supply chains[1].To alleviate some of these challenges, 

extensive research has been carried out on the incorporation of natural antimicrobial materials 

(NAM’s), a material derived from a naturally occurring source (i.ie plant, animals etc.), with 

packaging to help reduce food waste and meet consumer demand for sustainable, fresh-like, 

minimally processed and clean label food products[1]. One such suitable class of NAM’s are 

essential oils (EO’s) which are defined as a product obtained by steam distillation from a natural 

raw material of plant origin by the ISO (2013). These materials have favourable properties for use 

in food contact applications such as: good antimicrobial activity, GRAS (Generally Recognised 

as Safe) status approved by the Food and Drug Administration (FDA), and an acceptability to  

consumers from their historical use as  natural flavourings[2,3]. Compositionally EO’s are made 

up of a combination of secondary metabolites constituents such as terpenes, terpenoids, and 

phenylpropanoids. These metabolites such as p-cymene, thymol, and eugenol can synergistically 

contribute to the antimicrobial activity of EO’s via interactions with cell walls components[4,5]. 
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Despite EO’s good antimicrobial properties, roadblocks in their application exist because of their 

hydrophobicity, thermolability, photosensitivity, and strong influence on organoleptic properties 

[1]. These volatile properties mean that EO’s are highly susceptible to autoxidation, isomerisation 

and thermal rearrangements[6–8]. Therefore, to overcome these limitations several strategies to 

deliver EOs into food systems such as incorporation into sachets and edibles films have been used. 

However, these approaches also present their own technical issues like an impact on the 

organoleptic properties of food and limited suitability to certain packaging systems[9]. One 

potential solution to these roadblocks is the encapsulation of EO’s into a porous siliceous material  

such as: Santa Barbara Amorphous (SBA-15) or Mobil Composition of Matter No. 41 (MCM-

41)[10]. These materials can be used to protect EO’s from environmental stressors and allow for 

controlled release of the EO while also facilitating more targeted release of EO onto the food 

surface, where most of the spoilage occurs[11]. In particular, the use of SBA-15 as an encapsulator 

is attractive as these materials are currently used in the food sector as catalysts in the synthesis of 

nutrients, bioactive molecules, sensor technology and as carriers to design smart delivery systems 

[11]. Moreover, SBA materials have greater mechanical and hydrothermal stability over other 

siliceous materials such as MCM-41 [12,13], and have adjustable nano-pore size[10], ordered pore 

structure[14], large specific surface area (∼1000 m2 g-1) and relatively large void volume[13] and 

are also considered GRAS and are an authorised additive in the European Union (E-551) [11].  

SBA-15 materials can be readily functionalised with various organic functional containing groups 

such as 3-aminopropyltriethoxysilane (APTES) which are covalently grafted on the wall of the 

porous structure via hydrolysis and/or condensation reactions resulting in an amine modified 

porous silica that retains the mesoporous silica’s favourable physical properties[15]. Moreover, 

the amine modified SBA can undergo further reactions with other organo-functional alkoxysilanes 

such as 3-glycidoxypropyl-trimethoxysilane (GPTS) as the epoxy group on GPTS can readily 

undergo various reactions such as poly-addition to the amine group or hydrolytic ring opening. In 

addition, the trialkoxysilyl moiety of GPTS can undergo hydrolysis and condensation reactions 
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with terminal hydroxyl groups [16]. This method of grafting could be used to attach functionalised 

SBA to food packaging surfaces and could be suitable for food applications as the reaction 

between the APTES and GPTS can be carried out in deionised water, and will anchor the SBA 

support material covalently to a packaging surface[17]. 

Mesoporous silica supports for EO delivery in food applications have been reported. Park et al 

found that MCM-41 and SBA-15 loaded with natural antimicrobial allyl isothiocyanate were 

antimicrobially active against Escherichia coli, Bacillus cereus, and Pichia anomola[18]. Ruiz-

Rico et al reported a significant reduction in the concentration of Listeria innocua in pasteurized 

skimmed milk using vanillin grafted onto the surface of MCM-41[19]. 

However, to the best of our knowledge, no studies were carried out to assess the potential novel 

strategy of using SBA functionalised with APTES and its covalent attachment to a GPTS modified 

surface.  This would allow a carrier to be fixed to a surface limiting migration of the particles and 

allowing high density binding and high enough concentrations of OEO to be effective. Therefore, 

the objectives of this study were to covalently attach SBA functionalised with APTES to GPTS 

modified surface as a support material for grafting OEO. The synthesised materials were 

subsequently characterised, and their antimicrobial activity assessed. 

5.3 Materials and Methods 

5.3.1 Materials  

Oregano essential oil was purchased from Lionel Hitchens Ltd (Barton Stacey, Hampshire, UK). 

Mueller-Hinton Broth (MHB), Mueller-Hinton Agar (MHA), and Maximum Recovery Diluent 

(MRD) were purchased from Oxoid (Basingstoke, UK). Escherichia coli (E. coli) (NCIMB 

11943), Bacillus cereus (B. cereus) (NCIMB 9373), Staphylococcus aureus (S. aureus) (NCIMB 

13062) and Pseudomonas fluorescens (P. fluorescens) (NCIMB 9046) were maintained on Tryptic 

Soy Agar slants until use at 4 °C. Siliceous SBA-15 mesoporous material was purchased from 
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Glantreo, Ireland. Blanket Si substrates were purchased from Sil’tronix, France. Sulphuric acid 

(ACS reagent 95-98%), 3-Aminopropyltriethoxysilane (99%) (APTES), (3-

glycidyloxypropyl)trimethoxysilane (>98%) (GPTS), hydrogen peroxide solution (30%), 2-

propanol (CHROMASOLV, for high performance liquid chromatography [HPLC], 99.9%), 

dimethyl sulfoxide (DMSO) (anhydrous 99.9%) were all purchased from Sigma Aldrich, Ireland. 

Deionised water was purchased from Acros Organics and was used as necessary. Oregano 

essential oils along with silica are suitable for use in food products as demonstrated by approval 

by the EU. Silica is described by its registered E-number of E551 while oregano oil is produced 

from the steam distillation of plant leaves. 

5.3.2 Methods 

5.3.2.1 Functionalisation of SBA-15 with APTES 

The APTES was grafted to the surface of SBA-15 using DMSO as a novel solvent for this process. 

Briefly, 1 g of SBA was placed in a 50 mL flask with a magnetic stirrer bar and 20 mL of DMSO 

was added. To this solution, 2 mL of APTES was added dropwise and was reacted for 20 h before 

being washed with 20 mL of DMSO and 2-propanol, and finally washed with 3 aliquots of 20 mL 

deionised water. The SBA grafted with APTES (SBA-APTES) was then dried for 1 h in a vacuum 

oven at 90 °C. 

5.3.2.2 Preparation of GPTS modified Si surface 

Si wafers were prepared for GPTS attachment by cutting the Si into 1 cm2 wafers before being 

placed into a round bottom flask with 40 mL of piranha solution (3:1 H2SO4:H2O2) for 1 h at 100 

°C and then placed in distilled water until use for up to an hour. The GPTS was attached to the 

hydroxylated Si by immersing the wafers into a 9 % (v/v) GPTS in DMSO solution and reacted 

for 20 h at 90 °C. The grafted wafers were removed washed and sonicated in DMSO, 2-propanol 

and deionised water; dried using N2 gas and placed in sample holders until further use. 
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Figure 5.1:  Schematic outline of the synthesis of Si-GPTS-APTES-SBA modified surfaces. 

5.3.2.3 Attachment of Si-GPTS with SBA-APTES 

The SBA-APTES was attached to the Si-GTPS surface as outlined in a schematic illustration 

shown in figure 5.1. Briefly, Si-GPTS wafers were submerged in 25 mL of deionised H2O to which 

1 g of SBA-ATPES was added and the solution was then stirred for 2 hours at 90 °C before 

removal. To remove unbound SBA-APTES, the Si-GPTS-APTES-SBA was washed with 

deionised water and dried under a stream of N2 gas.   
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5.3.2.4 Loading of Oregano Essential  

5.3.2.4.1 Loading of SBA and SBA-ATPES 

Before loading OEO on bare SBA-15 and SBA-APTES, OEO was dissolved in absolute ethanol 

to make a 10 % v/v solution (as high concentrations of oil were found to be too viscous for 

loading). To this ethanolic solution, 0.5 g of either SBA-15 or SBA-APTES was added and then 

allowed to dry for 72 h at room temperature (21 °C) in a partially closed container to ensure full 

evaporation of the solvent. 

5.3.2.4.2 Loading of Si-GPTS-APTES-SBA 

Due to the process conditions, the OEO was loaded into the SBA after it was grafted to the Si 

surface. The Si-GPTS-APTES-SBA was loaded with 10 % v/v OEO in ethanol solution via drop 

casting directly onto wafer surface. Once the solution had attached onto the wafer, the OEO loaded 

wafer was gently washed with sterilised deionised water in order to remove unabsorbed EO 

solution and allowed to dry before use in the modified disk diffusion assay. 

5.3.3 Characterisation  

5.3.3.1 Electron Microscopy 

Scanning electron microscopy (SEM) was carried out using a Karl Zeiss Ultra Plus field emission 

SEM with Gemini column. The samples were placed on carbon tape and then adhered to a 

stainless-steel stub before being placed in the instrument’s chamber. It was operated at 5 keV and 

various magnifications were used as required. Transmission electron microscopy (TEM) was 

carried out using a JOEL 2100 at an operating voltage of 200 kV. The images were acquired in 

bright field mode. 
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5.3.3.2 Fourier Transform Infrared (FTIR) spectroscopy 

Fourier transform infrared spectroscopy (FTIR) analysis of OEO, SBA-15, SBA-OEO and SBA-

ATPS-OEO was performed on a Varian 660-IR spectrometer (Varian Resolutions, Varian Inc, 

Victoria, Australia) using a diamond crystal ATR Golden Gate (Specac). Data was taken as the 

average of 32 scans at 2 cm-1 resolution in a wavenumber range from 4000 - 500 cm-1. 

5.3.3.3 X-ray photoemission spectroscopy (XPS) 

X-ray photoelectron spectroscopy was performed under ultra-high vacuum conditions (<5 × 10-8 

mbar) on a VG Scientific ESCAlab Mk II system equipped with a hemispherical analyser using 

Al Kα x-rays (1486.6 eV). The emitted photoelectrons were collected at a take-off angle of 90˚ 

from the disks’ surface. The analyser pass energy for the survey scans was 200 eV. The binding 

energy scale was referenced to the adventitious carbon 1s core level scans at 284.8 eV. Core level 

scans of Si 2s, C 1s, N 1s and O 1s were examined. 

5.3.3.4 N2 adsorption-desorption isotherms 

The surface area, pore diameter, pore volume and pore size distribution measurements of the 

samples were performed based on the sorption technique using the Micromeritics Tristar II surface 

area analyser (Micrometrics, Norcross, GA, USA). The specific surface area of the samples was 

calculated using the multi-point Brunauer, Emmett and Teller (SBET) method in the relative 

pressure range P/P0 = 0.05-0.3. The specific pore volume, pore diameter and pore size distribution 

curves were computed based on the Barrett-Joyner-Halenda (BJH) method. The sorption analysis 

was carried out at 77 K and each sample was degassed under nitrogen for five hours at 200 ˚C 

prior to analysis.  
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5.3.3.5 Elemental analysis 

Elemental analysis was carried out on SBA-15 and SBA-OEO to determine the percentage of 

carbon, nitrogen, and hydrogen in the sample. The analysis was performed on Elementar vario EL 

cube elemental analyser. All samples analysed were carried out in triplicate. 

5.3.3.6 Thermal gravimetric analysis (TGA–DTG) 

In order to evaluate the influence of temperature on the adsorbent stability, the adsorbents were 

studied by thermal gravimetric analysis. All TG/1st DTG curves were obtained on a Model TGA 

2950 high-resolution thermogravimetric analyser V5.4a, on a temperature level from 30 to 800 °C 

with a warming speed of 5 °C min-1 under nitrogen flow. 

5.3.3.7 Contact Angle 

Dynamic contact angle and surface free energy were calculated from the advancing and receding 

water contact angles and were recorded on three different regions of each sample as outlined by 

Lundy et al[20]. Briefly, 60 nL of the liquid was dispensed on the material surface at a flow rate 

of 5 nL s-1 using a microinjection syringe pump (SMARTouch, World Precision Instruments, 

Sarasota, FL, USA) with a needle (ϕ = 130 μm) and images were captured with a monochrome 

industrial camera (DMK 27AUR0135, The Imaging Source, Bremen, Germany). Contact angles 

were calculated using a piecewise polynomial fit (ImageJ, ver. 1.46, DropSnake plugin). The same 

procedure was used to determine diiodomethane (CH2I2) contact angles. The Surface free energy 

values were calculated from contact angles of deionized water and diiodomethane the using 

Owens–Wendt model (EQ. 5.1). 

 𝛾𝑙𝑣(cos 𝜃 + 1)

2
 =  √𝛾𝑙𝑣

𝐷 + 𝛾𝑠𝑣
𝐷 + √𝛾𝑙𝑣

𝑃 +  𝛾𝑠𝑣
𝑃  

EQ.5.1 
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Surface energy values of H2O γlv
D/γlv

P = 21.8/50.8 mJ m-2 and CH2I2 γlv
D/γlv

P = 48.5/2.3 mJ m-2 

were used.  

5.3.3.8 Atomic Force Microscopy 

Atomic Force Microscope (AFM, Park systems, XE-7, South Korea) measurement on Si–GPTS 

were performed in non-contact mode with high resolution, silicon micro-cantilever tips. 

Topographic images were recorded at a resonance frequency of 270-300 kHz. 

5.3.3.9 Antimicrobial Assay 

The antimicrobial activity of SBA-OEO and SBA-APTES-OEO against Gram-positive bacteria S. 

aureus and B. cereus and Gram-negative bacteria E. coli and P. fluorescens were assessed. Before 

use, all pure culture bacteria were grown for 18 h at 30 °C (P. fluorescens and B. cereus) or 37 °C 

(S. aureus and E. coli) in Mueller-Hinton broth (MHB) (Oxoid, UK) under constant agitation at 

170 rpm on an orbital shaker (Innova 2300, New Brunswick™, Germany). These cultures were 

then used to determine the following:  

5.3.3.10 Minimum Inhibition Concentration (MIC) assay 

The antimicrobial activity of SBA and SBA-APTES loaded with OEO was measured by 

determining the minimum inhibitory concentration (MIC) against the target microorganisms in a 

96 flat bottom well tissue culture microplates (Sarstedt Inc., NC, USA) according to the NCCLS 

(2000) broth microdilution method as described by Kerry et al[21]. Bacterial strains were cultured 

overnight, at the appropriate temperature, adjusted to a final density of 105 CFU/mL using 

maximum recovery diluent, and used as an inoculum within 15 min of preparation as outlined 

previously[22] by Sullivan et al[22]. Briefly, 100 μL of double-strength MHB (2XMHB) was 

added to each well in rows A to F, 200 μL of adjusted bacterial culture suspension was added to 

row H in columns 1–11 and 200 μL of sterile 2XMHB was added to column 12. In each well of 
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row G, 150 μL of SBA-OEO or SBA-APTES-OEO were dispensed in sterile distilled water and a 

threefold serial dilution was performed by transferring 50 μL of antimicrobial solutions from row 

G into the corresponding wells of row F through to row B. After mixing, 50 μL of the resultant 

mixture on row B was discarded. Finally, using a 12-channel electronic pipette (Model EDP3-

Plus, Rainin, USA) 15 μL of the tested microorganisms was pipetted from each well in row H into 

the corresponding wells in row A followed by rows B to G. Positive (Row A) and negative growth 

controls (Column 12) were included in each assay plate. The inoculated plates were incubated in 

a wet chamber for 24 h at 30 °C (P. fluorescens and B. cereus) or 37°C (E. coli and S. aureus). 

After incubation, resazurin salt (0.015 %) was added to wells A – F (30 μL per well) and incubated 

for an additional 2 h as outlined by Elshikh et al[23]. Columns with no colour change (resazurins 

blue colour remained unchanged if no microbial growth; however, will turn pink if microbial 

growth occurs) were scored as above the MIC value. The lowest concentration showing inhibition 

of growth was considered to be the MIC for the target microorganisms. The test was repeated in 

triplicate. 

5.3.3.11 Modified Disk diffusion Assay 

The antimicrobial activity of SBA functionalised surfaces containing OEO was also assessed using 

a modified agar diffusion method. MHA plates were swabbed with the target microorganism 

grown overnight at the appropriate temperature and adjusted to a final density of ~105 CFU mL-1.  

SBA functionalised surfaces substrates containing OEO were then placed in the middle of the 

inoculated agar plates and incubated for 24 h at 30 °C (P. fluorescens and B. cereus) or 37 °C (S. 

aureus and E. coli). Streptomycin antibiotic disc (10 µg) was used as positive control, while 

unloaded SBA functionalised surfaces without EO was used as negative control. The inhibition 

zone around the substrate indicated the antimicrobial activity against the target microorganism. 

The inhibition zone (in millimetres) was measured using an electronic calliper (Model ECA 015D 

Moore &Wright, Paintain tools Ltd., Birmingham, UK). 
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5.3.3.12 Statistical Analysis 

Data for antimicrobial tests were analysed for means, standard deviations, and analysis of variance. 

One-way analysis of variance of data was carried out using the SPSS 24 for Windows (SPSS 

Statistical software, IBM Corp., Armonk, NY, USA) software package. Differences between pairs 

of means was resolved by means of confidence intervals using Tukey’s test; the level of 

significance was set at P<0.05. 

5.4 Results and Discussion 

5.4.1 Functionalisation of SBA-15 with APTES 

The N2 adsorption/desorption isotherms of the bare SBA-15 and SBA-APTES at 77°K are shown 

in figure 5.2(i & ii) while the properties including BET surface area (SBET), BJH pore size (DBJH), 

and total pore volume (Vtotal) are shown in table 5.1. Bare SBA-15 and SBA-APTES show type 

IV isotherm with H1 hysteresis and a sharp increase in adsorbed volume; characteristic of highly 

ordered mesoporous materials[14]. However, an overall reduction in the amount of N2 absorbed 

after SBA grafting with APTES occurred due to filling of pores with the APTES molecule[15]. 

Textural properties calculated from the N2 adsorption/desorption isotherms of SBA and SBA-

APTES show that the SBET for pure SBA and SBA-APTES was 436.33 and 200.60 m2 g-1 , 

respectively indicating that the surface area of the SBA-APTES is lower than SBA and was in 

agreement with Hernández-Morales et al.[13]. 

Table 5.1  BET specific surface area (SBET), BJH pore size (DBJH), and total pore volume (Vp)  

  properties of bare SBA-15 and SBA-APTES. 

 SBET (m
2 g-1) Vp (cc g-1) DBJH (Å) 

SBA 436 0.452 45 

SBA-APTES 201 0.301 54 
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The pore size distribution curves of SBA- 15 and SBA-APTES were calculated from the N2 

adsorption/desorption isotherms using the BJH model. The pore sizes of SBA-15 and SBA-

APTES were estimated from the peak positions of the BJH pore size distribution curves measured 

from both the adsorption and desorption isotherms and were found to be 45 and 54 Å, respectively. 

These results are in good agreement with reports by Chong et al[14]. The pore volume of SBA-15 

was 0.452 cc g-1 and for SBA-APTES was 0.301 cc g-1, indicating that the pore volume of the 

mesosphere was reduced after grafting with APTES and was in agreement with the 

literature[13,14,24].  

 

Figure 5.2: Nitrogen adsorption/desorption isotherms at 77°K for (i.) SBA-15 and (ii) SBA-APTES and 

  TGA curves and first derivative of bare (iii) SBA-15 and (iv) SBA-APTES. 

TGA analysis of SBA and SBA-APTES measuring weight loss curves are shown in figure 5.2 (iii 

& iv). Regarding SBA-15, the initial weight loss of 4.8 % is associated with the removal of 
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physisorbed water. The further weight loss of 0.8 % is due to the removal of chemisorbed water. 

The final weight loss 0.1 % was then attributed to the silanol groups which decompose to release 

water and subsequently the formation of silane bridges on the SBA surface. Likewise, TGA 

analysis of SBA-APTES has an initial weight loss of 10.4 % associated with the removal of 

physisorbed water, while a further 3.5 % was from the removal of chemisorbed water on the SBA-

APTES surface. Furthermore, decomposition of the APTES can been seen over the 300 - 400 °C 

range and resulted in an overall weight loss of 4.65 % [13,25]. The final weight loss is associated 

with the dehydroxylation by condensation of silanols on the surface of the SBA-APTES [14]. The 

larger weight loss observed with respect to bare SBA-15 has been attributed to the presence of the 

amino groups. Those groups have high thermal stability (above 250 °C) suggesting that the SBA-

15 silica sample has a stabilizing effect on the temperature of decomposition of the surface 

species[13].  
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Figure 5.3: TEM images of the SBA-15 showing well-ordered hexagonal array of mesopores (i) and  

  parallel nanotubular pores (ii) with inset the FFT analysis and SEM images of SBA-15 (iii)  

  and SBA-APTES (iv). 

The structure of bare SBA-15 was also analysed using TEM (Figure 5.3). TEM analysis shows a 

well-ordered hexagonal array structure (Figure 5.3.i) with nanotubular pores (Figure 5.3.ii) typical 

of SBA materials and have been widely reported and these results were further confirmed by using 

Fast Fourier Transform (FFT) analysis; showing the crystal lattice of the SBA-15 has a well-

ordered hexagonal array structure with nanotubular pores (Figure 5.3.i & ii. (inset))[13]. SEM 

analysis of SBA-15 and SBA-APTES are also shown in figure 5.3. No major apparent differences 

were observed between either the SEM for SBA- 15 (Figure 5.3.iii) or SBA-APTES (Figure 5.3.iv) 
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which indicates that the APTES forms a coating over the SBA-15 and these results are in 

agreement with Munguía-Cortés et al[26].  
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Figure 5.4: FTIR spectra (i.) of SBA (▬), APTES (▬), and SBA-APTES (▬) and FTIR spectra (ii.) of  

  OEO (▬), SBA-OEO (▬), and SBA-APTES-OEO (▬), between 2700 – 3200 cm-1. 
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The FTIR spectrum of pure SBA-15, pure APTES, and the functionalised SBA-APTES are shown 

in figure 5.4.i. SBA-15 showed major peaks at the 1000 – 1130 cm-1 range which are the 

symmetrical and asymmetrical stretching of the Si-O-Si backbone of SBA, 3400 cm-1 from the 

silanol groups that cover the surface of SBA[14] and are cross hydrogen bonding with adsorbed 

water[15] and at 3740 cm-1 which corresponds to the symmetric stretching of terminal Si – O – H. 

With respect to pure APTES, the FTIR spectra shows characteristic peaks at the 1000 – 1130 cm-

1 range which are characteristic of symmetrical and asymmetrical stretching of Si-O groups, 1388 

cm-1 which is attributed to stretching C – N and at 2884, 2962 and 2974 are attributed to stretching 

C – H bonds. Moreover, a C – O terminal was observed at 1070 cm-1 and at 1600 cm-1 due to the 

H bending on the N of amine group. Regarding SBA-APTES, several new peaks emerge compared 

to SBA-15 due the presence of APTES at; 2927 and 2857 cm-1 greater intensity of the peaks was 

observed due to a vibrational stretching C – H groups from the APTES, at 3300 – 3360 cm-1 which 

is attributed to a combination of asymmetrical and symmetrical NH2 stretches and at 1646 cm-1 

due to the H bending on the N of NH2. When comparing the spectra of SBA and ATPES to SBA-

ATPES, peak characteristic of both SBA and APTES were observed. Furthermore, the 

disappearance of the terminal Si – OH stretch at 3740 cm-1 would suggest that the ethoxy group 

from the ATPES has bound to the surface of the SBA.  

Overall, these results indicate that APTES has been grafted on to the surface of SBA-15 and are 

in agreement with results in the literature[27–29]. The proposed mechanism of SBA-15 

functionalisation with APTES was through the condensation and hydrolysis of the terminal Si – 

OH from the SBA-15 with the alkoxy group (-OCH2CH3) of ATPES, releasing H2O and forming 

a stable covalent bond between SBA and APTES as previously outlined in figure 5.1 [28,30,31]. 



Chapter 5:  Exploring the efficacy of methods that enable the smart delivery of antimicrobial 

essential oils in food applications: Porous silica particles as carriers 2021 

179 

 

5.4.2 Attachment of GPTS to Si coupons to develop Si-GPTS-ATPES-SBA 

materials  

As previously outlined, a schematic representation of the functionalisation of silicon wafer 

surfaces with GPTS followed by reaction with the amine on the SBA-APTES to form a Si-GPTS-

APTES-SBA active surface is shown in figure 5.1. The GPTS can attach to piranha treated Si 

wafers due to removal of deposited organic contaminants and increasing the density of – OH 

moieties on the Si wafer surface, facilitating the functionalisation of the Si surface through 

silanisation with the methoxy groups of GPTS via a hydrolysis reaction mechanism as outlined 

elsewhere by Vejayakumaran et al and Wach et al[17,31]. The irreversible attachment of SBA-

APTES to Si-GPTS occurs via a nucleophilic epoxide ring opening reaction between the amine 

groups from APTES and oxirane ring from GPTS resulting in the covalent grafting of SBA-

APTES to Si-GPTS[24,32,33]. To determine the attachment of the Si-GPTS surface to the SBA-

APTES; dynamic contact angle, AFM and XPS analyses were carried out. 

Table 5.2 Dynamic contact angle and surface free energy of Si-GPTS and Si-GPTS-APTES-SBA. 

Sample 

Contact Angle 

(H2O) (°) 

Contact Angle 

(I2CH2) (°) 

Surface Free Energy 

(mJ m-2) 

Si-GPTS 56.90±2.1 39.90±0.5 48.6 ± 1.8 

Si-GPTS-APTES-SBA 27.63±3.9 26.23±5.3 66.70 ± 5.8 

Dynamic contact angle measurements of Si – OH (piranha treated Si), Si-GPTS and Si-GPTS-

APTES-SBA are shown in table 5.2. For piranha treated Si wafers (Si-OH), the wettability was 

found to be 8.57°; however, after functionalisation of the Si-OH with GPTS, the wettability 

decreased to 56.90 ° as a result of the substitution of the hydrophilic hydroxyl sites with the more 

hydrophobic GPTS chains[27]. Following the functionalisation of the Si-GPTS with SBA-

APTES, the wettability was found to decrease with respect to Si-GPTS to 26.23 ° due to the 

presence of the hydrophilic APTES on the surface. In addition, the dynamic contact angle of Si-
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GPTS and Si-GPTS-APTES-SBA was also measured using the dispersive solvent diiodomethane 

and results showed a contact angle of 39.90 ° and 26.23 ° for Si-GPTS and Si-GPTS-APTES-

SBA, respectively. Using the dispersive angle, the surface free energy was determined using the 

Owens-Wendt model (Eq. 5.1). Results indicate that the surface free energy (SFE) was 48.60 and 

66.70 mJ m-2 for Si-GPTS and Si-GPTS-APTES-SBA, respectively. The change in the SFE 

indicates that the surface has changed and most likely in conjunction with the tools show the SBA-

APTES has attached to the Si-GPTS substrate. Moreover, the higher SFE reported for Si-GPTS-

APTES-SBA would suggest that these materials are more reactive and will therefore interact better 

with the antimicrobial EO. 
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Figure 5.5: AFM images of Si-GPTS showing (i) 2D and (ii.) 3D topographical images; and SEM images 

  of Si-GPTS-APTES-SBA surface at 20 (iii.), and 200 (iv.) μm. 

Additionally, the thickness and topographical feature of Si-GPTS were measured using AFM 

analysis (Figure 5.5.i). AFM analysis showed that Si-GPTS has a smooth topographical surface 

(i) (ii) 
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with small agglomerate features and may perhaps be due to excessive nucleation of GPTS onto 

the Si-OH surface and the surface roughness (Ra) values was 0.219 nm. 

XPS analysis was used to examine the binding energies of Si 2p, O 1s, N 1s and C 1s core electrons 

of Si-GPTS-APTES-SBA (Figure 5.6.i). The XPS spectrum (Figure 5.6.ii) consists of peaks at 

103 eV and 97.5 eV from organic and elemental silica, respectively. The O 1s scan (Figure 5.6.iii) 

shows peaks at 532 and 529 eV which are attributed to Si-O2 and organic C – O, respectively[34]. 

In addition, peaks occurred in the N 1s spectra (Figure 5.6.iv) because of the amine groups present 

in APTES. The three different components of the peaks in the N 1s spectra were related to: non-

protonated, primary amino groups (399.6 eV), formamide groups (400.3 eV), and hydrogen 

bonded or protonated amino species (401.5 eV)[17]. Furthermore, from the XPS survey the 

presence of an amino group peak indicates that the attachment of SBA-APTES to the surface of 

Si-GPTS has occurred. The C 1s scan (Figure 5.6.v) also revealed peaks at 284 eV from C – H 

and C – C of the alkyl group of GPTS and from adventitious hydrocarbon contamination, while 

the peak at 286.6 eV was from C – O – C and the oxirane ring of the GPTS. SEM analysis of Si-

GPTS-APTES-SBA surfaces are shown in figure 5.3.iii and iv. Results indicated that SBA-APTES 

was bound to the Si-GPTS surface. Moreover, SEM showed that the SBA-APTES is not forming 

multilayer agglomerates, but instead isolated “specks”. Overall, these results indicate that the 

SBA-APTES has been attached to the functionalised Si-GPTS modified surface. 
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Figure 5.6: XPS survey spectra (i) of Si-GPTS-APTES-SBA with binding energies of Si 2p (ii), O1s (iii), 

  N1s (iv) and the C1s (v) scans. 

5.4.3  OEO loading and antimicrobial activity of SBA & SBA-APTES 

The C, H, N elemental analysis of SBA-15 and SBA-OEO are shown in table 5.3. Results indicate 

that after OEO loading, an increase in the amount of C, H, and N was observed due to secondary 

metabolites that make up EO’s. In addition, the weight of SBA-OEO and SBA-APTES-OEO was 

found to increase by 65 and 63 % after loading indicating that the OEO has been successfully 

adsorbed into the SBA voids (data not shown).   



Chapter 5:  Exploring the efficacy of methods that enable the smart delivery of antimicrobial 

essential oils in food applications: Porous silica particles as carriers 2021 

184 

 

Table 5.3  Elemental analysis of C, H, and N before OEO loading (SBA-15 and SBA-APTES)  

  and after OEO loading.  

Element SBA-15 SBA-OEO 

C Nil 29.63 

H 0.74 3.99 

N Nil Nil 

FTIR spectra also confirmed successful loading of OEO into SBA (Figure 5.4.ii.). The FTIR 

spectra of the pure OEO showed sharp characteristic peaks at 2959 cm-1 (-CH stretching), 1589 

cm-1 (N-H bending), 1458 cm-1 (-CH2 bending), 1253 cm-1 (C-O-C stretching), 1117 cm-1 (C-O-C 

stretching) and 937 cm−1 (C-H bending)[35]. When the spectra of SBA-OEO and SBA-APTES-

OEO are compared to the unloaded SBA-15 spectra (unloaded spectra previously outlined in 

figure 5.4.i), the presence of the characteristic peaks of OEO correspond to the wavenumber of 

the pure OEO indicating that OEO was loaded into the support material SBA-15 or SBA-APTES 

but apparently no modification or interaction between the OEO and SBA-15 occurred [35].  

Upon successful loading of the OEO, the antimicrobial activity of SBA-OEO and SBA-APTES-

OEO was assessed using a MIC assay and results showed that both SBA-OEO and SBA-APTES-

OEO have good antimicrobial activity. The antimicrobial activity of bare SBA-15 and SBA-

APTES was also assessed; however, no antimicrobial activity was observed for either (data not 

shown). For SBA-OEO, concentrations of 0.83 and 1.25 mg mL-1 were required to inhibit Gram-

negative E. coli and P. fluorescens, respectively; while concentrations of 0.83 mg mL-1 was 

required to inhibit growth of Gram-positive S. aureus and B. cereus (Figure 5.7). For SBA-

APTES-OEO, concentrations of 0.83 mg mL-1 were required to inhibit the growth of Gram-

negative E. coli and P. fluorescens; while concentrations of 0.73 mg mL-1 was required to inhibit 

growth of Gram-positive S. aureus and B. cereus (Figure 5.7). These results indicate that SBA 

functionalisation with APTES enhanced the antimicrobial activity of OEO against Gram-positive 
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S. aureus and B. cereus bacteria compared to SBA-OEO; however, these results were not 

statistically (P>0.05) different. Nonetheless, the better antimicrobial activity of SBA-APTES-

OEO against Gram-positive bacteria compared to SBA-OEO may perhaps be due to the 

functionalisation of SBA with ATPES changing the release profile of the secondary metabolites 

of OEO; therefore, effecting the interaction of OEO with the bacterial cell [36]. It has also shown 

that the anchoring of molecules with positive charges on the surface of mesoporous silica particles 

can reduce microbial growth [19]. The exact mechanism of antimicrobial action of OEO is not 

fully understood; however, a synergistic action of the secondary metabolites such as p-cymene, 

thymol, and carvacol present in oregano EO’s has been reported [5]. In particular, carvacrol can 

disintegrate outer membranes of Gram-negative bacteria while in Gram-positive bacteria the 

membrane permeability is altered allowing permeation cations like H+ and K+ [5] and p-cymene, 

while not inherently antimicrobial, has a high affinity for bacterial cell membranes where it can 

substitute itself into the cell membrane altering the physiological barrier properties facilitating 

easier access for other more potent antimicrobial compounds [37]. Moreover, the shape of the 

bacteria has also been reported to affect the antimicrobial efficacy of EO’s, where rod shaped cell 

being more sensitive than coccoid shaped cells [1].  
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Figure 5.7: Minimum inhibition concentration (b.) of SBA-OEO (◼) and SBA-APTES-OEO (◼) against 

  B. cereus, S. aureus, E. coli and P. fluorescens. Error bars represent standard error of the  

  mean of analysis of triplicate samples. 

Moreover, results indicated that Gram-positive showed a greater susceptibility to SBA-OEO and 

SBA-APTES-OEO compared to Gram-negative bacteria. Increased Gram-positive bacteria 

susceptibility has been widely reported in the literature and is believed to be through the lipophilic 

ends on lipoteichoic acid in the cell membrane of Gram-positive bacteria enabling the penetration 

of hydrophobic EO constituents into the internal cell structure [38]. Conversely, the reduced 

susceptibility of Gram-negative bacteria was attributed to the role of extrinsic membrane proteins 

and cell wall lipopolysaccharides limiting the diffusion of hydrophobic EO compounds into the 

microorganism[38].  
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Nevertheless, when disk diffusion assay was carried out on Si-GPTS-ATPES-SBA-OEO surfaces; 

no antimicrobial activity was observed (data not shown). This may perhaps be due to several 

factors such as insufficient amount of SBA-APTES attached on the surface of the Si-GPTS for the 

OEO to be absorbed into. For example, assuming that SBA was arranged in a spherical close 

packed order and had an average diameter of 20 µm, the total number of SBA-15 units on the 

surface can be estimated to be 250,000 particles per 1 cm2. Then the volume of the SBA-15 can 

be worked out using 4/3πr3 to be 1.046 µL. The average load ability of the SBA was worked out 

from the weight before and after OEO loading and was found to be approximately 35 %. Therefore, 

we can assume that the max volume of OEO on a 1 cm2 surface is 0.336 µL. Using the max MIC 

of 1.25 mg mL-1 we can determine that the volume of OEO need for MIC was 0.26 µL. However, 

using image J to estimate the SBA surface coverage from the SEM analysis (Figure 4 iii and iv.), 

showed that coverage was approximately 10 %, and, therefore, well below the required volume to 

show an antimicrobial effect. Moreover, perhaps the interaction of APTES with the GPTS surface 

reduces the number of available pores for adsorption of the OEO, therefore, “blocking” its uptake 

into the mesospheric voids. To overcome these issues future investigations could look at other 

methods of OEO loading such as volatilisation/vaporisation of the essential oil at low temperatures 

(e.g. 40°C) as outlined by Bernardos et al[39] or perhaps through the use mesoporous silica 

nanoparticles as outlined by Muriel-Galet et al[40]. 

5.5 Conclusion 

In this work we have presented a novel approach to attach SBA-APTES to a GPTS modified 

surface for application and have demonstrated the use of SBA-15 and SBA-APTES mesoporous 

materials are as an effective support material for volatile OEO. Moreover, the modification of 

SBA-15 with APTES was not found to negatively impact the antimicrobial activity of OEO, 

compared to unmodified SBA-15, against common food spoilage microorganisms E. coli, B. 

cereus, S. aureus, and P. fluorescens. However, when SBA-APTES was attached to a GPTS 
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modified surface no antimicrobial activity was observed. Therefore, results from this study 

indicated that the attachment of SBA to a functionalised surface has significant roadblocks to its 

application in food packaging as insufficient SBA carrier was attached to the GPTS modified 

surface and therefore, apparently there was insufficient OEO on the surface. Consequently, the 

attachment of SBA as a carrier to food packaging would appear not to be an effective or simple 

method to deliver antimicrobial OEO. This work suggests that delivery systems integrated to food 

packaging may afford very significant challenges in developing products that exhibit increased 

shelf-life.  The work suggests that a more ‘direct’ application methods may be required to be 

developed. Given the strong antimicrobial activity and GRAS nature of SBA-OEO and SBA-

APTES-OEO, they could potentially be applied via a simple “sprinkle” method (like salt) directly 

on a food product. Moreover, due to the strong absorption properties of SBA materials, other EO’s 

such as thyme, rosemary etc. can be used as a flavour delivering system. However, toxicity studies 

of these materials need to be carried out. 
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6.1 Conclusions and Future Work 

The drive for more efficient and robust materials to deal with some of the challenges mentioned 

throughout this thesis, has continued increasing the interest into porous materials. The use of 

mesoporous silicas as supports and potential devices including hybrid materials, is an ever-

expanding field with novel proof of concept ideas and a continuation of vast literature in this area. 

Chapter 1 introduced the fundamental background of silicon dioxide materials including properties 

relating to silicas and wafers, synthesis methods including mechanisms of different routes and also 

functionalisation of these materials which is a critical step in the formation of products. The 

discussion of naturally occurring silicas compared to the large variation in synthetically produced 

silicas with differing sizes, morphologies, pore structures all the while having almost identical 

surface chemistry. It is this universal surface chemistry which give silicas with huge differences 

as mentioned, the ability to be grafted with an impossible number of functional groups or 

derivatives of such. It is therefore obvious that with these new surface functional groups, lead 

silicon dioxide materials to be a favourite for many applications. With other beneficial properties 

such as high surface areas, large pore diameters, regular pore structures and more offer porous 

silicas advantages over some competing materials. Applications such as chromatography where 

silica has been the backbone of separations for many decades and as support materials for catalysts. 

The uses of silica will continue to grow and with that more insights into how these materials will 

be optimised and made more efficient and robust going into the future. 

Chapter 2 outlined the methods which were utilised throughout this thesis. It included the synthesis 

methods for differing mesoporous silicas along with the preparation of the highly oxidative 

piranha acid solution. The methods of analysis which included the instruments that were used was 

also discussed. The principals of these characterisation techniques were also mentioned and also 

the operating parameters.  
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Chapter 3 focused on the hydroxylation of mesoporous silicas. Pre-treatment steps including 

refluxing in piranha acid solution, nitric acid and water were examined. A dry-cleaning method 

using ultraviolet/ozonolysis was also carried out. The impact of cleaning showed that re-

hydroxylation of siloxanes to silanol groups did not occur. It did however show that silanols 

present were cleaned of adsorbates and were now accessible for grafting. It was shown that 

grafting increased due to cleaning especially for piranha acid solution. These processes, common 

in the semiconductor industry, can now be shown to be very beneficial as efficiency can be 

increase due to higher grafting numbers. Further work into the area of cleaning should be examined 

especially looking at other cleaning methods. Some of these might include hydrofluoric acid and 

methods described as RCA (SC-I & SC-II). Methods used for pore expansion could also be 

examined to determine if these routes can clean and in turn increase attachment of different 

functional groups. It would also be worthwhile to prove that other ligands act in the same way as 

APTS.  

Chapter 4 presented the functionalisation of mesoporous silicas with poly-2-vinyl pyridine. Two 

types of mesoporous silicas were synthesised and studied which are known as SBA-15 and MCM-

41. Attachment of differing polymer weights of P2vP to these materials showed two completely 

different curves for the two materials. SBA-15 which has larger pores, but a lower surface area 

was able to attain higher loading of the polymer while also more of the higher P2vP weights. 

Infiltration of metal salts into the silica support is utilised by its interaction with the pyridine ring 

specifically the nitrogen component. Cerium salt selectively infiltrated into the polymer and was 

measured. Future work and ideas into this process could be extended to other metal salts. Some of 

these metals could include nickel, platinum, ruthenium, or titanium with applications such as 

catalysis and heavy metal extraction. Further research into producing these devices or supports 

with data to back up their potential performance at their specific role.  

Chapter 5 explored the proof of concept of producing potential devices which can utilise the 

benefits of mesoporous silicas to provide supports as antimicrobial. The chapter examined the 
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attachment of mesoporous silicas to silicon dioxide wafers using silane linkers on both materials. 

APTS was grafted to mesoporous silica SBA-15 while silicon substrates were functionalised with 

GTPS. Oregano essential oils were loaded into SBA-15 and functionalised SBA-15 where 

antimicrobial activity was determined. Although the device did not show any antimicrobial 

activity it did prove that the potential joining of the two materials could be useful if examined 

further. Determining the coverage of GPTS on the wafer and determining the amount of SBA 

attached could improve its potential. Techniques such as ellipsometry and raman spectroscopy 

could help in these. Also increasing the potential weight of the oil could impact by improving 

antimicrobial activity. Finally, further studies at combining mesoporous silicas so polymers which 

could be included in food packaging to further develop the device.  
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7.1 Appendix 

7.1.1 Articles to be submitted 

i. ‘Functionalisation and optimisation of ordered mesoporous silica with hydroxy-

terminated poly-2-vinyl pyridine with applications in metal salt infiltration’ - Microporous 

and mesoporous materials. 

 

7.1.2 Conference Presentations 

i. O’Mahony, T F; Morris M A; Lundy R; ‘Comparison of functionalisation of mesoporous 

silicas and silicon wafer substrates with hydroxy-terminated poly-2-vinyl pyridine with 

metal adsorption by infiltration for various applications’ ECASIA 2019, 15-20 

September 2019, Dresden, Germany (Oral presentation). 

ii. O’Mahony, T F; Morris, M A; ‘Effect of rehydroxylation methods on mesoporous silica 

with direct comparison to functionalisation’ MRS Fall Meeting, 1-6 December 2019, 

Boston, USA (Poster presentation). 

iii. O’Mahony, T F; Morris, M A; ‘Effect of rehydroxylation methods on mesoporous silica 

with direct comparison to functionalisation’ AMBER Conference, 15 January 2020, 

Portlaoise, Ireland (Poster presentation). 

 



 

 

 

 

  



 

 

 

 


