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Abstract 

 

Synthetic strategies towards the improvement of columns for use in High 

Pressure Liquid Chromatography 

 

Kevin Skinley 

 

Supervisor: Professor Peter Myers 

 
 The history of chromatographic theory has always been driven to the development 

of smaller particles. The use of smaller more uniform particle diameters results in more 

effective separations and faster optimal mobile phase velocities, therefore producing lower 

plate heights; consequently the use of sub 2 micron silica particles has delivered a 

significant impact on the practice of high pressure liquid chromatography. The main issue 

with sub 2 micron silica particles however, is related to their manufacture. It is difficult to 

produce such highly specialised materials homogeneously and there are only a handful of 

methods in the literature.  

 This dissertation outlines work that is intended to improve our technical knowledge 

of this subject by studying the synthesis (of both non porous and totally porous) spherical 

silica particles to drive improvements. Further investigations into surface functionalisation 

as well as column packing are also studied.  

 Several experimental tools have been developed to drive improvements to the 

manufacture of such materials. For example, the experimental challenges necessitated the 

development and implementation of the following in this work;  

1. Full evaluation of the experimental and technical requirements of the Stöber 

reaction to produce good quality particles greater than one micron in diameter.  

2. Transfer of the key outcomes from non porous particle synthesis to produce totally 

porous particles via modified Stöber reactions and pseudomorphism,  

3. Indentified new types of surfactants that could produce high porosity silica 

particles,  

4. The use of microwave irradiation to dramatically speed up surface functionalisation 

processes,  

5. Investigation of column packing’s via computer simulation. 
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 On the basis of this works experimental data, it is concluded that good quality non 

porous and totally porous spherical silica particles can be produced from the 

ethanol/water/ammonia hydrolysis system of the Stöber reaction up to two microns in 

diameter with a narrow particle size distribution. Key experimental procedures that are 

often overlooked in the literature have been highlighted to facilitate successful reactions. 

The resultant materials can be used for future column packing’s or as starting materials for 

the production of superficially porous materials.  

 The use of microwave irradiation was shown to dramatically improve surface 

functionalisation reaction times whilst incorporating reduced solvent volumes and reduced 

energy expenditure. Reaction times of five minutes were shown to produce packing’s 

possessing the level of surface coverage associated with commercially produced phases (3 

μmoles/m
2
 ) which traditionally use disordered heating methods such as reflux with long 

reaction times. The use of microwave “superheating” or slightly longer reaction times of 

20 minutes further increased the overall bonding density.  

 Computer simulation of commercial packing’s showed the influence of large 

particles within the distribution on bed formation. Larger particles are pushed towards the 

top of the column chamber by the sedimentation of smaller particles. This effect is 

completely analogous to the phenomenon of  “The Brazil nut effect”. More uniform 

packing’s would reduce the overall impact.  

 This work improves our understanding of the complex nature of HPLC column 

phase synthesis as well as provides new tools for future research. 
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Objectives 

This thesis is concerned with developing strategies towards the improvement of 

chromatographic columns for use in High Pressure Liquid Chromatography (HPLC). 

Experimental objectives are focused on: 

(1) particle synthesis - both non porous and porous silica micro 

particles 

(2) novel methods to the production of bonded phases, and  

(3) developing some insights into the HPLC column packing 

process via the use of new simulation software. 

Central questions related to these objectives include:  

(1) can clean non porous and totally porous silica micro particles 

be produced of narrow or preferably monodisperse size 

distribution from the Stöber process 

(2) can the reproducibility of the manufacture of bonded phases 

employed in  HPLC be enhanced  

(3) can the column packing process be better understood via 

simulation? 

Answering these questions is important in the quest towards improvements to 

current HPLC columns. 

As part of my research many methodologies have been evaluated or originally 

developed. Fully evaluated methods include the Stöber and Modified Stöber processes for 

monodisperse particle production, where key information was gained thus facilitating 

better synthesis protocols. Important information which is normally omitted or glossed 

over in the literature has been included, to aid other researchers in the field who may have 

an interest. 

This research also required the improvement of existing methods and the 

development of new methods. 
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Improvements to existing methods include:  

(1) full rationale as to the importance of the purity of solvents and 

starting silica source, for particle production.  

(2) the use of new technologies i.e. multiple reaction platforms,  

(3) the identification of possible new polymers for use as porogen in 

Supramolecular Templating,  

(4) the application of pseudomorphism to produce porous particles 

from non porous particles 

(5) the use of simulation software to enhance column packing 

understanding. 

An original method involving the use of microwave irradiation to enhance silica 

surface derivatisation, with respect to reaction time, energy, solvent consumption and in 

some examples bonding density, was fully developed and rigorously tested. 

The thesis is broken into three major sections:  

(1) Particle synthesis, which in turn is divided into non porous and totally 

porous particle production, 

(2) Silica Surface derivatisation and 

(3) Column Packing.  

All of these sections are interconnected, the tools and methodologies developed in 

the first three sections are beneficial to the research in the final sections. However each 

section is also relatively independent. Each has its own literature review, theory, 

experimental, results and discussion and conclusions subsections. 
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1: Introduction 

 

1.1: Project Outline 

 

 High Performance Liquid Chromatography, or HPLC, is the most widely used 

analytical separation method. 
1, 2 

The history of HPLC is primarily about the history and 

evolution of particle technology. Whilst instrumental developments such as improved 

pumps, gradient formers, valves and detectors have all been important, most of the real 

innovations that have propelled the HPLC technique to prominence have been related to 

HPLC particles and columns. 

  
 
Early 

3
 chromatographic theories were developed in parallel with advances in gas 

chromatography (GC) in the 1950s and 1960s. This theory clarified the advantages of 

small particles in chromatography, principally reductions in two terms, eddy diffusion (A 

term) and resistance to mass transfer (C term), of the van Deemter equation.
4
 Despite 

having its limitations the theory clearly predicted that the use of smaller and more uniform 

particles would result in more effective separations and faster optimum mobile-phase 

velocities—the irresistible pull of “better and faster.” 
3 

Table 1.1 depicts the history of 

HPLC particle technology, in which important new developments have occurred on a 

regular basis for more than 40 years. While porous layer particles made a brief appearance 

in the 1960s and early 1970s, the steady trend has been to reduce particle size to improve 

efficiency. 

 Better column efficiency slows the rate of band spreading and creates narrower 

peaks, allowing columns to deliver higher resolution and peak capacity. More efficiency 

also enables more speed and less solvent consumption because shorter columns can give 

the same separation as longer, larger particle columns.   
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Table 1.1: Trends in HPLC column packing technology. As particle diameter decreased the 

resultant back pressure increases as well as efficiency. Data obtained from a 100*4.6mm 

50/50 ACN/water at 1ml/min. 

Year Size/µm Pressure (Bar) Plates/metre 

1972 10 15 40000 

1976 5 20 50000 

1980 5 30 60000 

1982 5 50 80000 

1985 3 150 120000 

1992 1.5 430 200000 

2000 2.5 200 160000 

2003 1.8 400 220000 

2007 2.7 (core shell) 100 200000 

 

In 
5
 the mid 1990s, instrumentation was developed in the laboratory of Jorgenson 

that could operate at pressures significantly higher than any commercial HPLC systems.
6
 

These systems were capable of running 1.0 μm non-porous silica (NPS) particles to 

pressures in excess of 7000 bar.
5
 This separation technique was termed Ultra High Pressure 

Liquid Chromatography (UHPLC) and demonstrated improvements in chromatography 

efficiency and speed of analysis from standard HPLC systems.
7-12

 In 
.
2004, Waters 

Corporation was the first to introduce commercial LC systems capable of reaching 

pressures of 1000 bar, which they named ACQUITY Ultra Performance Liquid 

Chromatography® (UPLC).
13

 These systems use stainless steel columns packed with 1.7 

μm particles. Not long afterwards, other companies began selling their UPLC instruments; 

Agilent’s 1200 Series RRLC, Thermo Fisher Scientifics Accela and Agilent 1290, which 

have pressure limits of 600, 1000, and 1200 bar respectively and also utilize columns 

packed with sub 2 μm silica particles of which silica is still the most commonly employed 
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adsorbent. More recently, commercial instruments are being introduced that can run at 

these same higher pressures with low flow rates (nl/min) and utilize capillary columns.  

 Yong Wang et al 
14

 wrote an excellent review paper in 2012 on how the use of sub 

2 micron materials can be used in chromatography and perhaps more importantly how 

these materials can play a major role in the future, as next generation chromatographic 

materials. They discuss the early breakthroughs (and limitations) in the use on non porous 

silica particles generating more than 200,000 theoretical plates for the separation of small 

organic compounds,
6,7

 moving onto MCM-41,
17-19

 SBA-15 
20-22

 and core shell silicas 
23-25

  

that can be employed.  

 The main constraint with sub 2 μm packing materials is the inability to produce 

such materials homogeneously.
25

 As stated earlier in the text, particles should preferably be 

more uniform as well as smaller in diameter. Accuracy and precision of the particle size, 

with respect to the particle size distribution becomes increasingly important as particle size 

decreases. In practise the smaller the particle size distribution, the more consistent the 

column packing. If the distribution contains many larger particles, and is not tightly 

controlled the efficiency of the column will suffer and column to column reproducibility 

will vary. More importantly, if the traditional column contains particles less than 1 micron 

(termed fines) in diameter, clogging of the column frit and unwanted column backpressure 

can result.  

 Synthetic strategies applied to produce uniform size (of at least a narrow size 

distribution or preferably monodisperse) are often complex and the plethora of methods in 

the literature does not always lead to neither similar nor reproducible results. Important, 

often critical aspects of the syntheses are either glossed over or at worse completely 

omitted. 

 This chapter provides the theoretical background required to fully understand this 

thesis and its implications. 
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1.2: Chromatography Theory 

 

1.2.1: Retention Factor and Chemical Equilibrium 

 

 The separation of analytes in liquid chromatography is based on how the analytes 

partition between mobile and stationary phases. This can be described by the partition 

coefficient K: 

  
  

  
  

Where CS is the concentration of analyte in the stationary phase and CM is the 

concentration of analyte in the mobile phase. Analytes with a large K will spend more time 

in the stationary phase than those with a lower K, causing them to elute later. 

The distribution of analyte molecules between the two phases can also be described by the 

retention factor, k’: 

   
  

  
 

Where nS and nM, are the number of moles of solute in the stationary and mobile phases 

respectively. The retention factor and partition coefficient can be related by the phase ratio, 

β:  

  
  

  
 

Where VS and VM are the volumes of the stationary and mobile phases, respectively, such 

that: 

      

The retention factor can also be thought of as the time, tS, that an analyte spends in the 

stationary phase relative to the time, tM that it spends in the mobile phase. 
1
 

   
  

  
 

 1-2 

 1-3 

 1-4 

1-5 

1-1 
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Since the time an analyte does not spend in one phase must be spent in the other, the time 

in the stationary phase can be given by the total time spent in the column (tR) minus the 

time spent in the mobile phase: 

   
     

  
 

Where tM is referred to as the dead time, or the elution time for an unretained analyte.
2
 All 

analytes will spend the same amount of time in the mobile phase, therefore, the separation 

between analytes occurs when the analytes partition into and out of the stationary phase. 

1.2.2: Chromatography Separation Efficiency  

 

 When analytes are injected onto a column they form a zone or band of finite width. 

The injected zones of different analytes will be of essentially equal spatial width, and 

centered at the same point. As the analyte zones migrate down the column they become 

separated based upon differences in partition coefficients, and will be broadened due to 

several different phenomena. The broader the zones are, the more difficult it is to separate 

the analytes. The amount of broadening an analyte zone undergoes during a separation 

relative to the amount of time or distance that it travels through a column is described by 

the separation efficiency.
27

 

 The individual molecules that make up an analyte band do not all follow the same 

path through the column. Analyte molecules will be distributed around the centre of the 

zone and since band broadening occurs as a result of a large number of random processes, 

the distribution of the analyte molecules in a zone will follow a Gaussian profile.
28

 The 

spatial width of a Gaussian peak can be defined in terms of its standard deviation (σL). The 

separation efficiency of a chromatography column can be defined as the number of 

theoretical plates (N), where N is equal to the length of the column (L) squared divided by 

the total spatial variance (σL
2
) of a peak: 

  
  

  
  

Since a chromatogram most often is a representation of the data in a time scale, N must be 

calculated from the zone’s temporal variance (σt
2
) and retention time: 

 1-6 

 1-7 
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 The height equivalent to a theoretical plate, (HETP or H), also referred to as the plate 

height, can be calculated from the number of theoretical plates: 

  
 

 
 

Therefore, a low plate height is also indicative of good chromatographic performance. 

1.2.3: van Deemter Theory 

 

 The total variance for an analyte band is the result of many different processes. As 

long as these processes are independent of each other, the sum of all the individual 

processes will form the total variance for the analyte band. 
1
 Therefore, the plate height can 

be expressed as the sum of the variances divided by the length of the column: 

   
  

 

 
  

   
    

      
 

 
   

  
 

 
 

  
 

 
 

  
 

 
   

These independent variances can be summed together as three different terms: 

           

These terms can be further expressed based on their dependence on the linear velocity of 

the mobile phase (μ) and are defined by the van Deemter equation: 
4
 

    
 

 
    

Where A, B and C are known as the van Deemter coefficients, and these three independent 

terms all contribute to the overall broadening of an analyte band. A plot of the plate height 

versus the linear velocity of the mobile phase gives the familiar van Deemter curve as 

shown in Figure 1.1. The van Deemter curve has a minimum, called the minimum plate 

height (Hmin) where the highest efficiency is obtained. Where Hmin occurs on the plot, a 

specific linear velocity (µopt) is defined which is the optimum linear velocity at which the 
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maximum plate number will be achieved. The three van Deemter coefficients can be 

expanded further to help understand the causes for band broadening in greater detail. 

 

 

 

Figure 1.1: Theoretical van Deemter curve showing the contributions to H from the A, B 

and C terms. 

 

 The A term of the van Deemter equation is independent of linear velocity and is 

usually referred to as the eddy diffusion or multiple paths term. Band broadening occurs 

from the variety of paths that analyte molecules can take through a packed bed. The 

different paths will vary in length and mobile phase does not move at the same linear 

velocity through each path. These variations in paths lead to band broadening. The A term 

is defined as: 

          

Where λ is a parameter (with a value near 1) related to the structure of the packed bed and 

dp is the particle diameter. 

1.13 
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 The B term is inversely proportional to the linear velocity and is referred to as the 

longitudinal diffusion term. B term broadening occurs from the simple diffusion that 

analyte molecules experience within an analyte band. The longer an analyte band remains 

in the column, the more time it has to diffuse. The B term is defined by the following 

equation: 

 

   
 

 
 

    

 
 

Where Dm is the diffusion coefficient of the analyte in the mobile phase and γ is a 

tortuosity factor to account for the partial obstruction to diffusion caused by the packed 

bed. 

 The C term, or resistance to mass transfer term, is the most complex of the three 

terms. The C term represents any contribution to band broadening that becomes worse with 

increasing linear velocity. Typically, there are three main contributions to the resistance to 

mass transfer: resistance to mass transfer in the mobile phase (HCM), resistance to mass 

transfer in the stationary phase (HCS), and resistance to mass transfer in the stagnant mobile 

phase (HCSM) located in the pores of the particles. 

 

The mobile phase C term is defined as: 

     
               

  

          

 

Where x is a parameter (typically between 5 and 20) related to the structure of the packed 

bed. This equation arises from the finite time it takes for a molecule to diffuse from mobile 

phase to the surface of the packing.
1
 There are essentially two main causes of the resistance 

to mass transfer in the mobile phase. The first is that in a packed bed, the flow occurs in 

the interstitial spaces between the particles. The flow will be greater near the centre of the 

interstitial space due to the friction imposed by the walls (in this case the particles). The 

analyte molecules near the centre of this space will move faster than those near the wall, 

causing the zone to broaden. This effect is more pronounced at higher velocities and 

through larger interstitial spaces. In addition, the resistance to mass transfer in the mobile 

phase is also caused by the fact that the analyte molecules must diffuse from the bulk 
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mobile phase to the particle surface in order to interact and partition with the stationary 

phase. Therefore, analyte molecules that are in the centre of the interstitial space might 

migrate farther down the column than those analyte molecules that near a particle surface 

before undergoing a partitioning event. It is this second cause of resistance to mass transfer 

in the mobile phase that explains the dependence of HCM on k’. These two effects are 

influenced by larger interstitial spaces, explaining the presence of the dp
2
 term in Equation 

1-15. In addition, these effects are decreased by faster diffusion, therefore, explaining the 

inverse relationship between HCM and DM. 

 

 The resistance to mass transfer in the stationary phase (HCS) is given by: 

 

    
   

    

     
     

 

Where ds is the thickness of the stationary phase and Ds is the diffusion coefficient of the 

analyte in the stationary phase. The resistance to mass transfer in the stationary phase is 

caused by the time it takes for the analyte to diffuse out of the stationary phase. The HCS 

term will be zero for an unretained analyte (k’ = 0). Additionally, for an analyte with 

infinite retention (k’ = ∞) the HCS term will be zero. Therefore, HCS will experience a 

maximum at k’ = 1.
1.

 The stationary phases for the modern HPLC packing materials are 

typically bonded to the particle surface in a monolayer. Therefore, ds is extremely small, 

making the HCS term small compared to the HCM term. 

 The resistance to mass transfer in the stagnant mobile phase of a porous particle is 

given by: 

     
           

  

                 
 

Where φ is the fraction of the total mobile phase located in the pores of the particle and Ø 

is the tortuosity factor within the pores.
1
 Band broadening arises from some of the analyte 

molecules diffusing more deeply into the pores and spending more time there than others. 

If the particles do not have any pores this term is zero. It is believed that the main 

contribution to the resistance to mass transfer is from the mobile phase HCM term.
1
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 In order to compare columns packed with different sized particles, or analytes with 

different diffusion coefficients, reduced van Deemter parameters can be used. The reduced 

plate height, h, is defined as: 

   
 

  
 

The reduced linear velocity, v, is defined as 

  
   

  
 

If these terms are substituted into the van Deemter equation, the reduced parameter van 

Deemter equation is obtained: 

    
 

 
    

 The reduced parameter a, b and c-terms are dimensionless parameters which can be 

used to evaluate and compare column performance on any chromatographic column. A 

combination of theoretical analysis and experimental data indicate that a well packed 

HPLC column will have reduced parameter terms around: a = 1, b = 2 and c = 0.1. In 

addition, the column will typically have a minimum reduced plate height of approximately 

2 and an optimum linear velocity of approximately 3.
1, 2

 

1.2.4: Small Particles and Ultrahigh Pressures 

 

 The dependence of the van Deemter A and C terms on particle diameter indicate 

that the smallest diameter particles should be used. The A term is proportional to the 

particle diameter, and the C term is proportional to the particle diameter squared. 

Decreasing the particle diameter will decrease the minimum plate height, as well as the 

slope of the van Deemter curve at higher linear velocities. This allows for the 

chromatographic efficiency (number of plates) to be higher, the optimum linear velocity 

will be faster, and runs to be performed at velocities above uopt without sacrificing much 

efficiency. This is illustrated in Figure 1.2; van Deemter curves have been calculated for 

several particle diameters using Equations 1-13 through 1-15. Values that are typical for 

“well packed” columns have been used for the dimensionless parameters in these 

equations; λ, γ, and x were approximated as 0.5, 1, and 5, respectively. 
1
 The particle 
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diameters most commonly used in commercial columns are 3.5 to 5 μm and are 

represented by the gray region. UHPLC with 1 μm particles are shown in the red trace. It is 

clear that there is a distinct advantage to using smaller particle diameters for 

chromatographic analysis.  

 

 

Figure 1.2: Theoretical van Deemter curves for HPLC, UPLC and UHPLC showing the decrease in Hmin, 

increase in μopt, and overall decrease in the slope of the high linear velocity region. Particle diameters: HPLC, 

3 – 5 μm; UPLC, 1.9 μm; UHPLC; 1.0 μm. 

 

 

 A practical limitation to using smaller particles is that the pressure (ΔP) required to 

force a liquid through a packed bed is inversely proportional to the particle diameter 

squared
1 

   
    

  
 

 

Where ω is a flow resistance factor related to the structure of the packed bed, η is the 

mobile phase viscosity, and L is the length of the packed bed. This indicates that there is an 

1-21 



Chapter 1 - Introduction 

 

 

12 
 

inverse relationship between the pressure drop and the particle diameter squared.
1
 

Furthermore, the optimal linear velocity is inversely proportional to particle diameter 

     
 

  
 

 Therefore, the pressure drop required to obtain the optimal linear velocity is 

inversely proportional to the particle diameter cubed. 

   
 

  
  

 The result of this relationship is that the pressure required to force mobile phase 

through the column at the optimum linear velocity increases greatly as the particle size 

decreases. In order to benefit from the increased efficiency associated with small stationary 

phase particles one needs to use high pressures. 

.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1-22 

 1-23 



Chapter 1 - Introduction 

 

 

13 
 

1.3: The Particle Size Distribution 

 The traditional methods of manufacturing porous silica stationary phase particles 

from sol-gel processing results in polydispersion.
29

 There is always an associated particle 

size distribution (PSD) which spreads typically from 0.5μm anywhere up to 30 - 50 µm in 

diameter. The particles must then be separated on the basis of size by exhaustive and costly 

methods such as air classification or elutriation.
29

 This is important 
30

 as it is commonly 

accepted that the particle size distribution of packed columns used in HPLC has a large 

influence on their chromatographic performance.
1, 31-33

 Figure 1.3 illustrates silica particles 

produced via sol gel processing before and after classification. Although it seems 

preferable to use particles with a narrow size distribution and commercial literature also 

often presents narrow particle size distributions as “desirable”, little scientific literature is 

available to support this statement.
30, 32

  

 

 

Figure 1.3: Particle size number distributions of porous silica particles manufactured from sol-gel processing. 

Images show material from pre classification and fully classified batches. The resultant loss in yield from 

classification procedures is extensive. 
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 Early 
30

 studies have demonstrated that the width of the particle size distribution 

does not influence the efficiency and permeability of a support as long as the distribution is 

no greater than 40% around the mean.
31

 Dewaele and Verzele studied the effect of an 

increasing particle size distribution by mixing two batches of different particle sizes 

together in different ratios.
32

 They found that a large PSD had no influence on column 

efficiency if the eluting speed was kept around the optimum velocity, while at higher flow 

rates a small negative effect was observed. 
30

 Because the A-term contribution was not 

affected by a greater particle size distribution, the authors concluded that improvements in 

chromatographic results should not be expected from smaller particle size distributions. 

Similar observations were made by Endele et al 
33 

who obtained values for the A-term 

contribution of porous silica particles (5 – 35μm) that were independent of the PSD width 

(δ = 0.1– 0.25) of the packings. However, 
30 

these authors interpreted their plate height data 

by reducing them with an equivalent sphere diameter, based on the experimentally 

measured column permeability and the assumption that the flow resistance factor is equal 

for particles from the same origin as well as their mixtures. It must be remarked that there 

is no theoretical foundation for the employed equivalent sphere diameter approach (which 

is based on the questionable assumption that the flow resistance is independent of the 

PSD).
30

 Given that it can be assumed that a mixture of particles with a widely differing 

diameter will give rise to a packing structure wherein the small particles settle in the 

through-pores formed around the largest particles, hence more or less blocking these larger 

through-pores, it can be inferred that this packing will have a different “shape” or flow 

resistance than that of a pure particle batch. Therefore, the conclusions of the Dewaele and 

Verzele-paper might be biased.
30

 

  Since these early studies, there has been considerable change to the landscape of 

particle manufacturing. Much effort has been dedicated to improve column packing 

strategies, resulting in more reproducible and overall better performing columns. With the 

advent of the sub 2 μm particles, which have proven to be more difficult to produce 

homogeneously.
34

 The importance of a narrow PSD has become a timely topic again.  

 To re-evaluate 
30

 the results from Dewaele and Verzele 
32 

a similar study by Billen 

et al 
35 

was repeated by mixing two batches of 1.7 and 2.2 μm material in different ratios 

and subsequently evaluating the chromatographic performance of the columns packed with 

these particle mixtures.
35

 These chromatographic results were subsequently compared with 
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the PSDs obtained by Coulter counting measurements. Because no clear relation was 

obtained between the observed chromatographic performance and the width of the PSD of 

the different columns, it was concluded that there was no direct relation between the span 

of the PSD and the packing quality.
30,35

 The only significant effect that could be observed 

was related to the number of fines in the particle mixtures. When this number was high, the 

kinetic performance of the columns was worse and vice versa. This could be explained by 

the fact that these fines are able to position themselves between the larger particles, in this 

way increasing the flow resistance of the packing material. The width of the PSDs obtained 

for these columns, however, was in the rather narrow range of δ = 0.19 – 0.26. This limited 

range might have made it difficult to see a clear relationship between PSD and minimum 

reduced plate height.
30, 35

   

 More recent studies, focused on particles with a different design such as the 

superficially porous particles, have suggested that particles displaying a very narrow PSD 

can lead to unprecedented low minimal plate heights.
36, 37 

It is however unclear whether 

this finding can be purely related, because there are also other factors that might influence 

the packing quality. Superficially porous particles possessing a monodisperse solid non 

porous core for example, have a higher density and some of them are rougher than fully 

porous particles. 
36, 38 

This might also have had an influence on the achieved packing 

quality, apart from the PSD. Computer simulations have also suggested that narrower 

particle size distributions result in more homogeneous packed beds of higher efficiency.
39

 

  The separation efficiency and kinetics of several commercial HPLC particle types 

(both fully porous and superficially porous) was investigated 
30

 using a pharmaceutical 

weakly basic nitrogen-containing compound as a test molecule. A strong trend between the 

particle size distribution of the particles and the typically employed “goodness of packing” 

parameters was observed. The relative standard deviation of the PSD of the tested particles 

ranged between 0.05 and 0.2, and in this range, a near linear relationship between the A-

term constant, the hmin-value and the minimal separation impedance was found. The 

experimental findings hence confirm the recent observations regarding the relationship 

between the narrow PSD of the recently commercialized porous-shell particles and their 

superior efficiency and kinetic performance. The outcome also suggested that the 

performance of the current generation of fully porous particle columns could be 

significantly improved if the PSD of these particles could be reduced.  
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 In 1965, Calvin Giddings wrote about the effect of mean particle diameter on 

HPLC column performance, 
40

 "The foregoing arguments indicate that a zero particle 

diameter is the optimum. However, very little resolution gain is found beyond a certain 

reduction in dp because the term mainly affected, ω dp
2
v/Dm, rapidly becomes negligible. 

Thus, a point is reached in reducing dp where there is very little theoretical advantage, and 

severe practical disadvantage to further reduction. The practical disadvantages stem from 

the excessive pressure drop needed to force mobile fluid through the column and the 

difficulty of preparing a uniform packing of extremely fine materials." Giddings was 

already explaining that the C-term alone would not be able to deliver better small molecule 

performance below a certain particle size and was pointing to the A-term or flow 

uniformity for additional gains.
41

 

  John Knox 
42

 stated in his 1999 paper that future improvements to LC packings and 

columns should focus on term dispersion, and column packing. At the time improvements 

of LC packings concentrated on trying to reduce the contribution to dispersion from slow 

mass transfer  in the static zone (C-term dispersion –(The packed column structure can be 

characterised into divisions either according to thermodynamic phases (mobile and 

stationary phases) or according to kinetic zones (moving and static zones))). This strategy 

was shown to be misguided and the most important contribution to band broadening comes 

from the moving zone (A-term dispersion).  

Reduced A term dispersion and better column packing are seen as the all important 

factors towards more efficient columns. Knox concluded that further study should be 

performed using monodisperse particles packed into columns. At that time monodisperse 

particles in the size ranges to suit the available instrumentation of the time were not 

commercially available. The relevantly recent availability of superficially porous columns 

fit these ideals however, they were marketed initially as improving C term dispersion.  
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1.4: Thesis overview 

 

The work presented in this thesis is primarily focused on improving the capabilities 

of HPLC and UHPLC techniques, by reviewing and developing new methods for the 

production of narrow size distribution particles in the size ranges required for these 

applications (< 2 μm). The work involves the uses a variety of techniques to produce non 

porous and totally porous silica particles. Full details will be explained in the relevant 

sections of work. 

Chapters 2 and 3 fall under a generic title of Particle synthesis, covering research in 

production of non porous particles, and totally porous particles respectively. 

 In Chapter 4 investigation into improvements towards silanisation reactions are 

explored, by the use of microwave irradiation. Chapter 5 explores some simulation 

examples of packings via a new commercial software program. 
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Chapter 2: Particle synthesis - Non Porous Stöber Silica Parti-

cles 

2.1: Introduction 

 The particles required are highly specialised. For chromatography particles must 

meet very stringent requirements. They need to: preferably be spherical-for optimum pack-

ing into columns (Spherical particles provide higher efficiency, better column stability and 

lower back pressures compared to former irregular shaped particles); they need to be me-

chanically stable to withstand the high pressures used in column packing; offer a wide va-

riety of particle sizes in the micrometer domain- traditional HPLC packings 10 μm – 3 μm, 

UPLC < 2 μm without the need for extensive and exhaustive classifying techniques; have 

defined physical properties-with respect to specific surface area, pore volume, pore diame-

ter; contain low levels of metallic impurities; accept a variety of surface functionalities and 

possess a narrow particle size distribution.  

 The most commonly reported synthesis of non porous monodisperse silica spheres 

is classed as the Stöber process.
1
 Stöber silica particles are made from alkyl orthosilicates 

and can meet all of above listed requirements, but such highly specific particles are not 

readily available commercially. The result is that the particles required for this research 

had to be synthesised in-house.  

 In this chapter the aim of the work was to produce such spheres in the size domains 

of greater than one micron in diameter via this process. Traditionally the growth of high 

quality non porous Stöber silica can be difficult (as will be discussed) further exacerbated 

when performing “modified Stöber” type reactions to produce porous silica particles 

(Chapter 3).  

 Due to a lack of institutional knowledge in this area, combined with a body of lit-

erature that often skips or glosses over subtle but extremely important details, a consider-

able amount of time and effort was invested in implementing (and in some cases develop-

ing) synthesis methods required to produce good quality, highly specialised Stöber silica 

particles. Chapters 2 and 3 not only document the synthesis work in producing non porous 

and totally porous materials as part of this dissertation, but also provide a convenient guide 

to other researchers interested in the synthesis of specialised particles. 



Chapter 2: Particle Synthesis - Non Porous Stöber Silica Particles 

 

 

22 
 

 

 The first section of chapter 2 outlines the methods needed to produce non porous 

silica spheres from the seminal Stöber reaction.
1
 In this phase of the work, good quality 

(i.e. low polydispersity) Stöber silica particles were synthesised in the size ranges suitable 

for use in chromatography as supports or as the solid core element of the newer generation 

superficially porous particles. Despite the obvious advances of the Stöber synthesis, there 

remains a void in the literature of established synthesis protocols to produce large spheres 

(>1micron). Within the literature there are a plethora of synthesis methods to produce 

nanoparticles. The few methods related to larger particle sizes give hope that better meth-

ods can be developed. Most Stöber protocols still use the traditional etha-

nol/ammonia/water hydrolysis system which is ideal for making chromatographic silicas, 

as the purity of these solvents can be more tightly controlled as opposed to other hydrolysis 

solution components. High purity silica particles are now a fundamental part of chromatog-

raphy media. Highly pure (type B) silicas have fewer metallic impurities therefore, fewer 

acidic sites i.e. reduced silanol activity, hence reducing peak tailing during chroma-

tographic separations   

 The main emphasis of this work is to explore reaction conditions that would facili-

tate the production of particles greater than one micron in diameter. The use of slow 

growth conditions was demonstrated to be an advantageous route for the growth of Stöber 

spheres. Higher than standard TEOS concentrations were shown to produce narrow size 

distributions with a higher mass fraction (5-10%). An alternative method was devised to 

produce high yields of silica particles however, with a slightly larger size distribution. 

These advances allowed for the synthesis of good quality, specialised particles required for 

the applications discussed in this dissertation. 

 

2.2 Literature Review and Theory 

2.2.1 Introduction - Alkyl Orthosilicates 

 A broad variety of useful silica materials may be synthesized from the hydrolysis 

and polycondensation of alkyl orthosilicates, including thin films, dispersions of amor-

phous silica colloidal particles, and porous inorganic networks (gels). Alkyl orthosilicates 

are a class of compounds with the general structure of Si (OR) 4, where R is an alkyl group. 

Typically, orthosilicates with alkyl groups of one to five carbons are used for synthesis of 
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colloidal silica particles,
1
 with the two carbon alkyl orthosilicate [tetraethylorthosilicate 

(TEOS)] occurring with particular frequency.
1-4

 

2.2.2: Alkyl Orthosilicate Synthesis  

 

 The synthesis of alkyl orthosilicates is accomplished through the addition of an an-

hydrous non-denatured (preservative free) alcohol to silicon tetrachloride (SiCl4).
5
 The re-

action is executed via the drop wise addition of the alcohol to SiCl4, with the total amount 

of alcohol added in 10% excess of the stoichiometric requirement.
5
 A considerable amount 

of gaseous hydrochloric acid (HCl) is released by the reaction, and the SiCl4 must be 

chilled to below 0 °C during the course of the procedure to control the reaction.
5
 Catalytic 

by products such as borane derivatives are also left behind during the manufacturing proc-

ess. 

 Much of the residual HCl is removed from the alkyl orthosilicate after synthesis by 

sparging the reaction product with dry nitrogen (N2) gas.
5
 However, the subsequent use of 

calcium oxide (CaO) may be required to minimize the amount of HCl dissolved in the al-

kyl orthosilicate.
6
 Should the alkyl orthosilicate require further purification, vacuum distil-

lation is recommended, as attempts at atmospheric pressure distillation results in the de-

composition of the orthosilicate.
6
 

 The extreme susceptibility of alkyl orthosilicates to aerial oxidation facilitates the 

need for purification prior to any use.
1, 6

 The alkyl orthosilicates undergo hydrolysis when 

exposed to minimal concentrations of moisture, leading to a mixture containing the silicate 

species with various oligomeric and polymeric forms of the material. These species may 

influence the particle formation and especially the monodispersity of the particle size dis-

tribution. 

 

2.2.3: Reaction Overview 

 The synthesis of silica materials from alkyl orthosilicates begins with the hydroly-

sis of the orthosilicate to orthosilicic acid (H4SiO4), followed by the polycondensation into 

higher silicic acids [SiOx (OH)4-2x]n.
7
 The reaction between water and the orthosilicate is 

catalyzed by either acidic or basic pH levels.
7
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 Under acidic levels, the hydrogen ion (H+) attacks an oxygen in the orthosilicate, 

leaving the silicon (Si) atom vulnerable to attack from a water molecule.
7
 Following, a hy-

drogen ion from the water molecule and the alkyl group in the form of an alcohol are 

ejected.
7
 Under basic conditions, the hydroxide ion (OH-) attacks Si atom directly, allow-

ing water to attack the alkyl group, thereby ejecting an alcohol and a new hydroxide ion. 
3, 

7
 The removal of the first alkyl group is considered to be the rate limiting step of the com-

plete hydrolysis of an alkyl orthosilicate molecule due to the electron withdrawing nature 

of the attached hydroxide group.
3
 The hydrolysis reaction is exothermic.

8
 

 

 

Figure 2.1: An overview of the sol gel process from tetra functional silane precursors, which pro-

ceed with hydrolysis and condensation during polymerisation.
9
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Figure 2.2: Schematic illustration of sol gel chemistry from silicon based precursors under 

different pH conditions.
9
 

2.2.4: Acid catalysed reaction  

 The acid-catalyzed reaction is used to create silica gels, 
7, 10

, thin films 
11

 and parti-

cles.
12-15

  Depending on the conditions, particles obtained from a mixture of water, an alkyl 

orthosilicate and acid can be either irregularly shaped or spherical.
16

 Silica gels and thin 

films also include significant amounts of an alcohol in the reaction mixtures.
7, 10, 11

 Thin 

silica films (70 to 125 nm) are obtained from acid-catalyzed silica sols known as spin-on 

glasses.
11

 Sol gel chemistry is illustrated in Figure 2.2. The silica films are porous, but are 

nevertheless useful for obtaining the properties of silica on non-silica substrates such as 

glass cover slips and silicon wafers.
17

 Various formulations exist, and variation of parame-

ters such as the alcohol or alkyl orthosilicate used will influence the final properties such 

as film thickness and porosity.
11

 

 Spherical particles can be obtained by adding TEOS to a mixture of water and ace-

tic acid at room temperature and mixing for 30 minutes,
18

 using suitable molar percent-

ages.
16

 2-3 μm diameter particles are obtained from a TEOS to acetic to water molar ratio 

of 1:4:4 
19

 but the particles are polydisperse unless base catalyzed particles are used as 
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seeds.
18

 Larger particles (up to six microns) have been obtained through the use of surfac-

tants, but polydispersity remains an issue. 
20

 The reaction is illustrated in Figure 2.3. 

 

 

Figure 2.3: Schematic illustration of hydrolysis mechanisms in acid catalysed sol gel processes.
9
 

 

2.2.5: Base (Stöber) catalysed reaction 

  The influential work on silica particles grown by the base-catalyzed hydrolysis and 

condensation of alkyl orthosilicates was published by Stöber et al 
1 

and particles grown by 

this method will be referred to as Stöber silica in this thesis.  

 In 1956, Gerhard Kolbe published the first set of results that described the forma-

tion of silica particles by reacting tetraethyl silicate in alcoholic solution with water in the 

presence of certain bases.
21

 Using very pure reactants he observed in several cases a slow 

proceeding reaction leading to the formation of uniform spherical silica particles.
21
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Figure 2.4: Schematic illustration of hydrolysis mechanisms, in basic catalysed sol gel processes.
9
 

 

 Stöber studied the reaction systematically, employed ammonia as the catalyst and 

described the formation of 50 nm to 2 µm spherical particles.
1
 The principle advantage of 

Stöber silica, over acid-catalyzed silica particles is that the Stöber process produces mono-

disperse particles.
1
 The alcohols investigated as solvents were methanol, ethanol, n-

propanol, and n-butanol, and the alkyl orthosilicates were tetramethyl orthosilicate, tetra-

ethyl orthosilicate, tetra-n-propyl orthosilicate, tetra-n-butyl orthosilicate, and tetra-n pen-

tyl orthosilicate.
1
 The size varied with reactant concentrations, as well as the selection of 

the alcohol and orthosilicate.
1
 The base catalysed reaction is illustrated in Figure 2.4. 

 The reactions were carried out in batch under constant stirring and at room tem-

perature. The alkyl orthosilicates were vacuum distilled before each experiment. Depend-

ing on the base concentration required, ammonia was introduced to the batch either as a 

saturated alcohol solution (prepared by sparging dry ammonia gas through the alcohol), or 

as a 14.2M ammonium hydroxide solution. The selected reaction time was typically 120 

minutes, but Stöber reports that some samples reached their final size in 15 minutes.
1
 

 It was observed that using methanol as the solvent produced the fastest reaction and 

the smallest particles. Conversely, n-butanol yielded the slowest reaction and the largest 

particles.
1
 The level of monodispersity decreased with the higher alcohols, but good parti-

cles were obtained from a one-to-one mixture of methanol and n-butanol. Similar results 

were also obtained for the alkyl orthosilicates, where the fastest reaction and smallest par-

ticles were generated by tetramethylorthosilicate, while the slowest reaction (24 hours) and 

largest particles (2 µm) were generated from tetra-n-pentyl orthosilicate. Again, polydis-

persity increased with particle size, but reasonable results were obtained from tetra-n-

pentyl orthosilicate in a one-to-three mixture of methanol and n-propanol.
1
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 Particle size also varied with water and ammonia concentration,
1
 but was not sig-

nificantly influenced by the amount of alkyl orthosilicate. Using ethanol as the solvent, 

particles were limited to less than 1 μm for TEOS, typically about 800 nm, with excellent 

monodispersity, but 1.5 μm sized particles could be obtained using tetra-n-pentyl orthosili-

cate. The tetra-n pentyl orthosilicate would tend to phase separate at elevated concentra-

tions. Particle sizes for the same experimental conditions tended to vary within 30%. 

Bogush et al, 
2
 performed an in-depth study of Stöber synthesis for the etha-

nol/TEOS/ammonia/water system to determine the effects of reactant concentration on fi-

nal particle size.
2
 The reactions were carried out in batch at room temperature and under 

constant mixing (the mixer speed did not appear to alter the final particle size). The TEOS 

was vacuum distilled before use. The ethanol was anhydrous, but it was neither described 

as denatured nor 200 proof. The reported reactant concentrations were calculated assuming 

no volume change on mixing, and ranged from 0.1 to 0.5 M for TEOS, 0.5 to 17.0 M for 

water, and 0.5 to 3.0 M for the ammonia. The batch reaction volumes were 100 ml to four 

L (the batch volume did not appear to alter the final particle size). The reaction time ranged 

from 3-8 hours. Under this range of conditions, particles from less than 50 nm to approxi-

mately 800 nm were obtained. The empirical relationship between reactant concentration 

and final particle diameter (d) in nm for the range of conditions tested was reported as; 

 

d = A [H2O]
2
 exp (-B[H2O]

½
)       (2.1) 

A = [TEOS]
½
(82+151[NH3]+1200[NH3]

2
-366[NH

3
]
3
)   (2.2) 

B = 1.05+0.523[NH3]-0.128[NH3]
2
      (2.3) 

 

 The maximum particle size was obtained using a water concentration of seven mo-

lar. The reaction time for intermediate conditions at room temperature was approximately 

three hours, and decreased with increased water concentrations. However, several hours 

were sometimes required when synthesizing the smaller particles. The final particle size 

increased with a reduction in the reaction temperature.
2
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 The distillation of the TEOS was found to be an essential step to ensure the produc-

tion of monodisperse particles.
2
 The standard deviation of the polydispersity varied be-

tween 15% for smaller particles to less than 5% for larger particles. Attempts at the larger 

sizes carried the risk of secondary nucleation in the seeded growth experiments (resulting 

in a bimodal particle size distribution) or polydisperse samples in the batch experiments. 

Higher ammonia concentrations (2-3M) also tended to result in polydisperse samples, as 

well as flocculation of the sample. Others have also noted that high ammonia concentra-

tions destroy stability.
4
 

 The exact mechanism of Stöber silica particle formation has been a topic of de-

bate.
8
 It is known that in the presence of hydroxide ions, the alkyl orthosilicate reacts with 

water to silicic acid that, under appropriate conditions, ultimately polymerizes and con-

denses to form amorphous Stöber silica particles. However, it is not immediately clear if 

the silicic acid and its higher derivatives directly diffuse to the growing particle surface, or 

if the silicic acid nucleates into sub-particles that then diffuse to the particle surface and 

aggregate due to van der Waals forces. 
2, 8, 22

 Giesche investigated the mechanism and con-

cluded that both paths were likely present, with the nucleation aggregation path dominating 

in the initial phases of the reaction, and the monomer addition path increasing in promi-

nence as the particle growth approaches completion.
8
 

 These findings are consistent with work by other researchers who observed 

Si(OEt)3(OH) as an intermediate, Si(OEt)2(OH)2, Si(OEt)(OH)2 are also possible interme-

diates, but not identified. The rough surface of Stöber silica particles was also noted.
22

 In 

the study, Giesche focused on the kinetics of the TEOS/ethanol/ammonia/water system us-

ing dynamic light scattering, TEM and gas adsorption. As with Stöber 
1
 and Bogush et al, 

2
 

Giesche vacuum distilled the TEOS prior to use.
8
 Unlike the others however, the batch 

contents were stirred for only the first 15 seconds.
8
 To stop particle growth at desired 

points in the reaction, the silica was end-capped using trimethylchlorosilate.
8
 The concen-

trations ranged from 0.1 to 0.4M for TEOS, 0.8 to 4.2M for NH3 and 3.0 to 13 M for H2O. 

The reaction temperature varied from 20 °C to 60 °C.  The maximum size observed at 20 

°C was 700 nm. Particle size increased with higher levels of NH3 and lower temperatures. 

The maximum particle size was obtained from an 8M water concentration, but the only 

concentrations investigated were 3, 8, and 13M.
8
 The particles were porous with a pore 
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size of approximately 0.3 nm, and exhibited a slow release of ammonia over time. The 

level of porosity was estimated at 25 to 30%. 

 During the reaction, the monomer and dimer forms of silicic acid were the pre-

dominant intermediates, representing 70-90% and 10-25% respectively of the silicic acid 

present. The trimer and higher silicic acids represented <2% and <1%, respectively. The 

first-order hydrolysis of TEOS was determined to be the rate limiting step. Interestingly, an 

induction period prior to particle formation was observed that varied inversely with reac-

tion rate. Also, increases in ionic strength enlarge the final particle size, but have no effect 

on the reaction rate. Giesche
8
 notes SAXS data obtained by others that hint at a silica nu-

clei critical size of about 1 nm, and theoretical calculations that point a critical size of 1-2 

nm. It is postulated that colloidal stability and aggregation rate determine the final particle 

size.
8
 

 

2.2.6 Large Stöber Silica 

 A significant amount of effort has been invested in exceeding the 700-800 nm par-

ticle diameter limit encountered in the ethanol/TEOS/ammonia/water system. One strategy 

has already been mentioned: the use of alternate alkyl orthosilicates or alcohols.
1
 However, 

some researchers were unable to obtain particles in excess of one micrometer using alter-

nate alcohols.
23

 Two other strategies are to chill the reaction mixture,
24

 or increase the 

ionic strength.
25

 In one study, 1.87 µm Stöber was obtained by carrying out the synthesis at 

minus 20 °C.
24

 Bogush et al, conducted semi-batch seeded growth experiments.
2
 Routine 

additions of TEOS and water (in a one-to-two molar ratio) to the batch system were used to 

grow particles larger than 800 nm.
2
 As much as twice the original amount of TEOS would 

be added once every eight hours, for a total of up to ten additions.
2
 The reaction tempera-

ture used for the seeded growth was also varied, ranging from room temperature to 55 ºC. 

Similar to the semi-batch addition of TEOS, Giesche implemented a procedure based on 

the continuous injection of TEOS into a dispersion of seed particles to obtain a final parti-

cle size of 3.6 µm with a high degree of monodispersity and smooth surfaces.
6
 In addition 

to vacuum distilling the TEOS, Giesche also treated the TEOS with CaO to remove any 

residual HCl and avoid unnecessarily increasing the ionic strength of the reaction mixture 

as more and more TEOS is added. To avoid contamination of the TEOS by water and am-
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monia during the continuous injection, the TEOS is added through free-falling drops, and 

the inlet is blanketed with a continuous stream of dry air.
6
 The shell growth was conducted 

at 40 °C using 17.5 nm Stöber silica seeds. Secondary nucleation was observed if the 

TEOS was added in too quickly.
6
 Also, there existed the potential for silicic acid inho-

mogeneities if the ammonia or temperature was too high.
6
 Recommendations for the con-

tinuous growth phase include limiting the ammonia concentration to 0.1 to 1.0M, and the 

maximum silicon dioxide equivalent to 1M (0.5 to 0.8 preferred). The maximum growth 

rate should be 40 nm per hour.
6
 

 Giesche’s synthesis utilised a complex engineered reactor apparatus to produce 

these particles. A degree of technical skill is required to reproduce such a reactor system.
6
 

 Yuasa et al 
25

 incorporated metals from Groups I, II, III and IV of the Periodic Ta-

ble with hydrolysable silicon compounds such as tetraalkylsilicates to form particles con-

taining both silica and the selected metals as their oxides. They state that if the content of 

the metal oxide is 0.01 to 15M % a true sphere with a uniform particle size is obtained. The 

standard deviation of the particle size is said to be below 1.30. However, Yassa et al also 

observed that the amount of water affects the ability to produce spherical morphology. 

They state that it is "indispensable that a mixed solution of both the starting compounds 

should be prepared in advance." In their comparative example, they demonstrate that 

spheres are not formed if silica and titanium precursors are added separately. In discussing 

the conditions affecting the particle size, they observe that increasing the concentration of 

base (ammonia is preferred) increases the size of the particles and that increasing the water 

concentration also increases the particle size and further, that organic solvents having a 

greater number of carbon atoms produce larger particle sizes. No precise methods are 

given to produce particles between one and two micron in diameter.
26

 

 Unger in U.S. Pat. 4,775,520 
27 

states that particles with a mean particle diameter of 

0.05 to 10 microns can be grown from Stöber seeds, although no particles larger than 3.1 

microns are given as examples. The Unger process is a two-stage process, similar to the 

method of Yuasa in that continuous addition of a tetraalkoxysilane was used to increase the 

size of the particles. Unger defined his process as adding the silica precursor solution to a 

preformed sol of seed particles at a rate at which substantially no additional particles were 

formed, that is, the number of particles initially added determined the number of spheres 

produced. It was characteristic of the particles formed by Unger that they were non-porous 
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and supposed to be highly uniform. They assumed that pores in the original seed particles 

are sealed by the secondary growth and that new pores do not form. While the process of 

Unger was supposed to be an advance in the art, the synthesis methods are quite complex 

to follow and they do not provide a method for producing microspheres having high poros-

ity and of a predetermined mean diameter.  

 The use of controlled monomer addition could be a way forward in utilising the 

ethanol/ammonia/water Stöber system to produce larger particles. Nozawa et al 
28 

studied 

the effect of slow addition of a diluted TEOS solution to a hydrolysis solution, against con-

tinuous seeded growth. Their results showed that the final particle size was related to de-

creasing rates of monomer addition.
28

 The slower the addition rate, large particle size is 

achieved.
24

 The reaction was developed on a small scale basis. It is not clear whether the 

method could be scaled up to a production level standard. 

 The aim of this section of the work is to produce reliable methods to continuously 

produce non porous silica particles from the Stöber system. This section is an entirely syn-

thetic approach. The particles produced via such methods must be spherical, greater than 

one micron in size and have a narrow or preferably monodisperse size distribution. The 

ethanol/ammonia/Water hydrolysis system from the Stöber system is known to produce the 

most consistent results and so will be the main system of choice within this work, unless 

stated otherwise. The work studies the purity of the reactants and explores the use of state 

of the art reactor platforms to produce these methods. 

 

2.3: Experimental: Stöber syntheses 

 

 Initially, reagent-grade TEOS was used as received. Later however, all alkyl ortho-

silicates – whether synthesized or purchased, were purified by treatment with laboratory-

grade calcium oxide, followed by vacuum distillation in the presence of calcium carbonate 

(CaCO3) boiling chips.  

 This step is an absolute necessity. From studying the production of alkyl orthosili-

cates it is clear to see how significant levels of impurities and oligimers are left behind in 

the purchased product. These impurities can severely affect the results obtained during the 

particle synthesis. 
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 First, the desired amount of the alkyl orthosilicate was placed in a beaker, and then 

enough CaO was added to create a turbid dispersion. After allowing the majority of the 

CaO to settle for a few minutes, the supernatant was transferred to a clean round bottomed 

flask containing ceramic anti-bump granules. While it was attempted to retain a majority 

of the CaO in the beaker, some carry-over into the boiling flask was acceptable as any 

such CaO would remain in the distillation bottoms. A Teflon-coated magnetic stirring bar 

would be added to the boiling flask too, as its aggregation was observed to disturb the ce-

ramic granules and thereby help prevent bumping of the alkyl orthosilicate. The boiling 

flask was next placed on a stirring hot plate, and connected to the condensation arm and 

collection flask. The collection flask, in turn, was connected by flexible tubing to the vent 

of a vacuum pump. To conduct the distillation, the distillation system would be evacuated 

by Schlenk techniques, and the stirrer and heater turned on. The temperature setting of the 

heater would be incrementally adjusted until gentle boiling of alkyl orthosilicate was ob-

served. After completion of the distillation, the vacuum would be broken using dry nitro-

gen gas to minimize the potential for fire or explosion. The purified alkyl orthosilicate 

would then be analysed by GC and UV spectrophotomeric methods. If the presence of UV 

absorbers was still detected then a further purification technique was employed.
29

 It should 

be noted that the further purification technique was performed typically for much older 

samples of TEOS. This technique was not required with newer/fresher bottles of TEOS, 

but CaO distillation was performed as a matter of routine. The purified silicate was stored 

under refrigeration and a nitrogen blanket to avoid moisture contamination. 

 

2.3.1: Stöber Reaction 

 

 A variety of containers were used as batch reactors for the synthesis of Stöber 

silica particles, including 12 ml and 40ml Teflon-capped glass vials, fifty and five hundred 

ml round bottomed flasks, one litre and five litre conical flasks and glass jacketed vessels 

of various volumes for specific reaction equipment. A Chemspeed ASW Multiplant 
30

 re-

action platform and Syrris Atlas Potassium Reactor 
31

 were used in later experiments. The 

contents of the reactors were mixed either through the use of Teflon-coated magnetic stir-

ring bars and an IKA stirring plates (vials and flasks), or the use of overhead paddle/blade 

stirrers dependent upon the instrumentation. 
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 For most reactions, this mixing was continuous. On a few occasions however, the 

contents of a container would be stirred for only about 15 seconds at the beginning of the 

reaction. All reactors were sealed using a Teflon-lined cap, silicone rubber stopper, glass 

stoppers with/or parafilm. All glassware involved in the syntheses were precleaned by 

soaking in a 1:1 v/v mix of one molar potassium hydroxide (KOH) in water and isopropa-

nol for at least one hour. The glassware was then thoroughly rinsed with deionised (DI) 

water, and backfilled with a 90/10 v/v mixture of DI water and an alcohol (either methanol 

or ethanol) for storage. Immediately before use, the glassware would be rinsed again with 

DI water, followed by an alcohol (again, either methanol or denatured ethanol), and then 

dried with a stream of nitrogen.  

 To conduct a Stöber synthesis reaction, DI water (when required), the desired sol-

vent (typically lower chain alcohols, or mixtures of these solvents), and the desired base 

(aqueous ammonia) would be combined in the reactor. If the experiment was a controlled 

monomer addition or seeded growth; the hydrolysis mixture would be charged into the re-

action vessel and stirring initiated. The alkyl orthosilicate in every reaction was diluted to 

four times its volume with the homogenising solvent. 
32

 The amount of alcohol required to 

achieve this dilution, was subtracted from the total volume of alcohol in the synthesis. 

Later reactions allowed both the alkyl orthosilicate and the hydrolysis solution to be dis-

pensed separately into an empty vessel at defined flow rates All reactions were performed 

under a blanket of N2 to prevent exposure of the orthosilicate to the atmosphere. The total 

synthesis volume was typically about one half of the reactor volume to allow for dilution 

of the contents after the reaction was complete. Alkyl orthosilicates were purified as de-

scribed above. In the beginning, DI water, the solvent, and the desired base would be used 

as supplied. Later, the DI water was replaced with ultrapure water of no less than 18.2MΩ 

resistivity. A majority of the reactions were conducted at room temperature. For chilled or 

heated experiments, a bath of 50/50 v/v ethylene glycol and water was either chilled or 

heated using a Huber chiller/heater through insulated, flexible PVC tubing and coil. This 

was circulated through an Atlas Potassium reactor system, and ChemSpeed Multireactor. 

For other reactions an ice bath was sufficient. The bath was placed on an IKA stirring plate 

to allow for agitation of the batch reactor contents with a magnetic stirring bar.  

 Reactions would be initiated with the addition of the alkyl orthosilicate, with goals 

to accomplish the addition in a single step or controlled monomer addition reactions on the 
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state of the art reaction platforms. During certain reactions the orthosilicate was added 

neat. In other reactions the quantity of alkyl orthosilicate in the reaction was diluted to four 

times its volume in the reaction solvent.
32

 The quantity of reaction solvent was subtracted 

from the total volume of solvent used. 

 The reaction time was varied based on the reaction conditions. Fast reactions such 

as those of the methanol/TEOS or ethanol/TEOS systems at room temperature would be 

allowed to react for a minimum of 2 hours to a maximum of 24 hours. Slower reactions, 

such as those conducted at chilled temperatures, would usually be allowed to react for at 

least 24 hours. 

 Subsequent alkyl orthosilicate additions for particle growth were based on an as-

sumed reaction times dependent upon monomer feed addition rate. After the reaction was 

considered complete, the contents would be diluted to fill the remaining half of the reactor 

volume with an alcohol. This action reduced the ionic strength of the mixture, thereby in-

creasing the stability of the synthesized particles. For reaction mixtures of unusually high 

ionic strength, synthesis reactions of particular importance, or particles in which a consid-

erable amount of time or effort had been invested; the reaction mixture would be trans-

ferred to a larger container and diluted with a sufficient amount of an alcohol to reduce the 

ionic strength to below 20 mM. In either case, the particles were then separated by gravity 

sedimentation, centrifugation or vacuum filtration. 

 Methanol was the preferred diluent due to its inexpensive price compared to other 

alcohols, as well as its lower density. However, other anhydrous alcohols were also used if 

methanol was in limited supply, or if a subsequent step would require the use of another 

alcohol. Wash schedules typical for most reactions involved solvent exchange followed by 

centrifugation (3700 rpm) with alcohol to a minimum of three cycles, followed by DI wa-

ter, alcohol and finally acetone. The collected washed particles would be oven dried over-

night at 80 
o
C. To produce a fine free flowing hydroxylated powder, the clean particles 

were suspended in 0.1M nitric acid aqueous solution and heated to 90 
o
C for a minimum 

for four hours. The acid washed particles were collected by filtration and washed with DI 

water until the effluent pH was the same as that of the wash solvent. 

 Particle size measurement was typically performed via Electrical Zone Sensing 

(EZS) method (also known as Coulter method).
 33

 This technique was chosen as it is cur-

rently an industry standard. For smaller particle sizes obtained during the initial screening 
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reactions Dynamic Light Scattering (DLS) was performed and checked against Scanning 

Electron Microscopy (SEM) when available. This was a very important step as caution is 

required with particle size measurement by DLS. At times the results from the measure-

ments were presented as monodisperse, where as SEM inspection showed the size distribu-

tion to be polydisperse and vice versa. The technique cannot identify particle clusters cor-

rectly and at times saw these as large monodisperse particles.  

  The spread of the particle size distribution is given by the D90/D10 ratio from the 

sizing analysis. The value is calculated from the obtained size distribution (in this instance 

always from EZS Coulter method)
 33

 and is the result of the division of the 90
th

 percentile 

point of the cumulative distribution function by the 10
th

 percentile of the cumulative distri-

bution as depicted in Figure 2.5. This ratio gives a qualitative indication of the narrowness 

of the distribution with an ideal monodisperse distribution having a value of 1.
33

 

 

Figure 2.5: x Axis values, D50, D90 and D10 
33

. 
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2.4: Results and discussion 

 

 The synthesis of Stöber silica has been described as “conceptually simple but ex-

perimentally tricky”.
35

 It is a relatively straightforward matter to mix ethanol, ammonia, 

water and TEOS at room temperature and obtain a white precipitate of silica particles. The 

challenge resides in obtaining a product that might be described as being of technically ac-

ceptable quality Stöber silica particles. Given that the intended use of the particles de-

scribed in this work is that of a model system for use in HPLC, an acceptable batch of par-

ticles would be one in which all of the particles are well formed, exhibit a low level of 

polydispersity, have spherical morphology and free of fused doublet and aggregated parti-

cle clusters.    

 These criteria are qualitative in nature, and it is not always possible to define exact 

quantitative limits that will separate “good” particles from the rest. Certainly, if the ex-

treme limits were obtained – perfectly spherical shape, uniform size to a high level of 

monodispersity D90/D10 of 1 - 1.1, free from fused doublets or clusters in the entire batch, 

the particles would be considered ideal. Unfortunately, such a degree of perfection is not 

obtainable. Rather more practical limits are required.  

 Precisely uniform particles greater than one micron in diameter from the Stöber re-

action cannot be obtained without further classification. For the purpose of this work, a 

“good” product batch consists of particles with a D90/D10 distribution of < 2. This would 

already be a vast improvement from the distributions obtained via sol gel methods. At best 

aesthetically the particles obtained were spherical in morphology, cluster free, and pos-

sessed low numbers of fused doublets. What is clearly demonstrated is the difficulty in 

producing quality particles over a micron in size. 

 The experimental aspect of the work began by performing numerous small scale 

reactions to determine optimum conditions. This proved crucial in particular to starting 

material purity. It must be stated that a degree of caution is required when trusting the re-

sults of Stöber synthesis procedures from the literature. Many procedures reported as suit-

able in the literature yielded irreproducible products, either in the targeted size domains or 

spread of the particle size distribution. It is important to consider that researchers may not 

have required a level of quality in the final product that was sufficiently high to render the 

method suitable without modification.  
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 The next phase of work focused on producing Stöber silica particles from the etha-

nol/TEOS/ammonia/water system which typically produces particles with excellent mono-

dispersity.
1
 Initially the ethanol used as the homogenising solvent was provided in house 

and was described as anhydrous 200 proof, TEOS and ammonia solution were used as 

supplied and the water was Millipore ultrapure water (18.2MΩ). As can be seen from Fig-

ure 2.6a, the results from single TEOS dose experiments were disappointing and visibly 

polydisperse. As noted in the literature the vacuum distillation of the alkyl orthosilicate 

was found to be a necessary step to obtain better results, however the quality of the other 

reagents/solvents should be of the highest grade available also. Simple Ultra Violet (UV) 

spectrophometry analysis indicated that the quality of the in house supplied ethanol was 

not as high as anticipated. Non denatured anhydrous 200 proof ethanol is the grade of 

ethanol required to produce the best results and this solvent could only be provided com-

mercially. This fact is often not reported in most literature methods. After numerous repeat 

screening experiments now involving the correct grade ethanol and rigorously purified al-

kyl orthosilicate the small scale traditional Stöber reactions began to improve dramatically 

as shown in Figure: 2.6b. 

 A further constraint was indicated by repeating the experiments in the same glass-

ware. Despite the thorough cleaning regime of the, 1:1, 1M KOH: IPA solution both before 

and after Stöber syntheses, significant variations in the final particle sizes obtained were 

produced. This effect was first seen by Ahmed, 
36 

who noted severe deviation in particle 

diameters upon reaction repetition in the same glassware. It is envisaged that the extremely 

harsh nature of the basic ammoniacal hydrolysis mixture imparts a detrimental effect on 

the surface of glassware used in the reaction quite possibly resulting in the production of a 

non uniform surface, which could promote secondary nucleation sites. It was decided that 

where appropriate new cleaned glassware should be used for subsequent appropriate reac-

tions.  
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(a) 

 

Figure 2.6: Effects of distilling TEOS. (a) Silica particles synthesised using TEOS as sup-

plied and (b) vacuum distilled TEOS. 

 

2.4.1: Larger Stöber silica particles: Controlled monomer addition, single phase Mul-

tiPlant experiments 

 

 Following on from the data obtained regarding solvent purity and glassware 

condition a set of designed experiments using Minitab DoE software were performed using 

a ChemSpeed MultiPlant reactor with the purpose to take the Stöber reactions away from 

the problems with glassware, as the MultiPlant reactor possesses six stainless steel reaction 

ports (individually controlled). Using a DoE approach numerous screening reactions could 

be performed in quick time. The synthetic strategy here followed on from the earlier 

reactions however, in order to produce larger particles a higher concentration of TEOS (far 

greater than the maximum stated in the Stöber reaction 0.28M) was included now under 

controlled monomer addition at low flow rates.   

 A set of designed experiments varying dosing rate and TEOS concentration were 

undertaken.  The total number of experimental runs was 12, comprising of a 2
3
 full 

factorial design (3 factors at two levels) with 4 centre points to gauge reproducibility of the 

experimental system. Ammonia and water concentrations were kept constant (1M and 7M 

respectively). The reaction volume was 20ml. 

 

 

(a) (b) 
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Table 2.1: Factors and levels studied in MultiPlant experiments. 

Factor Low Level High Level Centre Point Level 

[TEOS] mol/L 0.551 0.919 0.735 

Dosing Rate 

ml/min 
0.025 0.075 0.050 

Agitation/rpm 400 400 400 

 

   

 The Multi-Plant Reactor system consists of 6 stainless steel reactors fitted with 

individual blade stirrers.  Dosing of liquids into the reactor is achieved by syringe pumps.  

The reactor system was purged with nitrogen atmosphere. Key parameters such as reaction 

temperature, agitation rate, dosing rate, are controlled by a computer program within the 

Multi-Plant Reactor system. 

 The series of experiments undertaken comprises of 12 experiments with 2 levels of 

dosing rate, concentration, and agitation rate.  The four replicate experiments were carried 

out at an intermediate level to gauge reproducibility of the data.  The experiments were 

carried out in 2 blocks of 6 experiments. 
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Table 2.2: Selection of the DoE study for MultiPlant Experiments. 

Run Order [TEOS] mol/L Agitation/rpm Dosing Rate ml/min 

1 0.919 400 0.075 

2 0.551 400 0.025 

3 0.735 400 0.050 

4 0.551 400 0.075 

5 0.919 400 0.025 

6 0.735 400 0.050 

7 0.735 400 0.050 

8 0.919 400 0.075 

9 0.551 400 0.025 

10 0.551 400 0.075 

11 0.735 400 0.050 

12 0.919 400 0.025 
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Table 2.3: Experimental Details and Responses measured from DLS for MultiPlant experiments. 

Run 

Order 
[TEOS]/mol/L  Agitation/rpm 

Dosing 

Rate 

ml/min 

D90 D50 D10 

Distribution 

Factor 

(D90/D10) 

1 0.919 400 0.075 2.45 1.62 0.28 8.75 

2 0.551 400 0.025 9.20 6.88 0.10 92.00 

3 0.735 400 0.050 6.10 3.22 1.60 3.81 

4 0.551 400 0.075 0.94 0.57 0.45 2.08 

5 0.919 400 0.025 2.56 1.94 1.41 1.81 

6 0.735 400 0.050 1.24 1.08 0.69 1.80 

7 0.735 400 0.050 1.10 0.81 0.49 2.24 

8 0.919 400 0.075 1.40 0.92 0.51 2.74 

9 0.551 400 0.025 10.8 6.41 0.11 98.18 

10 0.551 400 0.075 0.99 0.55 0.24 4.13 

11 0.735 400 0.050 1.15 0.84 0.52 2.21 

12 0.919 400 0.025 3.10 1.54 0.09 34.4 

 

 The results obtained from the set of reactions performed on the Multi-plant reactor 

system were disappointing. Whilst images of the particles under SEM showed somewhat 

spherical morphology, the spread of the results as can be seen in table 2.3 were quite er-

ratic. Particles greater than one micron was obtained most notably at the lower 

TEOS/Ethanol addition rate of 0.025ml/min but the reactions were inconsistent. There 

were many populations of doublet and triplet particles as well as clusters. Considerable 

amounts of “fines” particulates below one micron in size were also present.  

 The disappointing results can be attributed to the reactor system itself. Despite the 

benefit of automatic reaction set up and dosing, it was the physical characteristics of the 

instrument that were a factor. Firstly the stirring mechanism in the reaction ports housed 

blade type stirrers. This type of stirring mechanism did not produce the homogeneous mix-

ing required for a good quality Stöber synthesis. Secondly the inlets for the tubing from the 

on board syringe drivers to feed the TEOS/ethanol solution was positioned directly above 

the centre of the reactor vessel. This is the most inefficient location for the feed tube, the 
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aggressive disordered mixing from the blade stirrers make it practically impossible for the 

monomer droplets to enter into the hydrolysis system uniformly. It was noted too that the 

headspace between the tubing outlet and the swirling hydrolysis mixture was far too close 

in proximity. This exposed the TEOS/ethanol mixture to the ammonia vapour causing 

premature hydrolysis hence creating secondary nucleation.  

 Despite the disappointing results obtained some trends were noted. Slower addition 

rates at the higher TEOS concentrations did produce larger particles. The highest concen-

tration of TEOS used (0.919M) when viewed under SEM Figure 2.7 produced the largest 

number of clusters, doublets etc. The higher concentrations were chosen under controlled 

monomer additions as it was envisaged that the slow addition rates would not be too much 

of a shock to the system. This seemed to be the case with TEOS concentrations of 0.551 

and 0.735M were despite some large size distribution spread, the numbers of irregular par-

ticles was lower.  

 

 

 

Figure 2.7: MultiPlant Stöber controlled monomer addition reaction 1. The polydispersity 

of the silica particles is clearly indicated. 
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Figure 2.8: MultiPlant Stöber controlled monomer addition reaction 4 

 

 

Figure 2.9: MultiPlant Stöber controlled monomer addition reaction  
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2.4.2: Syrris Atlas Potassium Controlled Reactor system-Single phase reactions 

 

 It was clear that greater control of the type of reaction performed was required, 

therefore, a different reaction platform was investigated. From the basis of the general 

trend obtained from the MultiPlant work, i.e. slow TEOS/ethanol addition rate a Syrris At-

las Potassium reactor was used for further investigation. Figure 2.10 shows the reactor as 

set up for a particular experiment, the construction of the reaction vessel is glass and there-

fore subjected to the cleaning procedure previously described. The stirring mechanism is 

now an overhead stirrer which is fixed in position and can provide more homogeneous 

mixing. The outlet of the tubing from the attached syringe pump can now be carefully con-

trolled to allow the reactant droplets to perfectly enter the hydrolysis system in a more effi-

cient manner. A sufficient headspace gap can now be utilised to prevent unwanted expo-

sure, whilst a steady stream of nitrogen can further reduce secondary nucleation. 

 

 

 

Figure 2.10: Syrris Atlas Potassium Controlled Reactor, (a) jacketed glass vessel, (b) nano 

litre control syringe pump and (c) TEOS/ethanol solution. 
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Table 2.4: Reaction conditions and results obtained from Atlas Potassium Reactor. All re-

sults are an average of 3 repeats. [NH3] and [H2O] as in Multireactor experiments. All reac-

tions were scaled to 1litre 

Expt. 
[TEOS] 

(mol/L) 

Dosing Rate 

(ml/min) 

Temp 

(°C) 

Mean P. S. 

(µm) 

D10 

(µm) 

D90 

(µm) 
D90/D10 

SA 1 0.640 0.050 25 1.05 0.76 1.39 1.83 

SA 2 0.640 0.075 25 1.06 0.74 1.30 1.76 

SA 5 0.640 0.025 25 1.19 0.99 1.46 1.46 

SA 6 0.919 0.025 25 1.95 1.06 2.46 2.31 

SA 7 0.919 0.055 25 1.82 1.61 2.19 1.37 

SA 9 0.551 0.025 25 1.10 0.93 1.36 1.47 

SA 10 0.551 0.050 25 1.06 0.90 1.26 1.39 

SA 12 0.919 0.0175 25 1.62 1.16 1.92 1.66  

SA 13 0.551 0.075 25 0.91 0.73 1.16 1.59 

SA 14 0.919 0.075 25 1.27 1.14 1.53 1.34 

 

. 
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Figure 2.11:  Particles from reaction SA1 [TEOS] 0.640M 0.050ml/min, 25 
o
C 

 

 

 

 

Figure 2.12: Particles from reaction SA5 [TEOS] 0.640M 0.025ml/min, 25 
o
C 
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Figure 2.13: Particles from reaction SA9 [TEOS] 0.551M, 0.075ml/min, 25 
o
C 

 

 

 

 

Figure 2.14: Particles from reaction S13 [TEOS] 0.551M 0.025ml/min, 25 
o
C 
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 Figure 2.15 Particles from reaction: SA 5 [TEOS] 0.640 M, 0.025 ml/min, 25 
o
C 

  

  

Figure 2.16: Particles from reaction S14 [TEOS] 0.919M 0.025ml/min, 25 
o
C 
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Figure 2.17: Particles from reaction S14 (b) [TEOS] 0.919M 0.025ml/min, 25 
o
C 

 

 

 

Figure 2.18: Particle size distribution, number analysis SA5 
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Figure 2.19: Particle size distribution, number analysis SA7 

 

 

 

 

Figure 2.20: Particle size distribution, number % analysis SA 14 
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 The results obtained from the Atlas Potassium Reactor system were a real im-

provement on those obtained from the MultiPlant experiments. It can be seen clearly in 

table 2.4 that the level of control with respect to performing the reaction was greatly im-

proved however, not perfect. The largest particle sizes obtained from these sets of runs 

were achieved using the highest TEOS concentration (0.919M), however the largest distri-

bution factor (D90/D10 2.31) is also obtained from using this particular concentration thus 

indicating the maximum concentration limit for this model. In relation to the slightly lower 

concentrations (0.551 and 0.640M) there was the expected reduction in particle size, how-

ever the D90/D10 spread of the distribution was consistently below 2. It was stated in the 

experimental section that practical limitations had to be set. D90/D10 distributions of 1.3- 2 

are considered adequate.  

 The appearance of secondary population peaks on the size distribution charts for 

example, Figures 2.18 - 2.20 affects the final size distribution. It is not abundantly clear 

what the cause of this secondary peak is, it is most indicative of aggregates. As the particle 

size increases (particularly over one micron) the intraparticle space in the reaction medium 

is being reduced continuously, therefore the chances of particle collisions and hence fusion 

of particles increases. An excess of water in the reaction also promotes hydrogen bonding 

38 
between newly forming particles, despite the concentration of water being kept at 7M, 

some hydrogen bonding may have taken place. These cumulative mechanisms coupled to 

the phenomena seen earlier with respect to the abrasive nature of the hydrolysis solution 

and the effect this imparts on the walls of the reaction glassware may also be a contributory 

factor thereby preventing any further reduction of the  D90/D10 ratio. A downside of using 

the Atlas Potassium system is that typically there is only one reaction vessel to use at any 

one time. The vessel in itself is expensive, so repeat experiments in the same vessel be-

come routine. Repeated re-dispersion followed by settling removed a large portion of these 

secondary materials. Repeated low rpm (1000 rpm) centrifugation can be used to remove 

smaller particle populations. 
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2.4.3: Improvements to overall yield of reaction -Two Phase Reaction 

 

 The main drawback of employing controlled monomer addition techniques is that 

the final product yield and hence mass fraction is not ideal with respect to standard indus-

trial manufacturing scales. The Atlas experiments were scaled to a one litre batch reaction 

volume and typical yields are ~5-10g of material corresponding to percentage yields be-

tween 30-50% based on TEOS consumption. This is because of the increased TEOS con-

centrations employed in the syntheses. Compared to standard literature Stöber yields this is 

a considerable improvement on yield and mass fraction of particles (typical Stöber ~3% 

mass fraction/20% yield). The question remains can the Stöber reaction produce higher 

yields that can be used in manufacturing purposes? The answer to the question is yes how-

ever; once again practical limits to the particle size distribution must be determined.  

 A series of experiments were performed analogous to Barder 
37

 with modifications 

to keep the alkyl orthosilicate in excess and allow it to condense via a phase interface.  In 

such a case a hydrolysis solution containing an excess of water, ammonia and reduced 

ethanol composition can be continuously charged into a reaction vessel at high flow rates 

(typically 5ml/min) to which a further precursor solution of alkyl orthosilicate is fed into 

the reactor separately (2 - 5ml/min). In this manner two liquid phases would react only at 

the phase interface i.e. when the solutions are mixed. This is in total contrast to the Stöber 

process which employs large volumes of alcohols to form a single phase solution in which 

the full concentration of TEOS is dissolved. A typical method is as follows; 

 Water (624g), ammonium hydroxide (438.6g), and ethanol (135.6g) were added to a 

2L conical flask and stirred for 30 minutes to give a well mixed solution.  A 2 litre round 

bottomed flask (pre cleaned as earlier described) equipped with two rubber septa (side 

joints) was flushed with nitrogen and two feed tubes were then inserted through the septa. 

TEOS was dosed through one feed at a rate of 2.4 ml/ min for 216 minutes, while the 

ethanol aqueous ammonium hydroxide solution was dosed at a rate of 5.1 ml/min.  The 

suspension formed was allowed to stir overnight and then centrifuged to isolate the silica 

particles.  The silica was re-suspended in ethanol (x5) and water (x5) followed by further 

ethanol and finally acetone. The bulk material was dried in an oven for 48 hours at 70 °C.   

 Excess ethanol is produced as a byproduct of the hydrolysis/condensation reaction 

and facilitates the solvation of the alkyl orthosilicate at the phase interface and the reacting 
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silicate species forms a dispersed phase in an ethanol-water-ammonia continuous phase.  

Thus the number of spheres ultimately formed is believed to be affected by the number of 

droplets of reacting tetraethoxysilane in the mixture. It is believed that the particles of 

tetraethoxysilane serve to saturate the surrounding solution at all times. Once enough 

ethanol has been produced, the tetraethoxysilane is completely dissolved and the amount of 

orthosilicate available for reaction is determined by the addition rate. On the other hand, if 

you begin with a single phase mixture instead i.e. Stöber instead of a the two-phase 

mixture of the this present work, the result appears to be less controlled over the number 

and size of the particles formed, as has been shown in the Atlas experiments of this work 

and in the work of others. From this methodology the final particle size achieved is time 

dependant.  

 From the experimental data again a particle size distribution with respect to D90/D10 

of < 2 could be easily obtained as well as large amount of product >100g (% yield 30 -50% 

based on TEOS consumption). Figure 2.18a shows the PSD of experiments aimed at 

producing 1.9µm solid particles. Figures 2.21b and 2.22b are taken prior to the particle 

cleaning procedure and display the particles in clusters. These clusters are “soft” 

aggregates of particles and can easily be broken up by sonication procedures during post 

synthesis clean up. The D90/D10 ratio for the two experiments was 1.84 and 1.82 

respectively. The aggregation is a consequence of the high water concentrations in the 

synthesis. As a result of this once again the secondary population peak was present in all 

experimental runs performed. As for the Stöber reaction the quality of the particles is 

dramatically improved at smaller particle diameters as can be seen in Figures 2.23 (a), (b) 

and Figures 2.24 (a) and (b). 
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Figure 2.21(a): Number weighted particle size distribution from EZS for SB2 

 

 

 

Figure 2.21(b) SEM image of particles produced from modified Barder synthesis SB2. 

Mean particle size 1.92 µm D90/D10 =1.82. Image taken prior to particle clean up. 
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Figure 2.22(a): Number % distribution from EZS for SB3 

 

 

 

Fig 2.22(b): SEM image of particles produced from modified Barder synthesis SB3. Mean 

particle size 1.96 µm D90/D10 =1.84. Image taken prior to particle clean up. 
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Figure 2.23 (a): Particle size distribution from modified Barder method RB21.  

 

 

 

Figure 2.23 (b): High Resolution SEM image of particles produced from modified Barder 

synthesis RB21. Mean particle size 0.5 µm. 
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Figure 2.24 (a): Bridging between particles RB21.  

 

 

 

Figure 2.24 (b): High Resolution SEM image of particles produced from modified Barder 

synthesis RB21. Mean particle size 0.5 µm. 
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 Figures 2.23 and Figures 2.24 show the versatility of the synthesis platform to pro-

duce quality monodisperse spheres across the size domains. Here smaller sub micron parti-

cles of 500nm were prepared. Analysis of the particle size distribution by EZS shows a 

truncated plot and this can be explained by the intraparticle bridging as shown in Figure 

2.24 (a), disrupting the analysis. What is important to note however is the removal of the 

secondary population peak which is ever present from the synthesis of larger Stöber type 

spheres. Figure 2.24 (b) shows a large volume of the particles illustrating their apparent 

monodispersity. The arrangement or “packing” of the spheres on the slide adopts the hex-

agonal cubic close packing associated with uniform spheres. 

   

2.5 Conclusion 

 

 The synthesis of non porous Stöber spheres greater than one micron in diameter is 

traditionally a very difficult task to achieve. Larger particle sizes are most commonly pro-

duced via seeded growth techniques which can be very tricky to perform, as good quality 

seeds are required to be produced initially prior to growth. Particle mass fractions obtained 

are typically low (~3%). This chapter outlines successful methods for the production of 

non porous Stöber silica spheres greater than one micron in diameter using the etha-

nol/ammonia/water/TEOS system. Experimentation showed that controlled TEOS mono-

mer addition into a hydrolysis solution consisting of 1M NH3 and 7M H2O at low flow 

rates (0.025, 0.05 and 0.075 ml/min) could generate such particles with a narrow particle 

size distribution (PSD).  

 Particles between 1 and 2µm in diameter were successfully synthesised on a new 

state of the art controlled reaction platform on a one litre scale. The reactions in this study 

employed TEOS at concentrations greater than those typically associated with the Stöber 

synthesis ( 0.28M). In this study TEOS concentrations of 0.55M, 0.64M and 0.9M were 

used to produce larger sized particles with a larger mass fraction (5-10%). The largest par-

ticle sizes obtained from each TEOS concentration resulted from the slowest flow rate for 

monomer addition (0.025ml/min).  

 At the highest TEOS concentration employed (0.9M) the largest diameter particles 

were obtained. 1.95µm particles were produced at a flow rate of 0.025ml/min; however the 

particle size distribution was slightly higher with a D90/D10 ratio of 2.31. Increasing the 
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flow rate to 0.05ml/min, produced particles with a mean diameter of 1.82µm with a con-

siderably improved D90/D10 value of 1.37. The expected reduction in particle diameter was 

seen with the other concentrations, whilst the spread of the distributions were consistently 

below 2.  

 Traditional Stöber syntheses in the ethanol/ammonia/water/TEOS system produce 

reportedly monodisperse particles up to a maximum of 800nm with a single dose of TEOS. 

Early work focused on reproducing such particles and highlighted some concerns with the 

methods often stated.  Review of the literature produced some striking information. Firstly 

particle size distributions are predominantly determined from imaging techniques and in-

volve particle counting (typically ~200 particles) to generate the size distribution. Such 

methods always produce monodisperse systems as the best particles are often chosen to 

generate the PSD. Very few papers determine the PSD from sizing techniques such as light 

scattering or Coulter Counter method. These techniques give a better understanding of the 

true PSD however, image analysis via SEM should as a matter of course be used to verify 

such data.  

 It was clearly demonstrated that the treatment of alkyl orthosilicates with calcium 

oxide followed with vacuum distillation is an essential task to produce good quality Stöber 

spheres. Impurities left behind from the manufacturing process can impart a detrimental 

effect on the final particle size, and just as important the spread of the distribution. Very 

few literature methods perform or state whether they have performed the distillation of the 

alkyl orthosilicate.  

 The grade of the homogenising alcohol was also found to improve the final prod-

uct. Non denatured preservative free absolute alcohol must be employed for the best re-

sults.  

 Glassware condition was also determined to be a key variable with respect to the 

reproducibility of results. A pre-treatment of soaking all glassware in a 1:1 (v/v) solution 

of 1M KOH: IPA was found to be the most efficient way of ensuring the glassware was 

optimum for all syntheses. However, experimental repetition in the same glassware pro-

duced different results. It is envisaged that the harsh basic hydrolysis solution imparts an 

effect on the walls of the glassware, possibly creating nucleation sites. As a consequence 

for the early experimental work new glassware was used for each reaction. However, dur-

ing the main part of the work using the reactor system replacing the glassware each time 
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was not an option, as the vessel used was a specific design for the instrumentation. This 

may be one of the reasons to account for the variation in the particle size distributions 

which was highlighted by the presence of a secondary population peak on sizing analysis. 

 It is these important synthetic parameters that are almost never reported in the lit-

erature and can be a great cause of irreproducibility and frustration. 

 Further experimentation was performed to try and improve the mass fraction of par-

ticles therefore producing methods that would be suitable on a manufacturing scale. The 

method of Barder et al 
37

 was highlighted and subsequent modifications based on the early 

experimental work were implemented. This method was the exact opposite to the Stöber 

reaction which contains high volumes of homogenising solvent to produce a single phase 

reaction. This modified technique involves a two phase system in which the alkyl orthosili-

cate and hydrolysis solution are dispensed separately into a reactor at certain flow rates 

(2ml/min and 5ml/min respectively). These flow rates are dramatically faster than those 

used in the earlier work. The two phases react only at the solution interface. The resultant 

particle sizes can be tuned by altering the duration of the reaction. Extremely high yield 

(50%) reactions producing in excess of 100g of material were facilitated. Particle quality 

was slightly diminished as populations of doublets and clusters are unfortunately unavoid-

able. This can be rectified by post synthesis classification involving elutriation or frac-

tionation techniques. The particle size distributions achieved were still below the accepted 

D90/D10 ratio of 2 set for this work.  

 The two methods give researchers interested in Stöber particle synthesis an interest-

ing option of producing quality particles at lower particle size distributions or producing 

high yield syntheses at slightly higher particle size distribution. The choice is very depend-

ent upon the users’ need and who can accept a minor reduction in final particle quality. 

 The main conclusion of this chapter is that good quality non porous Stöber particles 

have been successfully produced. Highest quality in relation to total monodispersity and 

perfect spherical morphology as often reported in the literature could not be achieved. 

Measures were implemented that are not reported in the literature to improve the overall 

synthesis and on the basis of those results more practical limitations were set. This leaves a 

degree of scepticism on literature methodologies and the stability of the Stöber synthesis at 

large particle size domains. 
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 The particles produced can be taken forward for use as supports in UHPLC, either 

as a stationary phase or as the building blocks towards the synthesis of superficially porous 

particles as indicated in the introduction of this thesis. 
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Chapter 3: Particle Synthesis - Totally Porous Silica Particles 

3.1:  Introduction 

 High performance liquid chromatography (HPLC) has rapidly developed since the 

1970’s as an efficient, innovative, fast and widely used analytical technique. HPLC has 

already become one of the most commonly used analytical tools in chemistry, food 

hygiene, drug testing, environmental monitoring and many other areas.
1
 More than 90% of 

modern HPLC packings contain porous spherical silica. Despite the recent emergence of 

the exceptional kinetic performing superficially porous silica particles, 
2, 3

 totally porous 

spherical silica particles are still the most commonly employed adsorbent used today.
4
 

 In the past decade there has been a continuous drive to develop chromatographic 

stationary phases to perform fast HPLC separations and has lead to the major breakthrough 

of UHPLC to help drive this. For the user the main benefits are clear, sample throughput 

can be increased and therefore unit cost per sample reduced. This is motivated by the van 

Deemter 
5
 equation which shows an inversely proportional relationship between the 

separation efficiency and particle size. As such that at the time of writing the use of sub 3 

micron columns has now surpassed the use of the traditionally always popular 5 micron 

porous particles, whilst the use of sub 2 micron particle columns  has remained extremely 

popular. 
4
 It is clear that smaller totally porous silica particles still have a major role to play 

in chromatography.  

 The major challenge associated with these materials is in their manufacture. 

Producing these particles homogeneously is extremely difficult. 
3
 Currently most 

commercially available sub 3 and 2 micron columns are produced by size fractionation of 

the bulk silica material from sol gel processing methods. This process is necessary not only 

to produce the desired particle size but also to produce optimal particle size distributions, 

which are all important. These methods of fractionation/classification are extremely costly 

with respect to process times and yields. Despite manufacturers’ best efforts in carrying out 

these procedures, limitations result which can affect the columns overall performance, for 

example there is a limit to how far the particle size distribution can be reduced, and 

invariably fine particles (recall-particles less than 1micron in diameter) are left behind 

from the classification procedure, as the techniques are inefficient in removing these 

materials. It is clear that these factors cause variation and reduced performance.
6
 By 
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focusing on these parameters major improvements to particles can be achieved.  

 Many recent research efforts are devoted to the development of chromatographic 

application using sub 2 micron materials and the corresponding instrumentation. The use 

of surfactant templating techniques which will be discussed later can provide an alternative 

route to producing porous silica particles with the desired characteristics required. Few 

methods in the literature are focused on producing totally porous particles for use in 

chromatography and are often aimed at producing porous nanoparticle and adopt the same 

pattern as the methods based on non porous Stöber particles described in chapter 2, namely 

very important synthetic details are omitted from the published work.  

 

3.2:  Literature review 

 

3.2.1:  Porous Materials 

 

 In many applications, porosity plays a vital role in providing a high surface area 

for substrate interactions. Pores are classified into three groups: microporous (< 2 nm), 

mesoporous (2 - 50 nm) and macroporous materials (50 – 200 nm).
 7 

Porosity refers to the 

pore space in a material, which is generated using a soft or hard template. In general, 

micropores and mesopores are produced by using ionic surfactants 
8
 or block copolymers 

9
 

as structuring agents. Macropores are formed by emulsion templating, 
10-12

 colloidal 

templating 
13-16

 and polymer gel templating.
17-19

 Multiple templates are required to 

fabricate structures that contain pores at different length scales. The pore structure controls 

the physical and chemical properties such as reactivity on the surface and the kinetics of 

transport processes. The pore accessibility, distribution, and tuneable size are essential 

aspects in many applications 
20, 21 

In chromatography mesoporous materials provide 

efficient separation of small molecules 
22-24 

These mesopores become redundant when 

dealing with large polymeric molecules. Hence, wider macropores have provided better 

accessibility and faster kinetics in comparison with mesopores. 
25, 26 

 

3.2.2:  Porous Silica - role of surfactant 

 Surfactants are organic molecules that consist of hydrophobic (i.e. water 

repelling) and hydrophilic (i.e. water-attracting) groups. 
27

 They are therefore, termed 
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amphiphilic. The surfactant has a greater tendency to assemble at interfaces, reducing the 

systems free energy. The surface tension varies strongly with the concentration of 

surfactant; subsequently, the surfactants are induced to aggregate into micelles. In 1913 

Schryver et al 
23

 described the basic ideas of the roughly spherical colloidal micelles 

prepared using detergents and soaps. This has led to the introduction of the concept 

“critical micelle concentration” (cmc). This is considered to be the point at which the 

micelle formation starts when the surfactant solubility is equal to or greater than cmc. The 

surfactant hydrocarbon chains are contained within the aggregates and the water molecules 

fill the outer–space around the lattice to provide fluidity. 

 

 

Figure 3.1:  Schematic presentation of three inorganic–surfactant mesostructures: (A) the 

hexagonal phase (HI), (B) the bicontinuous cubic (Ia3d) phase, and (C) the lamellar phase 

(LI). 
27

 

 At a certain concentration range, the surfactant could spontaneously agglomerate 

into ordered mesophase arrays (Figure 3.1). 
27

 Several models have been developed and 

put forward for the formation of the liquid crystal phase. 
28-30

 Various orders of surfactant 

aggregates would form a more complex mesophase. The simplest system is a 

discontinuous cubic phase. This is based on the packing of spherical micelles. When the 

concentration of micelles is sufficiently high (above the cmc), the spherical micelles would 

be forced to pack into a body–centred lattice, which is the first lyotropic liquid crystalline 

phase formed .
31

 As the concentration of amphiphiles in aqueous solution is further 

increased, a progression of phase transformation would occur to form a cylindrical 
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hexagonal phase of indefinite length (Figure 3.1a). 
32, 33

 The hexagonal lattice is denoted 

by HI. More complex liquid crystal structures based on a bilayer aggregate can be formed 

as the concentration of amphiphile increases. The hexagonal phase can undergo a phase 

transformation from hexagonal phase to bicontinuous cubic phase structure (Figure 3.1b). 

34, 35 
This is done by the intertwining of unconnected rod networks and assigned as Ia3d. 

Generally, the cubic phase is considered as an intermediate between hexagonal and 

lamellar (LI) phases. It was determined by Fontell et al 
36

 that the difference between the 

cubic and lamellar phases is subtle and approximately similar in the diffusion coefficient.   

3.2.3:  Surfactant templated silica 

 Over the past few decades, there has been extensive interest in the study and the 

preparation of mesoporous silica materials. The structure and the size of the mesopores can 

be tailored using different structure directing agents such as ionic surfactants 
8
 and block 

copolymers surfactant. 
9
 

 The discovery of the mesoporous silica materials, the so-called M41S materials, 

by the Mobil Oil group in 1992 enabled the synthesis of materials with narrow pore size 

distributions, high specific surface areas and a high ordering of the mesopores but X-ray 

amorphous pore walls. 
8, 37

 The ordered pore systems are already known from the 

microporous crystalline zeolites but in contrast to the typical pore size of the zeolite 

materials of about 1 nm the new materials exhibited pore diameters between 2 and 15 nm. 

The new concept of the synthesis procedure of these materials was the application of 

supramolecular aggregates of ionic surfactant molecules as structure-directing agents 

(SDA). These aggregates in the form of a liquid crystalline phase lead to the assembly of 

an ordered mesostructured composite during the condensation of the silica precursors 

under basic conditions. The mesoporous materials were obtained by subsequent removal of 

the surfactant from the inorganic composite by calcination or acid extraction.  

 Investigations concerning the formation mechanisms of these composite materials 

had gained much attention and two different mechanisms are found to be involved. One 

possibility is the true liquid crystal templating (TLCT) mechanism as shown in Figure 3.2. 

In this case the concentration of the surfactant is so high that under the prevailing 

conditions (temperature, pH value) a lyotropic liquid crystalline phase is formed without 

requiring the addition of the silica source.
38

 Alternatively, the liquid crystalline phase is 
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formed even at lower concentration of the surfactant when there is a cooperative self-

assembly between the surfactant molecules and the already added inorganic species, which 

leads to a liquid crystalline phase with hexagonal, cubic or lamellar arrangement. 
39

 

 

 

Figure 3.2: Formation process of the mesoporous materials by the “real” liquid crystalline 

template mechanism (a) and the cooperative liquid crystalline template mechanism (b). 
38

 

 

 

 The synthesis of the materials from the M41S family inspired many research 

groups in developing new synthesis pathways for mesoporous materials. An alternative 

route is the synthesis of the so-called Santa Barbara Amorphous (SBA-n) silica materials, 

which were attained under acidic conditions. 
40

 A new aspect of this procedure was the 

application of non-ionic triblock copolymers with the formula PEOxPPOyPEOx (PEO: 

polyethylene oxide, PPO: polypropylene oxide) as SDAs instead of the ionic surfactant 

molecules chosen for the synthesis of the M41S phases and thus, the possibility of 

increasing the pore diameters up to 30 nm – 100 nm.
9
 

The fundamental requirements for the formation of ordered mesoporous materials 

in general are attractive interactions between the SDA and the silica source to ensure the 

embedding of SDA without phase separation occurring. Figure 3.3 represents the different 

attractive interactions between the inorganic components with the head groups of the SDA 
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according to a suggestion made by Huo et al 
40, 41

 these interactions are classified as 

described in the following part:  

 

Figure 3.3: Scheme of the different interactions between the surfactant head group and the 

silica species under different pH values in the synthesis mixture: electrostatic interactions: 

S
+
I
-
; S

+
X

-
I
+
; S

-
X
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I
-
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-
I
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 A reaction under basic conditions with the inorganic species present as anions and 

cationic quaternary ammonium surfactants present as SDA follows a pathway described by 

S
+
I
- 13,14

 with S
+
 being the positive charged surfactant molecule and I

-
 the negative charged 

inorganic species, Figure 3.3: (a). If the syntheses take place under acidic conditions 

(below the isoelectric point of the Si-OH-bearing inorganic species of ≈ 2) attractive 

interactions between the positive charged inorganic species and the cationic quaternary 

ammonium surfactant molecules can only be produced by incorporation of a mediator ion 

(halides in most cases) in this process named S
+
X

-
I
+ 13,14

, Figure 3.3:(b). For reactions 

containing anionic surfactant molecules acting as SDA two further pathways are described 

dependent on the pH value of the solution. For syntheses under basic conditions a mediator 

ion is needed in order to produce attractive interactions between the anionic surfactant 

molecules and the anionic inorganic species present in the solution (S
-
X

+
I
-
), 

13,14
 Figure 

3.3:(c). During reactions under acidic conditions direct attractive interactions between the 

positive charged inorganic species and the anionic surfactant molecules take place and lead 

to a S
-
I
+
 pathway, Figure 3.3: (d). In all four cases (a – d) electrostatic interactions 

dominate the formation process. In contrast to the formation pathways guided by attractive 

electrostatic interactions a hydrogen bonding mediated formation of the mesophase can 

take place. The non-ionic SDAs such as long chain alkylamines (S
0
), polyethylene oxide 

surfactants or triblock copolymers such as PEOxPPOyPEOx (N
0
) interact with non-ionic 

silica species (S
0
I
0 

or N
0
I
0
) or ion pairs (S

0
 (XI)

 0
). 

 All synthesis routes described above are classified as “soft matter templating” 

synthesis routes. Instead of the typical SDAs “hard” templates such as inorganic porous 

solids can be used in order to obtain mesoporous materials. This mechanism is called “hard 

matter templating”. The pores of these inorganic solids are filled with an organic precursor, 

which is then transformed under appropriate conditions. The resulting solid is a negative 

image of the hard template. After removal of the original porous material the “negative 

replica” remains with a high specific surface area and a pore diameter dependent on the 

template.  
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3.2.4:  Sub 2 micron porous silica materials: MCM type materials 

 

  MCM-41s is a widely used mesoporous silica material with highly ordered long 

range mesopores developed by Mobil researchers in 1992. 
8
 A typical synthesis of MCM-

41 materials involved the use of silicate solution and long chain n-alkylammonium salts at 

elevated temperature. Its application in LC is deemed promising due to its large surface 

area. 
43

 However, problems were encountered when they were used for the separation of 

bio molecules. In addition this material could not withstand high pressure due to its weak 

porous structure. 
43, 44

 Recent efforts have seen the improvement of the material strength by 

modification of the synthetic approach. Unger et al 
45 

designed a porous adsorbent system 

by combining the two sol gel methods of the Stöber 
1
 system (Chapter 2) and that of the 

MCM -41 syntheses. The synthesis used alkylammonium and alkylpyridinium surfactants 

as porogens. This type of modification was termed the “Modified Stöber Synthesis”. It is 

also possible to control particle size by similar ways to that of particles from the Stöber 

reaction. For example particle size increases as silicon alkoxide chain length increases. 

Increased reaction temperature causes a decrease of particle size and formation of irregular 

particles.  

 There are several reports on the formation of mesoporous spherical silica particles 

from basic aqueous solutions containing silica source and cationic surfactant. Yano et al 

added CnTAB and TMOS to NaOH aqueous solution containing methanol and the mixture 

was allowed to react at desired temperature. 
46-48

 Spherical, ellipsoidal, and irregular 

particles were obtained depending on the CnTAB concentration in the starting solution. 

When C10TAC was employed, particles with diameters from 0.52 to 0.84 µm were 

obtained by varying the chemical compositions. The reaction temperature also affected the 

particle size. 
47

 Gas adsorption indicated that these particles were porous after calcination 

with the BET surface area of ca. 700 -1000 m
2
/
 
g and with a pore diameter of ca. 2 nm. 

TEM images of the spherical particles showed that the pores were aligned toward the 

centre of the spherical particles from various possible directions. 
46-48

 Yano et al observed 

the growth of the C16TA
+
 spherical silica particles at 25 

o
C by light-scattering. 

48
 The 

particles formed rapidly during the first 3 sec and the particle size reached at 0.6 µm within 

15 seconds.
48

 Buchel et al 
45

 prepared 0.5µm porous silica. The particles were employed in 

capillary electro chromatography applications for fast separation of n-alkyl benzenes. The 
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synthesis was based on hydrolysis and condensation of alkoxysilanes in a short chain 

alcohol using ammonia as a catalyst. The obtained nonporous silica beads underwent 

calcination at high temperature over 550 
o
C to produce inner particle porosity.  

There are many reports on the change of particle size by varying the chemical 

composition of the starting solutions and the particle size was successfully controlled from 

0.06 to 2.3 µm. the experimental parameters were varied such as water:2-propanol, 
45

 1-

hexanol:CTAB, 
49

 TEOS:water,
50 

 TEOS:ethanol 
51

 and TEOS:surfactant. 
52,53

 However, it 

is still difficult to directly correlate the particle size and the experimental parameters. 

 Unger et al 
54

 reviewed the synthesis of micron and sub micron spherical porous 

silica and discussed the opportunities as well as the challenges for high-resolution 

chromatographic and electokinetic separations. They indicated that high back pressure 

using the prepared materials strictly inhibited their application in HPLC at that time. 

Recent work by Wang et al 
55 

reported the synthesis and application of large pore spherical 

MCM-41s type material in chiral capillary electrochromatography. Porous silica beads of 

uniform particle sizes of 660 nm and 810 nm were prepared using 

hexadecyltrimethylammonium bromide (CTAB) and tetramethoxysilane (TMOS). The 

pore size was expanded by solvothermal treatment of the particles in an ammonia-

methanol solution. The obtained materials afforded better enantioselective separation 

efficiency and higher enantioselectivity compared to capillaries packed with normal 3µm 

and 5µm silica. 
55

  

In what is probably the most up to date method, Keane et al 
56

 further developed 

the synthesis strategy of Shimura et al, 
57 

who improved the modified Stöber synthesis to 

produce porous spherical silica particles up to 1.5µm. Keane’s work produced particles for 

use in HPLC applications. In an approach that was patented they produced larger particles 

up to 2 µm in diameter with narrow size distributions, (lowest D90/D10 - 1.43). Post 

synthesis hydrothermal pore expansion increased the pore size to 8 nm that would be 

suitable for use in HPLC. Amine treatment further increased the pore size up to 20 nm but, 

affected the final particle size distribution. 
56

 Separation of non polar analytes produced 

105,000 plates/metre for phenanthrene; however, the authors state that severe tailing was 

observed when performing normal phase separations. 
56 
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3.2.5:  Sub 2 µm SBA type materials 

 

 SBA material is another important sub 2 µm material applied in liquid 

chromatography because of its large pore size, thicker pore walls and therefore, more 

robust nature compared to MCM-41 materials. 
58

 A typical synthesis of these materials 

involves self assembly of triblock copolymer template. The first application of SBA-15 in 

LC was demonstrated by Zhao et al,
59

 in which large pore mesoporus SBA-15 was 

prepared and functionalised with C18 for the separation of glutathione, cysteine, dopamine 

and 6-thiopurine in UHPLC using capillary columns. However, as the morphology of this 

material is not spherical, the separation results were not quite satisfactory. Later on, high 

speed CEC separation with submicron mesoporous SBA-15 was reported by Zou et al. 
60

 

The particle size of the spherical SBA-15 could reach 400 nm and the mesopores were 

highly ordered with a diameter of 12 nm.  

 Yang and co-workers reported a modified synthetic approach for spherical large 

porous SBA-15 silica material (SLP-SBA-15) with particle size 0.5-1 µm. 
61

 The 

application of co-template CTAB reduced the self assembly time from 24 hours to less 

than 1 hour. The surface area of this material was determined to be greater than 600 m
2
/g, 

with an average pore size greater than 8 nm. SLP-SBA-15 was modified with C18 and 

applied to UHPLC for separation of non polar alkyl aromatics. At a flow rate of 0.4ml/min, 

the column pressure could be reduced to 200 bar (column size 4.6mm * 50mm). 

Reproducible separation of eight polycyclic aromatic hydrocarbons has been achieved with 

a relative standard deviation of retention less than 1.6%. Liang et al 
62

 also reported a facile 

approach for the synthesis of mesoporous SBA-15 spheres for liquid chromatography 

application. 2 - 4.5 µm SBA-15 particles were synthesised and functionalised with 

octadecyldimethylchlorosilane. The surface area of 2.0 µm particles was found to be 

480m
2
/g. Separation efficiency could reach as high as 79000 plates per metre

 
for toluene, 

and efficient separation of small molecules as well as larger bio molecules such as peptides 

and proteins has been achieved using this material.  

 One the most recent SBA type materials synthesised for HPLC application 

incorporated the use of starch in the synthetic methodology which used Pluronic P123 as a 

porogen. Starch was added to aid the hydrolysis/condensation of the alkylorthosilicate and 

micrometer sized particles were obtained. The surface area and pore parameters were 



Chapter 3: Particle Synthesis - Totally Porous Silica Particles 

 

 

76 
 

consistent with those obtained for typical SBA synthesis. 
63

 

 

3.3:  Project aim 

 

The aim of this part of the work was to synthesise totally porous silica particles of 

narrow particle size distribution. The key synthetic learning outcomes learnt from the study 

of non porous Stöber silica spheres in chapter 2 was carried forward to make porous 

particles. Particular focus was placed on producing methods to obtain large pore diameters 

which would improve the modified Stöber synthesis. 

 

3.4:  Experimental 

 

3.4.1:  Particle synthesis 

 

  In the early experiments mesoporous silica spheres were synthesised by 

surfactant template method using C16H33 (CH3)3Br (hexadecyltrimethylammonium 

bromide (CTAB)) as a porogen.  The syntheses were performed by the method of 

hydrolysis of tetraethylorthosilicate (TEOS) in the surfactant-alcohol (ethanol)-water-

ammonia medium. 

The silica precursor TEOS was purified via CaO treatment followed by vacuum 

distillation as previously described. Preservative free non-denatured absolute ethanol and 

ammonium Hydroxide (28% -Sigma) was used as received. Ultrapure Millipore water of 

no less than 18.2MΩ resistivity was supplied in house. 

 In the series of initial screening syntheses the ratio of the component 

concentrations TEOS: NH3: CTAB; C2H5OH:H2O was maintained constant and equal to 

1:7.5:0.12:382:798. The components were mixed in the reverse order of the mole ratio 

formulation. Water associated with the ammonium hydroxide solution was taken into 

account for the total water concentration. Syntheses were performed at temperatures 

between 2 
o
C and 25 

o
C and the synthesis duration was typically 24 hours. Each reaction 

was performed in triplicate. 

 The resultant silica microspheres were recovered by centrifugation (3700 rpm) 

and washed repeatedly with ethanol for five cycles, DI water for five cycles, ethanol for 3 
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cycles and acetone for 3 cycles and dried overnight at 80 
o
C. The spheres were calcined in 

a furnace (Carbolite, CWF1500) to remove the organic template. Heating was performed at 

a ramp rate of 1 
o
C/min in air to 550 

o
C, held for 300 minutes and then cooled to 25 

o
C at a 

rate of 5 
o
C/min. 

 To obtain a free flowing powder after calcination the particles were sonicated in 

an aqueous solution of HNO3 0.1M for 10 minutes and heated to 90 
o
C for a minimum of 4 

hours. Heating was performed on a rotary evaporator at a speed of 150 rpm to prevent 

particle damage. After treatment with aqueous nitric acid the particles were recovered by 

filtration and washed with DI water until the effluent pH was equal to that of the wash 

solvent. Water was removed by solvent exchange with ethanol followed by acetone and 

dried in an oven at 80 
o
C overnight. 

 

3.4.2: Characterisation  

 

 The particle size distribution was determined by EZS Coulter sensing method 

(Beckman). The Brunauer–Emmett–Teller 
64

 (BET) surface area and pore volume by N2 

sorption at 77 K were measured using a Micromeritics ASAP 2020 adsorption analyzer. 

Pore size distributions were calculated from Barrett–Joyner–Halenda 
65

 (BJH) desorption 

data. Samples were degassed for 10 hours at 120 
o
C before analysis.  

 Morphologies of the silica microspheres were observed by a Hitachi–S4800 

scanning electron microscope (SEM). One drop of the suspension in ethanol was deposited 

on a SEM stud and allowed to dry overnight. The samples were then coated with gold 

using a sputter–coater (EMITECH K550X) for 1 minute at 30 mA for SEM imaging.  

 

3.5:  Results and Discussion 

 

 Inclusion of the learned outcomes from chapter 2’s synthesis strategies towards 

Stöber particles was deemed crucial to confidently produce spherical mesoporous particles 

from the modified Stöber process. Reduction in the purity of the alkyl orthosilicate and the 

alcohol solvent has been demonstrated to have detrimental effects upon particle 

morphology and size distribution with respect to non porous particles; therefore, the 

synthesis procedures associated with minimising those constraints were transferred to this 
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work.  

  Smooth mesoporous silica spheres of particle sizes between 1-2 µm were 

prepared by a one step procedure under homogeneous conditions using water/ethanol 

binary solvent and a charged surfactant template, CTAB.  CTAB is known to form 

hexagonal liquid crystals spontaneously at concentrations above its cmc in homogeneous 

solutions.
8
 During the synthesis procedure, these hexagonal micelles were assumed to 

serve as the template to form the mesoporous structure of the silica NPs. 
8, 37

 However, the 

procedure reported here is considered to be silica driven because the concentration of 

CTAB is below its cmc. Hydrolysis of TEOS first forms negatively charged silica 

polymers, which strongly interact with the cationic surfactant CTAB to form multidentate 

links. The resultant stable silica/ surfactant complexes would have very low dissociation 

constants and cmc’s .
66 

Thus the silica driven formation of micelles occurred. 

 

 

Table 3.1: Results obtained for synthesis with alkylammonium  halide surfactant (CTAB) 

at TEOS: NH3: CTAB: C2H5OH:H2O ratio’s of 1:7.5:0.12:382:798 at different reaction 

temperatures. Results are average of 3 syntheses for each reaction 

Sample 
Mean particle 

Diameter/µm 

Reaction 

Temp/
o
C 

SSA 

(m
2
/g) 

PV 

(cm
3
/g) 

MPD/ 

nm 
D90/D10 

KSMMSS-

[25] 
1.297 25 825 0.49 2.51 1.38 

KSMMSS-

[17] 
1.640 17 741 0.44 2.64 1.24 

KSMMSS-

[10] 
1.785 10 752 0.44 2.62 1.36 

KSMMSS-

[2] 
2.368 2 741 0.5 2.64 1.28 

a
 SSA – Specific Surface area calculated from the N2 adsorption branch using BET 

method. 

b 
PV- Pore volume estimated from the single-point amount adsorbed at P/P0 = 0.98. 

c 
MPD – Mean pore diameter calculated from the N2 adsorption branch using BJH method. 
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3.5.1:  Particle size distributions 

 

 Table 3.1 shows the physicochemical properties for the selected syntheses listed. 

For reactions performed at 17 
o
C mean particle diameters of ~1.6µm were obtained and the 

particle size analysis from EZS is shown in Figure 3.5. The spread of the particle 

distribution for these syntheses possessed the lowest D90/D10 ratios obtained (1.24). 

Throughout all of the syntheses performed using this reaction system the D90/D10 ratio was 

always less than 1.4. Commercially produced totally porous silicas from sol gel 

emulsification after classification tend to obtain D90/D10 ratios of ~1.5 after exhaustive 

classification techniques, so there is an immediate improvement on size distribution; no 

classification/elutriation was performed during these experiments. 

 Figure 3.4 demonstrates the dependence of the average size of synthesised spheres 

on temperature. It is seen that by varying the synthesis temperature from 25 
o
C to 2 

o
C one 

can also vary the sphere average diameter. This is completely analogous to the same 

phenomena seen in Stöber syntheses. 

 

 

Figure 3.4: Graph illustrating the influence of temperature on the final modified Stöber 

particle size. 
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 At the lowest reaction temperature (2 
o
C) performed the largest particle diameter 

is obtained. Figure 3.9 are SEM images of particles obtained at these temperatures and 

have a diameter of ~2.3 µm.  In every synthesis a secondary low intensity satellite peak of 

larger size is present as shown in particle size distribution charts, Figures 3.5 and 3.6. This 

is attributed to particle aggregation during growth. It is known from the traditional Stöber 

synthesis that particles with doublet, triplet and cluster morphology are formed as a 

consequence of the reaction mechanisms. This is unavoidable. Particle aggregation is 

particularly common in less dilute modified Stöber syntheses. The employment of long 

chain alkyl substituted quaternary ammonium salts within the synthesis further exacerbate 

this phenomenon as they are strong flocculating agents to silica. 
67

 The increased D90/D10 

ratio is still well within the limits deemed acceptable for Stöber syntheses during the 

course of this study. 
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Figure 3.5: Particle size distributions obtained from reactions of types KSMMSS-[25] and 

KSMMSS-[17]. 
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Figure 3.6: Particle size distributions obtained from reactions of type KSMMSS-[2]. 

 

 N2 adsorption/desorption isotherms and BJH pore size distribution of calcined 

sample KSMMMS-[17] is shown in Figures 3.7 and 3.8. It can be seen that KSMMMS-

[17] posses typical Type IV isotherm and HI hysteresis loop that are characteristic of 

mesoporous solids.
 7

 Moreover, it can be observed that the pore size of KSMMMS-[9] is 

2.64 nm with a narrow distribution. The isotherm is typical for all experiments performed. 

The small pore size is a result of the maximum size of the surfactant used in the 

experiment. CTAB is approximately 2.5 nm in length hence the maximum pore size 

obtained under these synthetic conditions.  
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Figure 3.7: SEM image (taken at 10 µm scale bar) and N2 sorption isothermal curves for 

calcined particles KSMMMS-[17]. 
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Figure 3.8: BJH pore size distribution of sample type KSMMSS-[17] 

. 
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Figure 3.9: SEM images of calcined particles KSMMSS-[2] obtained from reaction  

temperature of 2 
o
C. Images taken at 5µm and 10 µm scale bar respectively. 
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3.5.2:  Pore expansion 

 

 Despite the relative success of syntheising particles in the size range of 1-2 µm 

with narrow particle size distribution, the particles would not be suitable for use in 

chromatography because of the small pore diameters obtained from the use of the 

alkylammoniumm  halide surfactant as porogen.  

 Much debate centres around what the minimum functional pore size of particles 

for use in chromatography should be. Small pore materials have higher surface area; 

however, large pore silicas have better kinetics. Minimum pore diameter acceptable in 

HPLC adsorbants is approximately 5 nm. On the basis of this, strategies were put into 

place to expand the pore size to diameters more suitable. 

  One of the most often used pore expansion techniques that have a high degree of 

success for MCM type materials is the procedure devised by Sayari et al. 
68

 Here the pre 

calcined materials are suspend in an emulsion of water and alkylamine such as N,N-

dimethyldecylamine (DMDA) and heated (>100 
o
C) under autogeneous pressure for 

anywhere between 3 days to one week.. 

 In this part of the study the method employed of Sayari et al 
68

 was used. Figure 

3.10, shows the BET isotherms and BJH pore size distributions of the amine expanded 

materials. The BET surface area for samples of KSMMSS-[17] was reduced to 543 and 

416 m
2
/g respectively whilst the BJH pore size increased to 4.4 and 4.2 nm from 2.5 and 

2.6 nm respectively, for the samples without any morphological deviation. 

 Despite attempts at prolonged heating or higher temperatures the expanded 

physical parameters displayed were typical for all attempts with the silicas formed from in 

this work. One potential explanation to the mild improvement of pore diameter compared 

to the literature values (where upto 20 nm pore size is reported) is that the underlying 

method for the production of mesoporous spheres under modified Stöber conditions uses 

base controlled hydrolysis/condensation. Typical MCM synthesis in which the original 

pore expansion work was performed uses an acidic approach. There will be marked 

differences in the degree of condensation within the silica strucure. Base catalysed 

synthesis results in a higher level of condensation rendering limitations to the degree of 

pore expansion. Solid state NMR techniques would be required to investigate this. 
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Figure 3.10: BET isotherm of pore expanded KSMMSS-[17] 

 

 

Figure 3.11: SEM image of pore expanded KSMMSS-[17] particles 
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Figure 3.12: BJH pore size distribution of pore expanded KSMMSS-[17] 

 

 

Figure 3.13: BET isotherm of pore expanded KSMMSS-[17] 
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Figure 3.14: BJH pore size distribution of pore expanded KSMMSS-[17] 

 

 As an outcome of these results further work was initiated to try and produce 

porous silicas from the modified Stöber process that contain large pores, preferably 

without the need of post synthesis hydrothermal treatment, or if required milder expansion 

conditions. 

 Silica materials produced from SBA- type syntheses tend to contain the large 

pores that are deemed necessary for use in HPLC, however, the resultant materials are 

typically not spherical in morphology. These syntheses as described in the introduction use 

pluronic surfactants of large molecular weight in the reaction medium. Uniform pore 

diameters upto 30 nm can be achieved using these surfactants with mild post synthesis 

hydrothermal treatment. In general surfactants of molecular weights greater than Mw 2000 

units can produce pore diameters of greater than 5nm. The constraint with this technique is 

that the synthesis is performed under acidic conditions with surfactants that are typically 

non ionic in nature. The modified Stöber reaction uses low molecular weight cationic 

surfactants, therfore it would be feasible that larger molecular weight cationic surfactants 

(Mw 2000 or greater) could produce the desired materials.  

 Polypropylene oxide amines or Jeffamines (Huntsman – (generically 

polypropylene glycol-bis-aminopropyl ether)) surfactants as represented in Figure 3.15: 
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NH2CH(CH3)CH2[OCH2CH(CH3)]xNH2 

x=~33-2000MW 

x=~68-4000MW 

 

Figure 3.15: Jeffamine D series polyetheramines. 

 

are a series of polyetheramines which are a type of non ionic triblock polymer surfactant 

containing two terminal amines which can be easily converted to cationic form and 

become a suitable candidate for incorporation within modified Stöber reaction systems. 

Quaternisation can be performed easily by reacting the polyetheramine with iodomethane 

in a DCM/THF solvent system. 

 A typical synthesis procedure for the production of cationic Jeffamine D4000 

involved reacting the polyetheramine with iodomethane in a suitable solvent system. The 

solution was stirred for one hour and the ether was removed by evaporation. The reaction 

was characterised by 
1
H NMR. The final product has the structure as in Figure 3.16. 

 

 

Figure 3.16: Cationic Jeffamine D series polyetheramines after reaction with iodomethane. 

 

 The catioinc substituted polyetheramine was then subject to numerous 

experiments in which it acted as a large molecular weight porogen in the modified Stöber 

reaction. It is envisaged that the porogen could effectively “hairpin” during micelle 

formation. 
69

 In much the same reaction mechanism as in MCM type syntheses the addition 

of alkyl orthosilicate to the reaction mixture results in its hydrolysis and condensation 

around the large micelles.  

 A typical synthesis would involve the converted polyetheramine surfactant 

dissolved in ethanol with stirring. This solution was then added to DI water and allowed to 

mix at room temperature for one hour. Ammonia was added in the form of ammonium 

hydroxide (25%) under stirring follwed by the addition of TEOS. The mole ratios of the 

reactants were as follows; TEOS:D4000:EtOH:H2O:NH3, 1:0.00875:54:186:0.175. 
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Table 3.2: Physical parameters obtained from incorporation of cationic Jeffamine D4000 in 

Modified Stöber Reactions. 

Sample 
Post 

treatment/
o
C 

SSA (m
2
/g) PV (cm

3
/g) MPD/nm 

KS-D4000-25 - 816 1.16 5.01 

KS-D4000-50 50 578 1.17 7.64 

KS-D4000-75 75 416 1.70 9.58 

 

 

 

Figure 3.17: BET N2 adsorption isotherm of KS-D4000-75. 
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Figure 3.18: BJH pore distribution of KS-D4000-75 

 

 Table 3.2 Shows the physical data obtained from the reactions involving the 

cationic polyether amine substitute porogen. When the reaction was performed at room 

temperature a high surface area of 816 m
2
/g (from BET calculation) was obtained. The 

mean pore diameter was 5 nm which immediately was a major improvement on the pore 

size associated with typical MCM type modified Stöber reactions. However, once again 

further expansion was necessary. A key advantage of using this type of polymer was the 

relative simplicity in pore expansion procedure. The as prepared silicas were suspended in 

water by sonication and heated to temperatures up to 75 
o
C. As can be seen in table 3.2 

there was a dramatic increase in pore diameter with the subsequent reduction in surface 

area. Pore diameters of 7.6 nm and 9.5 nm were obtained by post synthesis hydrothermal 
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treatment in water at 50 
o
C and 75 

o
C respectively. Figure 3.17 displays the N2 adsorption 

isotherm and Figure 3.18 BJH pore size distribution for cationic polyether amine KS-

D4000-75. It can be seen that the BET isotherm has the type IV H1 shape for mesoporous 

silica having a narrow pore size distribution. 

 The physical properties of the materials produced using the charged polyether 

amines after pore expansion were exactly in the parameters required for use in HPLC. 

However, subsequent examination of the particle morphology from all of the syntheses 

was very disappointing. Figure 3.19 shows typical SEM images of the materials from this 

type of reaction. Large clusters of irregular shaped material were produced from each 

reaction. Numerous experiments were performed to try and resolve the issue and produce 

spherical morphology. Experiments included an investigation of the purity of the 

purchased polyether amine by Gel Permeation Chromatography (GPC). The modified 

Stöber method seemed more suitable for substituted alkylammonium surfactants as it does 

not cause a significant change in pH. Polyetheramines in their cationic form seem to cause 

this change resulting in severe flocculation. Further investigation into finding more suitable 

reaction conditions is needed. This would seem to be an important issue with respect to 

controlling the morphology of the resultant materials and unfortunately time became 

limited to facilitate a successful conclusion. Spherical morphology was obtained but the 

particles were heavily aggregated as shown in Figures 3.20 and 3.21. However, the 

promising physical parameter data and near spherical morphology suggests the need for 

further study in the use of these materials.  
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Figure 3.19: Irregular particles produced from use of cationic polyether amine after 

polymer purification. 

 

Figure 3.20: Agglomerated particles produced from use of cationic polyether amine after 

polymer purification. 
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Figure 3.21: Particles produced from use of cationic polyether amine after polymer 

purification 

 

 Alongside the work using cationic polyetheramines further synthesis strategies 

were developed to produce novel porogens that may facilitate interesting silica materials. 

Once again working on the notion of large molecular weight cationic polymeric surfactants 

were synthesised.  

 

 

 

Figure 3.22: Linear poly (2-ethyl-2-oxazoline) (POXZ) with one-quaternized end. 
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Figure 3.23: Tri-arm star poly (2-ethyl-2-oxazoline) (POXZ) with end-quaternized arms. 

 

 

 

Figure 3.24: Silica particles produced using novel linear poly (2-ethyl-2oxazoline) (POXZ) 

surfactant 
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Figure 3.25: Silica particles produced using novel tri-arm star poly (2-ethyl-2-oxazoline) 

surfactant 

 Although these polymers have produced interesting silicas, the silica has not been to 

the specification required for this project. However, these polymers did lead to the 

formation of sub 1μm particles with large porosity (15 nm pores from the tri-arm POXZ) 

that may find an application in future work.  

3.5.4: Pseudomorphic Transformations 

 A completely different approach to production of porous particles was attempted in 

the later stages of the work, in which the concept of pseudomorphism was explored. 

Pseudomorphic transformation (PT) is a term used by mineralogists to describe a phase 

transformation that does not change the shape of a material. Pseudomorphic 

transformations are reactions in which chemical components change, for example through 

dissolution and reprecipitation, while the shape of a solid material is preserved. 

Pseudomorphic transformations involving dense amorphous silica spheres provide an 

alternative approach to direct syntheses of mesoporous silica spheres, retaining the size and 

spread of particle size distribution of the original parent silica.
70-74

 For the first time in this 

area of research investigation of the technique began by performing screening experiments 

on silica particles with narrow size distribution produced using 3-

mercaptopropyltrimethoxysilane (MPTMS). The method was then transferred to non 

porous silica particles produced from the two phase reaction system discussed in chapter 2.  
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 A typical reaction procedure involves suspending non porous silica in alcohol 

(preferably ethanol anhydrous non denatured) by sonication. In the second reaction vial 

water, surfactant (in this case CTAB) and sodium hydroxide are mixed and the contents of 

the ethanol silica vial added under stirring. Mixing continued for thirty minutes and then 

the combined contents were transferred into a hydrothermal cell, then placed in an oven 

and heated statically at 100 
o
C for 24 hours. The mole ratio of all components was; 1 SiO2: 

0.18 CTAB: 0.44 NaOH: 750 H2O: 75 EtOH.
76

 

 

 

 

 

 

Figure 3.26: Non porous MPTMS silica particles, 10 µm diameter, surface area 3 m
2
/g. 
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Figure 3.27:  Pseudomorphically transformed MPTMS particles 

 

 Under pseudomorphism each silica particle acts as a nanoreactor where silica inside 

the particle is dissolved under basic conditions whilst simultaneous reprecipitation of the 

silica occurs with surfactant molecules now present in the particle. 
74

 Mesostructured 

silicas obtained by pseudomorphism are metastable phases therefore, the pseudomorphic 

synthesis is kinetically controlled and the transformation is progressive.
74

 SEM images of 

porous MPTMS particles pseudomorphically transformed from non porous materials are 

shown (Figures 3.26 and Figure 3.27). The MPTMS particles were chosen as a test 
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material for pseudomorphic transformation due to their large size. The smooth morphology 

of the non porous particles has been replaced by a rough outer surface texture and porous 

channels can clearly be seen. The initial particles had a surface area calculated from BET 

of 3 m
2
/g of which increased to 721m

2
/g with a mean pore diameter of 2.2 nm. There does 

appear to be some incompleteness of the reprecipitation of the MPTMS with the 

appearance of a large “crater” on the surface. Extended reaction time may overcome this. 

 The next phase involved application of the technique to non porous Stöber particles 

produced from experiments in Chapter 2. Non porous particles from the Barder type two 

phase system (SB3-1.9 µm) were chosen to undergo the reaction. 

 

 

 

Figure 3.28: SEM image of the pseudomorphically transformed SB3 particles. 
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Figure 3.29: BET N2 adsorption  isotherm and BJH pore distribution of pseudomorphically 

transformed SB3 silica particles. 

 

 Figure 3.28 shows an SEM image of the pseudomorphically transformed SB3 

particles using the method earlier described. The spherical morphology was retained from 

the process and the rough outer surface can be seen in the image. N2 adsorption analysis 

from BET shows a type IV isotherm with a H3 hysteresis loop, characteristic of large slit 

like pores. The calculated surface area was 205 m
2
/g The BJH isotherm adjacent shows 

mesoporosity with a disordered pore system. There is one major peak at 4nm plus a 

considerably broader peak with maxima around 11nm. The particle size distribution was 

again similar to the starting distribution of 1.84. A value of 1.92 was obtained after 

pseudomorphism. The slightly higher value may be caused by some particle aggregation 

during the reaction. 

 Further development could potentially see a dramatic improvement in the final 

physical characteristics. Recently the technique has been shown to produce core-shell 

morphology from a single synthesis dependent upon what alcohol is used to produce the 

non porous seeds.
76

 Further investigation of this technique is necessary. 
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3.6:  Conclusion 

 

 The work presented here highlights potential methods for the production of 

mesoporous spherical silica particles of narrow size distribution in the size range of one to 

two microns in diameter. To produce totally porous particles, two different reaction 

pathways have been discussed. These methods are surfactant templating via modified 

Stöber reactions and pseudomorphic transformation. 

 Under surfactant templating particles with high surface area (~800m
2
/g) and pore 

diameters of ~2.5 nm were obtained. Particles containing the lowest D90/D10 ratio were 

also produced from this method. A ratio of 1.24 was achieved using a substituted 

alkylammonium halide surfactant, in this case hexadecyltrimethylammonium bromide 

(CTAB) in an ethanol/water/ammonia hydrolysis medium. The particle size distribution 

did not exceed 1.5 in any of the reactions, which is directly comparable (or better) than 

commercially produced sol gel derived particles used in columns after extensive 

classifying techniques. 

  The key learning outcomes from chapter 2 were implemented in order to improve 

the synthesis procedure. Such outcomes such as freshly distilled TEOS, glassware pre 

condition etc all of which are seldom discussed in the literature, contributed to the low 

particle size distribution. The value is lower than the previous literature work where a ratio 

of 1.34 was the lowest reported.
56

 

 After numerous screening reactions to determine optimum reactant ratios, it was 

then found that simply altering the reaction temperature from 25 to 2 
o
C facilitated the 

larger particle sizes. The only downside to the particles produced from this method is that 

the pore size is initially too small for use in chromatography. 

 The pore size issue was addressed by initially performing a pore expansion 

procedure; however, this technique did increase the mean pore diameter, but still not 

beyond the accepted minimum diameter of 6 nm. Following this a different strategy was 

investigated which incorporated the large pore synthesis potential of Pluronic surfactants 

typically employed in SBA-type syntheses. Large molecular weight polyether amine (or 

Jeffamine) a type of co-block polymer possessing two terminal amine groups, could be 

used in modified Stöber reactions. Converting the neutral polymer to its cationic form by 

quarterisation of the amine groups allowed its use in subsequent reactions.  
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 The results obtained were quite mixed. Reactions performed at room temperature 

produced pore diameters after calcination of 5 nm. Simple pore expansion methods by 

heating in water increased the mean pore diameter to 9 nm (75 
o
C-24 hours); these results 

are an immediate improvement on the modified Stöber reactions using CTAB as a 

porogen. However, it was found that morphology could not be controlled. Most of the 

initial reactions produced irregular shaped or cluster materials. Purification of the cationic 

surfactant improved the results and some spherical morphology was obtained. It would 

seem further purification by GPC could further improve the final product. 

 Continuation of this strategy led to the development of novel cationic porogens of 

high molecular weight to try and produce a one pot method of making narrow size 

distribution high porosity spherical silicas. Despite producing interesting spherical 

particles, the particle diameter of these materials was too small. Further study of these 

porogens could yield highly desirable particles. 

 The final approach was to investigate the use of pseudomorphism. This technique 

involved the dissolution of the silica particles under basic conditions and simultaneous 

reprecipitation of the silica around micelles under autogeneous pressure. Mesostructured 

particles were obtained with the same morphology/particle size distribution of the parent 

silica particle. Non porous Stöber particles developed in Chapter 2 were 

pseudomorphically transformed. The resultant materials were mesoporous (SA 205 m
2
/g) 

with slit like pores. Further work would be required with this technique as the disordered 

pore system may hinder potential chromatographic separations. This should not discourage 

the fact that the technique is an excellent way of introducing porosity into preformed non 

porous spheres via a “Top down” approach as opposed to “Bottom up” from surfactant 

templating. 
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Chapter 4: Microwave Irradiation assisted bonding of silica 

based stationary phases 

 

 4.1: Introduction 

 

 The main aim of this thesis is to explore new synthetic strategies towards the 

improvement of HPLC columns. Earlier chapters have focused upon improved particle 

synthesis. Surface chemistry, relating to the types of surface ligands, and bonding density 

is an important parameter towards column classification, and has many aspects which can 

be improved. While stationary phases consisting of unfunctionalised silica are used for 

normal phase and/or HILIC chromatography, bonded silica phases prepared using mono, di 

or trifunctional silanes are widely used.
 1-4   

The chemical nature of the ligands bonded on 

the surface of the support material defines the main type of interactions of the surface with 

the eluent and the analyte molecules.  Bonding density is the primary parameter in 

evaluation of the quality of the bonded material. Usually the higher the bonding density, 

the better the shielding effect, although care should be taken in cross evaluation of similar 

columns on the basis of bonding density. Surface geometry can also significantly affect 

bonding density. Base material with smaller pores possesses higher surface areas however, 

bonding density is usually lower due to the smaller pores.  

 All of these parameters of the packing material are interrelated in their influence on 

the chromatographic performance of the column. Batch to batch reproducibility and long 

term stability (pH and temperature) are the most important quality characteristics to be 

considered in column selection.  

  Although the role of the mobile phase in chromatographic retention and selectivity 

has been thoroughly investigated, the role of the stationary phase has been less studied and 

as an effect not as fully understood. The main reason regarding this is that there is a lack of 

precise and reliable methodology for the determination of bonded phase characteristics. 

These properties are of a direct consequence of the bulk silica medium and the reagent and 

reaction conditions for the silanisation process. In order to obtain packings with 

reproducible surface characteristics, the silanisation reaction conditions must be 

painstakingly controlled.
5
 This is a major constraint towards the control of batch to batch 

reproducibility of chromatographic columns.  Most manufacturers employ traditional 
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thermal heating methods (isomantles) to produce their bonded phases. These methods 

require long energy wasting reaction times (6-24 hrs) and large solvent volume. 

Manufacturers will report that their reaction efficiency is perfectly acceptable and in house 

specifications met first time every time, when in reality it is often not the case. A 

consequence of the reaction conditions employed often produces phases with specifications 

lower than expected (with respect to %C, bonding density and chromatographic 

performance). This necessitates further expensive reworking often required to bring the 

bonded phases into the specifications required for optimum performance. 

 The main aim of this chapter is to investigate the use of microwave irradiation to 

improve the silanisation process, replacing the inefficient thermal heating method via 

conduction and convection through reaction vessels from heat sources such as isomantles 

amongst others. 

 A full literature review will be presented describing the types of silica surface 

interactions involving reagents, and reaction conditions. The review will also include 

microwave chemistry and the benefits from its use. 

 

 4.2: Literature review and theory 

 

 There are a number of reactions which have been used to bond groups to the silica 

surface to modify the surface and hence it's chromatographic properties.  

 The first synthesis occurred in 1969 when Halasz and Sebastian successfully 

attached aliphatic hydrocarbon chains to silica surface hydroxyl groups through a Si-O-C 

bond.
6
 Simpson using the same chemistry filed a patent which was granted in 1975.

7
 

 The method involved refluxing silica with high molecular weight alcohols. An 

esterification reaction occurs between the surface hydroxyl groups and the alcohol creating 

the Si-O-C bond.  

 

surface Si-OH + R-OH → Si-OR + H2O 

Resultant surface bond: Si-O-R 

 

 This method was superseded by the organo-silanisation reaction.
8
 Here the 

preparation can utilise either chloro or alkoxy (typically methoxy or ethoxy) silane 



Chapter 4: Microwave Irradiation assisted bonding of silica based stationary phases 

 

 

111 

 

derivatives with one, two or three reactive groups to produce a mono or oligomeric layer 

on the silica surface: 

surface SI-OH + X-Si-R3 → Si-O-Si-R3 

Where X=Cl, a base such as imidazole, is used to drive the reaction to the products. 

Resultant surface bond: SI-O-Si-R. 

 

 Further reactions involve chlorination of the silica surface followed by reaction 

with a Grignard reagent or organolithium compounds: 
9, 10

  

  

(surface) Si-OH + SOCl2 → Si-Cl + SO2 + HCl 

(Surface) Si-Cl + R-Li → Si-R + Li Cl 

Resultant surface bond: Si-C 

 

 Modification of the silica surface via reduction of silanols to Si-H followed by 

hydrosilylation can also be performed:
 11

  

 

(surface) Si-OH + LiAlH4 → (surface) Si-H 

Si-H + CH2=CH-R → Si-CH2-CH2-R 

Resultant surface bond: Si-C 

 

 Residual isolated silanol groups have been shown to be the main cause of tailing of 

chromatographic peaks for basic compounds, of mechanical instability for the packing and 

of low sample capacity for the column.
12, 13

 The greater reactivity of di- or tri functional 

silanes is sometimes favoured over mono reactive silanes, although their use may result in 

a more complex bonded phase surface. There are a number of possibilities for reaction sites. 

The silane may simply covalently bond at two (or three) silica surface sites and yield only 

a single layer of surface coverage. More likely however, one or more of the leaving groups 

on the silane will hydrolyse and then react with other leaving groups to form a polymeric 

network extending out from the silica surface. This polymerisation reaction may occur in 

solution prior to bonding to the silica surface, after the silane has been bonded to the 

surface or both. Both the extent of cross linking and the amount of silane bonded to the 

surface are very sensitive to reaction conditions. Sander and Wise
14

 have shown that 
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polymeric phases can be made reproducibly; using a single lot of silica and carefully 

controlling the water content in the reaction mixture. They reported the preparation of four 

phases with a relative standard deviation (R.S.D) of only 0.96% in surface bonded “mass”; 

they are still not free from secondary interaction of solutes with residual hydroxyl sites. 

While the silica surface may be totally protected, hydroxyl sites will often occur on the last 

silanes in the polymeric network from hydroxyls of the leaving groups. 

 Monomeric stationary phases have the advantage of providing very well defined 

single layer coverage of the silica surface. They also generally exhibit superior column 

performance to polymeric columns, with typical bonding density values of 2.5-3.0 

µmol/m
2
.  

 The chromatographic advantages of higher bonding density phase surface coverage 

are numerous. Extra shielding prevents solute access to the surface and thus minimises 

retention due to adsorption on the silica. Secondly shielding protects against base 

hydrolysis of the silica, increasing the stability of the stationary phase. Also the molecular 

organisation of densely bonded phases more closely resembles that of bio-membranes, and 

may have an application as a model system. Increased bonding density may lead to higher 

chromatographic selectivity; there is some evidence that the improved selectivity for 

certain compounds offered by polymeric phases is simply a function of bonding density.
14-

16
 The investigation of selectivity behaviour for high density monomeric phases has been 

difficult because of the limitations imposed by the synthetic methodology, although the 

average value for the surface hydroxyl concentration of amorphous silica is 8 µmol/m
2
.
 17

 

In practice octadecyl monomeric bonded phase coverage’s in reversed-phase 

chromatography attained under reflux conditions are limited to approximately 3µmol/m
2
.
 

17-21
 

 Jones 
22,23

  determined that large excesses of the silanising reagent, the precursor of 

an acid-acceptor, pre-drying of the reaction solvent, performing reaction under inert 

atmospheres and the use of chlorinated as opposed to hydrocarbon reaction solvents are 

statistically significant variables which optimise the synthesis of monomeric stationary 

phases. 

 Kinkel and Unger 
5
 have studied the roles of the solvent, and base in these types of 

reactions and have found their choice to be crucial. When alkylhalosilanes are reacted with 

silica, a base is added driving the equilibrium to the product side. In addition the base 
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favourably affects the kinetics of the reaction. Mechanistic studies of these types of 

reactions 
24

 have shown that two molecules of base attack one molecule of silane, 

activating the Si-X bond such that a reactive intermediate and a hydro halide are formed. 

Formation of this reactive intermediate greatly increases the kinetics of the bonding 

reaction. Through this base addition up to 90% of the total conversion takes place within 

the first hour of the reaction. In their study Kinkel and Unger 
5
 found that the two most 

effective acid-acceptors were Imidazole and 2, 6-lutidine and that dichloromethane (DCM) 

and dimethylformide (DMF) were the most effective solvents for the bonding reaction. 

Until 1988 almost all bonding reactions were performed under refluxing 

conditions.
25

 Heating chemical transformations on a laboratory or manufacturing scale 

would typically be performed using isomantles, oil baths or hot plates, in many instances 

applying a reflux set up whereby the highest reaction temperature achievable is dictated by 

the boiling point of the solvent. This traditional form of heating is a rather slow and 

inefficient method for transferring energy to a reaction mixture, since it depends upon 

convective currents and on the thermal conductivity on the various compounds or materials 

to be penetrated, and often results in the temperature of the vessel being higher than that of 

the reaction solution. In addition, a temperature gradient can develop within the sample 

and local overheating can lead to product, reagent or substrate decomposition. More 

importantly however, this method of heating has a major influence with respect to the 

batch to batch reproducibility of bonded phases. The importance of which was discussed 

earlier. The inefficiency of this method can facilitate considerable repetitive rework to 

produce phases of the quality required which is a major constraint to column 

manufacturers. Proprietary information relating the synthetic methodology and the amount 

of reworking required to produce the bonded phases would not generally be made available. 

 Dorsey, Sentell and Barnes patented an alternative approach
25

. They used 

sonication as the driving force behind the reaction, and incorporated a new base in the 

reaction scheme; 4-DMAP. They achieved bonding densities between 3.5 – 4.07 

µmoles/m
2
. As these reactions took place at low temperatures longer reaction times (48 

hours) were needed.
25

 

 Excellent results have also been achieved by using Supercritical carbon dioxide (sc-

CO2) to drive the reaction. Yarita et al demonstrated end capping of octadecylsilyl (ODS) 

silica gels using sc-CO2 as a silyation medium,
26

 while Robson et al reacted silica with 
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alkoxy silanes in sc-CO2 using autogeneous pressure at 160
o
C for 20hours to generate sil-

ica bonded phases.
27

 Cao et al 
28

 demonstrated that sc-CO2 is a good solvent for silanisa-

tion reactions, comparable or better than organic solvents.
28

 Tripp and co-workers have in-

vestigated the reaction of silica with organo silanes in sc-CO2 using infra red techniques.
29

 

 In the past two decades, the use of microwave energy to heat chemical reactions has 

attracted a considerable amount of attention, owing to its successful application in 

organic/peptide synthesis, polymer chemistry, materials sciences, nanotechnology and 

biochemical processes.
30-34

 In many circumstances, the use of microwave dielectric heating 

as a non classical energy source has been shown to dramatically reduce process times, 

increase product yields, and enhance product purity or material properties compared to 

conventionally processed experiments.
31

  

In contrast to traditional thermal methods, microwave irradiation realises efficient 

internal “in core” volumetric heating (that is, the temperature is raised uniformly 

throughout the whole liquid volume) by direct coupling of microwave energy to the 

molecules that are present in the reaction mixture. An example of the use of the technique 

is shown in Figure 4.1.
31

 

 

 

Figure 4.1: Difference in temperature profiles for a 5ml sample of ethanol (boiling point 78 
o
C) 

heated under single mode, sealed vessel microwave irradiation (maximum set temperature of 160 
o
C), and 

open vessel oil bath conditions (oil bath temperature 100 
o
C).

31  
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The use of microwave irradiation to aid the preparation of chromatography 

stationary phases seems interesting since the principle of heating differs greatly from 

conventional thermal treatments, and can possibly promote new and/or different 

interactions between the silanisation molecules and chromatographic support possibly 

utilising the advantages listed previous.  

The work reported here describes the development of an alternative bonding 

technique by applying microwave irradiation as the driving force, to produce phases with 

carbon loadings comparable to those of commercial columns, and sometimes greater in 

considerably shorter reaction times, with reductions in energy usage and solvent 

consumption. 

 The only work reported using microwave energy as the driving force behind 

chromatographic silica functionalisation has been to bond large molecular weight polymers 

to the silica surface.
35

 This study demonstrates for the first time the use of microwave 

irradiation as the driving force for the typical silanisation reactions used in chromatography 

bonded phase synthesis for chromatographic supports. 

The work begins by comparing the technique to the well known methodology of 

Kinkel and Unger 
5
 to validate the use of microwave irradiation. Following from the results 

obtained the method was carried forward to recreate Thermo Fisher Scientific’s best selling 

reversed-phase column, Hypersil Gold. Further experimentation demonstrated the 

practicality of the technique towards other chromatographic phases. 

 

4.3: Experimental 

 

 For the preparation of phases within this study, 5μm spherical Hypersil silica 

(Batch number 5-11077, BET surface area of 169 m
2
/g, pore volume of 0.68 cm

3
/g and 

mean pore diameter of 13.2 nm) and 5μm spherical Hypurity Silica (Batch number PS5- 

1458 having, BET surface area of 203 m
2
/g, pore volume of 1.07 cm

3
/g mean pore 

diameter of 17.3 nm) from Thermo Fisher Scientific were employed.  

 All glassware used in the reactions were soaked in a 1:1 mixture of 1M KOH and 

IPA, for a minimum of 1 hour, thoroughly rinsed with water, ethanol, acetone, and finally 

dried at 125 
o
C for 4 hours.  
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 4.3.1: Pre-treatment of silica 

 

 Each silica sample was acid washed to remove any residual metals from the 

manufacturing process, and to fully hydroxylate the surface. 10g of silica were acid 

leached in 100ml of 0.1M Nitric acid. The nitric acid silica slurry was attached to a rotary 

evaporator and heated to 90 
o
C for a minimum of 4 hours at a stirring at a rate of 150 rpm. 

The leached silicas were filtered and washed with continuous 100ml aliquots of 18MΩ 

water (Millipore) until there was no trace of remaining nitric acid. The silica was finally 

washed with methanol, acetone and oven dried at 80 
o
C Prior to all silanisation reactions 

the acid washed silica was activated at 150 
o
C for 16 hours under reduced pressure 

(between 0.6 and 0.8 mbar). This drying process is used to remove all surface adsorbed 

water without disturbing the total concentration of the hydroxyl groups on the surface. 

 

4.3.2: Preparation of stationary phases for bonding experiments 

 

 A control reaction was first performed to compare the initial results to the 

literature.
5
   This also formed the basis for the initial microwave reactions. 

  In the control reaction 2.02g of acid washed Hypersil silica was slurried with 

anhydrous dichloromethane in a 100ml round bottomed flask, under an atmosphere of 

nitrogen.  To this 0.688g of Imidazole was added to the vessel followed by 1.76g of 

octadecyldimethylchlorosilane (ODDMS). The reaction was run in triplicate using reflux 

as the driving force for a period of 24 hours. In all reactions magnetic stirring was applied 

at the lowest speed possible to maintain mixing whilst preventing damage to the silica 

surface. The control reaction samples are termed KC-. 

 

4.3.3: Bonded silica cleans up 

 

 At the end of the reaction time the synthesised bonded phases were washed in a 

Buchner funnel under vacuum. The wash sequence consisted of five solvent steps. Each 

solvent step consisted of three 50ml portions of reaction solvent, methanol, 50% aqueous 

methanol (v/v), methanol and finally diethyl ether. All solvents were purchased from Fisher 

scientific and were of HPLC grade quality. The silica was allowed to dry for a minimum 
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period of two hours after the ether wash to ensure complete evaporation, before drying in 

an oven at 80 
o
C overnight. 

 

 4.3.4: Bonding reaction performed using microwave irradiation 

 

 All microwave reactions in this study were performed on a CEM 96 position 

Explorer microwave reactor. (Figure: 4.2). The control reaction described above was 

repeated on the instrument to the same protocol.  Samples from this method are termed 

MU-. 

 Specialist microwave reaction vessels (CEM) were used to which the reactants 

were added. The reaction vessels were sealed with caps making the reaction closed vessel, 

however, open vessel could also be used. 

 An example of the typical microwave instrument parameters used in this study is 

listed below: 

 

 Dynamic closed vessel method 

 Reaction temperature setting – 111
o
C 

 Max Pressure setting – 17 bar 

 Power setting - 200W 

 Electromagnetic Stirring Setting – Low (150rpm) 

 Heating rate 2- 6 
o
C/min 

 Pre-reaction stirring – 10 secs 

 Reaction Time – 20 mins 
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Figure 4.2:  CEM Explorer 96 position automated reactor 

 

After the reaction, the bonded phase was cleaned up following the described procedure in 

4.3.3. 

 Once the control reactions had been performed and the microwave method 

validated, a more rigorous test of its applicability was performed. 

 

 

 4.3.5: Total carbon analysis 

 

 At the conclusion of the bonded phase synthesis a Thermo Nicolet elemental 

analyser within the Department of Chemistry was used to measure the percent carbon on 

the surface. Some samples over the course of the study were sent to Thermo Fisher 

Scientific (Runcorn, UK) for verification of carbon content. The percent carbon was used 

to calculate the bonding density of the silica stationary phase by the Berendsen-de- Galan 

equation: 
21 
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Where α is the bonding density in μmoles/m
2
, %C is the percent carbon from the analysis, 

nc is the number of carbons on the ligand, S is the surface area of the silica, M is the 

molecular weight of the ligand being attached, and L is the molecular weight of the ligand 

leaving group. 

 

4.4: Results and Discussion 

 

4.4.1: Results of the control reflux reaction and microwave bonding experiments 

 

 The results from the control reactions based on Unger’s method and the initial 

microwave irradiation experiments are presented in table 4.1. 
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Table 4.1: Optimum microwave irradiation time study 

 

 

 

 

 

 

 

 

       

 

       

 

       

 

       
 
       

 
       

 
       

 
       

 
       

 
       

 
       

 
       

 
       

 
       

 
       

 
       

 
       

 
       

 
       

 
       

 
       

 

 

 

 

 

 

Reaction 

time/mins 

Type of pack-

ing 

Type of 

phase 
%C α 

5 

10 

20 

60 

ODDMS M 

10.78 3.09 

10.92 3.13 

11.22 3.24 

10.93 3.14 
 

         

ODDMS = Octadecyldimethylchlorosilane 

M = Monomeric mononochlorosilane 

 α = bonding density µmoles/m
2 

 

          

 
          

Table 4.2 Kinkel control reaction vs microwave irradiation           

Experiment Ligand Phase Driving Force %C α 

KC1 

ODDMS M 

Reflux (24 hrs) 

10.86 3.12 

KC2 11.18 3.24 

KC3 10.92 3.14 

MK1 

Microwave 

(20mins) 

11.14 3.21 

MK2 11.24 3.24 

MK3 11.22 3.24 
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4.4.2: Influence of microwave irradiation on bonding reactions - Control Comparison 

 

In recent years microwave irradiation has attracted great attention due to its 

molecular level heating, which leads to homogeneous, fast thermal reactions and has thus, 

been applied in several different fields. An important attribute of microwave irradiation is 

the direct absorption of energy by the material being heated, contrary to what occurs when 

the heating is accomplished by convection and conduction, in which the energy is slowly 

transferred from the container to the sample.  

The principle of heating via microwave irradiation is based on the direct effect of 

microwaves on molecules by ionic conduction and dipole rotation. Whereas dipoles in the 

reaction mixture (for example, polar solvent molecules or reagents) are involved in the 

dipolar polarisation effect, the charged particles in a sample (usually ions) contribute to 

ionic conduction. When irradiated at different frequencies, the dipoles in a sample align in 

the direction of the applied electric field. As the electric field oscillates the molecular 

dipoles accordingly attempt to re-align themselves along the alternating electric-field 

streamlines and in such a process energy is lost in the form of heat through molecular 

friction and dielectric loss (dielectric heating).
 31

 The amount of heat generated by this 

process is directly related to the ability of the dipoles to align themselves with the 

frequency of the applied field. If the dipole does not have enough time to realign (high 

frequency irradiation), or reorientates too quickly (low frequency irradiation) with the 

applied field, no heating will occur. The allocated frequency of 2.45 GHz available in all 

commercial systems lies in between these two extremes and gives the molecular dipoles 

enough time to realign in the field, but does not permit them to follow the alternating field 

precisely. 

Similarly in ionic conduction, as the dissolved charged particles in a sample 

(usually ions) oscillate back and forth under the influence of the microwave field, they 

collide with their neighbouring molecules or atoms. These collisions cause agitation or 

motion, creating heat. These ion conductivity pathways provide a stronger heat generating 

capacity than the dipolar rotation mechanism. In this particular example charged particles 

exist in the forms of the monochlorosilane, and from the catalyst (Imidazole) employed in 

the reaction generating heat via this mechanism. 

 The use of microwave irradiation to prepare stationary phases seems interesting; 
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since the principle of heating differs greatly from conventional thermal treatment often 

used in their preparation, and thus can promote improved interactions between the 

stationary phase ligands and the chromatographic support. 

 Based on this, some initial tests were necessary to define a bonding procedure, this 

was determined by comparing the method to the standard chromatographic bonding 

reaction devised by Kinkel and Unger as a control,
 5

 who produced high density packings 

after a thorough investigation of the role and type of solvent and catalyst, the influence of 

reaction time, reaction conditions, and reagent purity. A full mechanistic description of the 

silanisation reaction is given in this paper. 

 It is well documented that one of the major attractions of using microwave assisted 

synthesis is the reduced reaction times associated with it. Many organic transformations 

which could take days to achieve have been reduced to hours, minutes or even seconds.  

  Within the initial trial reactions the optimum reaction time was determined and the 

results are listed in table 4.1, the results clearly show the improved reaction time of the 

technique. In this particular example, typical bonding densities associated with most 

commercial columns are achieved in five minute reaction times (3μmoles/m
2
). Bearing in 

mind that Kinkel’s work showed that after one hour of thermal reflux heating, 90% of the 

catalysed total conversion has taken place, in that particular example obtained a bonding 

density of ~2.9μmoles/m
2
. The speed in which the silanisation occurs is significantly 

improved compared to conventional methods. 

 The maximum density achieved in this study comparable to the particular control 

reaction was obtained after 20 minutes of microwave irradiation. That has reduced the 

reaction time by 98.6%. From this data further validation of the twenty minute reaction 

time was performed and compared accordingly. 

 The results listed in table 4.2, show that comparison to Kinkel’s technique for the 

bonding of silanes. The reflux method was performed over a 24 hour reaction time, 

produced packings with a bonding density of ~3μmoles/m
2
. It has to be noted at this stage 

however, that the results obtained from Kinkel’s method are lower than those reported in 

his publication, where a bonding density of 3.53μmoles/m
2
 was recorded. Kinkel’s 

methods employed scrupulously dry conditions via the use of a nitrogen glove box which 

could not be replicated here, also in his work, native silica of considerably larger surface 

area, pore size and pore volume was employed. These parameters could possibly have a 
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direct relation to the overall bonding density available. For the purpose of this investigation 

the result of 3.24 μmoles/m
2
 surface coverage is accepted and comparison is taken against 

that result. 

 From the experiments using microwave irradiation the bonding density results were 

remarkably consistent. 3.21, 3.24 and 3.24 μmoles/m
2
 ± 0.017 with a %R.S.D of 0.5 were 

obtained from a reaction time of 20 minutes. Both reflux and microwave reactions used 

DCM as bonding solvent as determined by Kinkel. A further benefit of the microwave 

method is that a reduced ratio of solvent to silica was used. In Kinkel’s paper a ratio of 1g 

to 10ml of silica to solvent was determined to be the most efficient to facilitate optimum 

bonding densities. Under microwave conditions a ratio of 1g to 5ml was used to obtain the 

results described.  

 Another key feature for discussion is related to the nature of the microwave 

reaction. Under thermal conditions the time taken to get the reactants to the required 

temperature can be considerable, thereby lengthening an already extended process time. 

The nature of microwave irradiation (ionic conduction and dipole rotation) truly speeds up 

this particular aspect. Typically under reflux conditions, even at the relatively low boiling 

point of DCM (40 
o
C) reflux was achieved approximately 15 – 20 minutes after the 

introduction of heat to the reaction. On the microwave apparatus the heating rate is in the 

order of 2-6 
o
C per minute. Therefore, set point temperatures were achieved in less than 5 

minutes in most cases. It is also important to note that the instrument provides microwave 

energy intensely until the set reaction temperature has been achieved, afterwards an 

algorithm controlled by feedback with the temperature monitoring device adjusts the 

microwave power to maintain the set temperature, only sufficient energy is supplied to 

maintain the reaction temperature, and thereby the energy saving potential of the reaction 

is enormous. Active gas-jet cooling (180-400secs) then rapidly cools the reaction mixture 

after microwave irradiation. This is in direct contrast to thermal heating to which energy is 

continuously supplied to heat the reactor vessels over the whole period of the reaction. 

 DCM is classified as a medium microwave reacting solvent, i.e. it has some ability 

to convert microwave energy into heat. A solvents ability to convert microwave energy into 

heat is determined by its so called loss tangent tan (δ).
 31

 The loss factor is expressed as the 

quotient tan δ=ε”/ε’, where ε” is the dielectric loss, indicative of the efficiency with which 

the electromagnetic radiation is converted into heat, and ε’ is the dielectric constant 
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describing the polarisability of the molecules in the electric field so by chance as a 

favoured solvent from Kinkel’s work it was an excellent solvent for use in this study. 

 However, despite the known mechanisms of producing heat via microwave 

irradiation, the question remains regarding what is the actual effect of the microwaves on 

the silanisation process? Unfortunately this is still unknown, and still subject to fierce 

debate. Many researchers believed that there was a “magic” effect from the microwaves 

themselves upon all the known transformations/conversions etc. More recent evidence has 

moved the current thinking towards an improved thermal effect from the mechanisms of 

heating providing the benefits to the published reactions. More detailed experiments are 

ongoing to fully prove what is actually happening. Whatever the outcome, the power of the 

use of microwave irradiation has been clearly demonstrated in these early reactions. 

 

4.4.3: Recreation of Thermo Fisher Scientific’s Hypersil Gold bonded phase 

 

 A more rigorous examination of the practicality of the technique was carried out by 

comparing the method against a proprietary bonding method in which Thermo Fisher 

Scientific’s best selling reversed phase HPLC column, Hypersil Gold was chosen.  

 Once the bonding had been carried out and fully characterised, chromatographic 

evaluation would be performed. This study was taken further with an examination of the 

role of solvents with emphasis placed on increasing dielectric constant, type of base 

catalyst, and the use of super heating to see how the microwave environment may affect 

the reactions. All reactions were performed to a scale similar to that documented during the 

Kinkel study. 

  

 4.4.4: Optimisation of Hypersil Gold phase reaction under microwave irradiation 

 

 The method employed in this part of the study is a proprietary method from Thermo 

Fisher Scientific (Runcorn, UK). The preparation involves a specified amount of Thermo 

Fisher’s in house manufactured Hypurity Silica, suspended in Toluene, then stoichiometric 

amounts of monochloroalkylsilane, and Imidazole added under a nitrogen atmosphere. The 

suspension is refluxed for six hours and the bonded material filtered/washed following a 

stringent solvent wash regime. This is referenced as A stage bonding. 
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 After initial bonding,  carbon coverage analysis is performed and providing the 

material meets the relevant specifications, will go on to be end capped using a C1 phase 

under the same conditions mentioned formerly. This is referenced as B stage bonding. 

 Typical QC % Carbon specifications for the initial (A Stage) phase are 

typically >8.7% C with an average of 9.4% ± 0.15% obtained after 6 hours of reflux. It is 

this criterion that the microwave bonded phase will be compared against. 

 

 

Table 4.3: Results obtained from the Hypersil Gold comparison with microwave irradiation. 

Toluene was used as solvent, with reaction time set at 20 min 

Exp A stage %C B stage %C α μmoles/m
2
 

MG201-Tol 9.47 9.54 3.21 

MG202-Tol 9.48 9.54 3.21 

MG203-Tol 9.52 9.61 3.24 

MG204-Tol 9.36 9.42 3.14 

MG205-Tol 9.56 9.63 3.25 

MG206-Tol 9.68 9.72 3.28 

MG207-Tol 9.37 9.58 3.23 

MG208-Tol 9.77 9.9 3.35 

MG209-Tol 9.74 9.84 3.33 

MG2010-Tol 9.66 9.69 3.27 

A stage = reaction with silane 

B Stage = end capping with trimethylsilylimidazol 
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Table 4.4: Results obtained from the Hypersil Gold comparison with microwave irradiation. Toluene 

was used as solvent, with reaction time set at 5 minutes. Reactions highlighted in red subjected to 

“superheating”.
31

 

Exp A stage %C B stage %C α μmoles/m
2
 

MG51-Tol 8.9 8.95 2.99 

MG52-Tol 8.73 8.73 2.9 

MG53-Tol 8.73 8.78 2.92 

MG54-Tol 9.03 9.01 3.01 

MG59-Tol120 9.72 9.82 3.31 

MG510-Tol120 9.72 9.80 3.31 

MG511-Tol120 9.78 N/a 3.31 

 

 

 Tables 4.3 and 4.4, show the results obtained from carbon microanalysis and 

surface coverage for the derivatisation reactions performed under microwave irradiation 

conditions. Following on the initial work performed with the Kinkel comparison, 20 

minute reaction times were chosen for optimum conditions and as can be seen the results 

are again very good. The consistency of the process is well highlighted, across the ten 20 

minute reactions listed an average %C of 9.64% is obtained. Against the whole set of 10 

results the %R.S.D is 1.87. The entire experiments pass the QC standard microanalysis 

specification for the bonded phase of >8.7%C. From the 20 minute set of reactions a 

reduction in actual reaction time of 94% is achieved by using microwave irradiation. 

 On this basis an investigation to see if the reaction time could be further shortened 

followed and results are displayed for an exposure to microwave irradiation set at 5 

minutes.  

 The initial results were lower than those obtained from the 20 minute exposure but 

still met the QC specification of >8.7%. Experiments towards the end of the 5 minute study 
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produced some very surprising results. As can be seen for examples MG59-Tol120 and 

MG510-Tol120 considerably higher %C values were obtained with 9.72 and 9.78% 

respectively. The reason for the higher coverage from these experiments was attributed to a 

specific effect of microwave irradiation called superheating. This effect is a result of the 

uniqueness of the microwave dielectric heating mechanism. Under closed vessel conditions 

the average bulk temperature of the solvent can be somewhat higher than the boiling 

temperature otherwise expected at atmospheric pressure. This is due to the fact that the 

microwave power is dissipated at an exceedingly fast rate over the entire volume of the 

solvent. The boiling can only initiate and proceed to a relevant extent in proximity of the 

reactor walls or at the solvent-air interface. This results in a reversed temperature profile 

with a steady average reflux temperature above the classical boiling point, a process known 

as superheating. 

 When the reaction time was set at 5 minutes with toluene as solvent and the 

microwave temperature now set at 120 
o
C (toluene, bpt 111 

o
C), the bonding density values 

were similar to those from the 20 minute reactions.   

 Application of the superheating effect to 20 minute reaction experiments produced 

similar results to the reaction temperature set at the original temperature of 111
o
C.  

 Utilising the superheating effect can give the user the added power of further reduc-

ing the process time from the already fast 20 minute reaction times down further to 5 min-

utes. 

 Trial reactions were performed using dichloromethane (as from the control 

reaction), and use of the superheating effect again produced bonding densities comparable 

to those with the proprietary method with Toluene. Results are presented in table 4.5: 
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Table 4.5: Results of experiments with change of solvent to DCM with temperature set at 

80
o
C. 

  A stage %C B stage %C α μmoles/m
2
 

MG51-DCM80 9.53 9.62 3.24 

MG52-DCM80 9.49 9.56 3.22 

MG53-DCM80 9.49 9.58 3.22 

MG201-DCM80 9.66 9.72 3.28 

MG202-DCM80 9.63 9.70 3.28 

MG203-DCM80 9.58 9.68 3.27 
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4.4.5: Nuclear Magnetic resonance spectroscopy (
1
H- 

13
C and 

29
Si CP/MAS) 

  

 1
H {

13
C} CP/MAS NMR can be used to prove that the C18 functionality has been 

incorporated into each sample as well as the success of the end capping stage
2
. The spectra 

illustrated are those obtained from the bonded phases that were selected for 

chromatographic analysis, but typical for all phases tested. 

 

 
Figure 4.3: 

1
H {

13
C} CP/MAS NMR Gold Silica @ 8 kHz 
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Figure 4.4: 
1
H {

13
C} CP/MAS NMR MG208-Tol @ 8 kHz 
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Figure 4.5:
1
H {

13
C} CP/MAS NMR MG59-Tol @ 8 kHz 

 

 The spectra display the resonances corresponding to the C18 carbon at 18.6 ppm 

and C2 at 23 ppm and C17 at 24 ppm.
2
  The main body of the chain (C3-C16) resonate at 

~30 ppm when the chain is in the trans position and 34 ppm in the gauche position
2
.  The 

methyl groups of the end-capping resonate at 0.90 ppm. The resonance at 32.7 ppm is the 

C18 chain close to the end-capping.
2
   The resonance at 12.7 ppm corresponds to the end 

methyl group C1
2
. These resonances are consistent with respect to all 3 samples analysed. 
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4.4.6:  
1
H {

29
Si} CP/MAS NMR 

 

 

 

Figure 4.6:
1
H {

29
Si} CP/MAS NMR Commercial Gold Silica @ 4 kHz 

 

 

 

Figure 4.7: 
1
H {

29
Si} CP/MAS NMR MG208-Tol @ 4 kHz 
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Figure 4.8: 
1
H {

29
Si} CP/MAS NMR MG59-Tol@ 4 kHz 

 

 

  The 
1
H – 

29
Si CP MAS NMR spectra for the silica (Figures 4.6-4.8) show 

resonances corresponding to silicon atoms bonded to a C18 chain and end-capping moiety. 

Also resonances for a silicon atom attached to three end-capping groups (M sites) at ~13.4 

and ~19.9 ppm respectively. The spectrum shows the presence of Q
2
 (SiO2(OH)2), Q

3
 

(SiO3(OH)) and Q
4
 (SiO4) sites at -92.2, -101 and -111 ppm respectively 

 Each of the three samples contain a long chain alkyl functional group therefore, by 

comparing the areas of the resonances corresponding to C3-C16 of the carbon chain in the 

13
C {

1
H} CP/ MAS spectra,

2
 comparison of  the amounts of C18 functionality incorporated 

through each synthesis method can be measured. 
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 Figure 4.9: 
13

C {
1
H} CP/MAS NMR Gold Commercial Silica phase @ 8 kHz 

deconvoluted spectra. 

 

 

Figure 4.10: 
13

C {
1
H} CP/MAS NMR MG208-Tol @ 8 kHz deconvoluted spectra 
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Figure 4.11: 
13

C {
1
H} CP/MAS NMR MG59-Tol @ 8 kHz deconvoluted spectra 

 

 The total area of the resonance corresponding to both the trans and gauche positions 

of the C18 chain of the silica synthesised via traditional methods is 1.63(Figure 4.9), for 

samples MG208-Tol, and MG59-Tol the areas are 1.66 and 1.63 respectively (Figures 4.10 

and 4.11). These values are in excellent agreement with the value calculated for the 

commercial phase indicative of the success of the method. 
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4.4.7:  Diffuse Reflectance Infrared Fourier Transform (FTIR) Spectroscopy 

 

Figure 4.12: DRIFT Spectrum of Hypersil silica.  

 

Figure 4.13: FTIR spectra of microwave bonded phase and Hypersil Gold column. 

C-H stretching due to the presence of methyl, and Methylene groups at 2960 and 2850 cm
-1

 

respectively. 

 

 Comparison of the FTIR spectra before and after modification with the monomeric 

alkylsilane, show new bands present at 2960 and 2850 cm
-1

. These are attributed to C-H 

stretching due to the presence of methyl, and methylene groups from the carbon chain 

immobilised on the silica surface. The band at 1465 cm
-1 

is attributed to CH2 and CH3 

bending. 
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4.4.8: Chromatographic evaluation - Tanaka Test 

 

 A number of Hypersil Gold phases were evaluated using the well known Tanaka 

test protocol set at 40
o
C.

36
   

 The Hypersil Gold column was supplied by Thermo Fisher Scientific and used for 

comparison. The microwave bonded phases were packed in the laboratory on a high 

pressure Haskell pump into a 4.6mm * 10cm column at a steady pressure increase to 420 

bar using a proprietary packing procedure.  

 All columns were tested on a Thermo Fisher Scientific Surveyor HPLC system. The 

control Hypersil Gold column was run separately against each microwave bonded phase to 

compare performance.  

 

4.4.7.1: Tanaka test 1- Steric Selectivity (α T/O) and Methylene selectivity (α CH2) 

 

 Steric selectivity refers to the ability of the stationary phase to recognise and 

differentiate between molecules with similar structures but different shapes. The nature and 

orientation of the alkyl ligand can affect the extent to which steric selectivity plays a part in 

a separation. Steric selectivity is often indicative of the surface coverage of the bonding 

chemistry, and also provides a characteristic by which different HPLC packings can be 

compared.  

 Sander and Wise 
14

 have shown that compounds of similar size and functionality 

such as polyaromatic hydrocarbons may differ in their retention characteristics due to their 

relative ability to bend and twist out of shape. o-Terphenyl and Triphenylene within the 

Tanaka protocol are used as probes because the former has the ability to twist and bend 

while the latter has a fairly rigid structure and will be retained quite differently. A measure 

of the relative retention of these compounds is indicative of the steric selectivity of the 

phase. 

 The test probes used to determine the Methylene selectivity (Hydrophobicity) 

characteristics have been combined with those of the steric selectivity test. Various 

hydrophobic parameters are measured by comparative retention of a series of non polar 

hydrocarbons (alkyl benzenes). In a simple binary eluent of methanol and water under 

isocratic conditions, the capacity factors of 1-butylbenzene and pentylbenzene give a broad 
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measure of hydrophobic retention and selectivity. 

 

4.4.8.2: Tanaka test 2 - Hydrogen bonding capacity 

 

 The retention of caffeine is normalised against the retention of phenol to provide an 

indication of residual silanol groups and hydrogen bonding interactions that can occur at 

the silica surface. 

 The separation factor k (caffeine)/ k (phenol) = α (caffeine/phenol) will vary 

depending on the hydrogen bonding capacity of the phase. 

 An α (caffeine/phenol) > 0.6 is said to represent a high capacity for hydrogen 

bonding, and an α (caffeine/phenol) < 0.6 is said to represent low hydrogen bonding 

capacity. Phenol is used only as a marker in this test and eliminates other column effects 

when the caffeine capacity factor is measured relative to it. 

 

4.4.8.3: Tanaka test - 3 and 4 - Ion exchange capacity  

 The Tanaka test shows that the retention of protonated amines at pH<3 can be used 

to determine a measure of the ion exchange sites on the silica surface. The majority of 

silanol groups (Si-OH) are undissociated at pH<3, and therefore, do not contribute to the 

retention of protonated amines. Acidic silanols still remaining on the silica surface will be 

in the dissociated form (SiO
-
). These acidic silanols contribute to the retention of 

protonated amines by ion exchange. 

 At pH > 7 all of the surface silanol groups are dissociated to form ion exchange 

sites that increase the retention of protonated amines. To accurately determine the ion 

exchange character of the bonded phase, retention of amines should be measured at both 

high and low pH. 

 The retention of benzylamine is measured and normalised with respect to phenol at 

pH values of 2.7 and 7.6 to investigate the ion exchange behaviour of the phases. 

Measuring the relative retention of benzylamine in this way shows important ion exchange 

characteristics of the packings. 
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Figure 4.14: a-c Tanaka test 1. Methylene Selectivity and Shape Selectivity. Separation of 

(1) Uracil (2) Butylbenzene (3) o-Terphenyl (4) Pentylbenzene and (5) Terphenylene. 

Columns (a) Hypersil Gold, comparison of columns containing stationary phases from 

experiments, (b) MG208-Tol and (c) MG203-DCM 
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Figure 4.15: a-c Tanaka test 2. Silanophobic Activity. Separation of (1) Uracil (2) Caffeine 

and (3) Phenol. Columns (a) Hypersil Gold, comparison of columns containing stationary 

phases from experiments, (b) MG208-Tol and (c) MG203-DCM 
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Figure 4.16: a-c Tanaka test 3. Ion exchange capacity pH 2.7. Separation of (1) Uracil (2) 

Benzylamine and (3) Phenol. Columns (a) Hypersil Gold, comparison of columns 

containing stationary phases from experiments, (b) MG208-Tol and (c) MG203-DCM 
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Figure 4.17: a-c Tanaka test 4. Ion exchange capacity pH 7.6. Separation of (1) Uracil (2) 

Benzylamine and (3) Phenol. Columns (a) Hypersil Gold, comparison of columns 

containing stationary phases from experiments, (b) MG208-Tol and (c) MG203-DCM. 
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 The selectivity factors of the seven compounds using four different mobile phase 

compositions on the selected phases are shown in table 4.6: 

 

Table 4.6: Results obtained from the Tanaka test protocol for the selected phases 

  %C α μmoles/m
2
 α CH2

 
α T/O α C/P α  B/P 2.7 α B/P 7.6 

 

Hypurity Gold >8.7 >3.0 1.42 1.34 0.36 0.09 0.35 
 

MG59-Tol 9.82 3.31 1.42 1.31 0.33 0.09 0.3 
 

MG208-Tol 9.90 3.35 1.43 1.33 0.33 0.09 0.28 
 

MG51-DCM 9.62 3.24 1.44 1.31 0.33 0.09 0.31 
 

MG203-DCM 9.68 3.27 1.44 1.31 0.33 0.09 0.31 
 

 

Conditions: 100mm x 4.6 mm column; flow rate 0.6 ml min
-1

, temperature 40 
o
C, detection: UV at 254nm; 

injection volume 5μl. 

α CH2 α T/O Methanol-water (80:20, v/v), 

α C/P Methanol-water (30:70, v/v), 

α B/P 2.7 Methanol-20mmol l
-1

 H3PO4/KH2PO4 buffer (30:70, v/v) at pH 2.70, 

α B/P 7.6 Methanol-20mmol l
-1

 KH2PO4/K2HPO4 buffer (30:70, v/v) at pH 7.6. 

 

 There is some significant variation with respect to the Tanaka test results for the 

comparable Gold phase preparation when comparing to the microwave bonded phases. 

According to Kimata 
36

 the αCH2 (Methylene selectivity), is dependent on the ligand density 

and measure of the surface coverage, while the shape selectivity, αT/O, is influenced by the 

spacing of the ligands and the functionality of the silylating agent. The αCH2 and αT/O values 

for the microwave produced phases are in good agreement to the commercially produced 

column.  

 The overall αC/P values for all phases are lower than 0.6 therefore, representing low 

hydrogen bonding capacity. It is when the results for silanophobic activity and ion 

exchange capacity are studied that the values change significantly. 

 The αc/p and αb/p pH 7.6 values for the microwave bonded phases are lower than 

those obtained for the commercial column. The lower values would initially suggest that 

lower concentrations of residual surface silanols are present on the microwave bonded 

phases suggesting greater bonding density.   
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 On examination of the capacity factors for Phenol on the microwave bonded phases, 

it can be seen that the k’ values for phenol are actually greater than those obtained for the 

Hypersil Gold column. Phenol’s primary retention interaction is with the residual silanols. 

This greater retention would now suggest there are more silanols present increasing 

phenol’s retention. However, the bonding density and Methylene selectivity values for both 

the Gold column and the microwave bonded phase are the same and related to that in house 

QC specs for all the phases are met. 

 Microwave irradiation is a completely different way of heating, its heating 

mechanism has already been discussed, but what is not apparent is the (or any) effect the 

microwave irradiation actually imparts on the silica particles themselves. Seeing that 

microwave irradiation is homogeneous in its nature, i.e. the “in core” heating effect, it 

would be correct to assume that  microwave energy would encapsulate the whole of the 

silica material directly, and from that one could also say that the effect would reach into the 

silica pores. The use of a low dielectric constant solvent such as toluene which is 

microwave transparent, results in microwave energy interacting with the silica and 

silanisation reagents only. This potential effect and the manner in which the bonding 

reagents align themselves to the microwave field, has to impart a different effect on the 

bonding process, than from the reflux method and  possibly result in a considerably more 

uniform bonding.  It is known from 2D NMR HECTOR techniques performed by L Clews 

37
 that regional pocket or clusters of bonded ligands on the surface of the silica are present 

and not distributed homogeneously as first thought. This is even with monomeric 

monochlorosilanes. It is not fully understood why.   

 A possibility could be the random disordered nature of the reflux bonding method. 

If the microwave irradiation does indeed impart a dramatic heating effect and the overall 

silanisation becomes more uniform, i.e. better ligand spacing, and no clustering of ligands, 

this would go some way to explain the greater retention of the Phenol moiety, and hence 

the reduced α values for the microwave bonded phases. Secondary interactions with 

relation to Phenol and the surface silanols would now occur due to the uniform bonding, 

increasing its retention and hence lowering the αc/p and αb/p pH 7.6 selectivities. Further 

work is required to prove this and the NMR technique formerly mentioned (HECTOR) can 

go some way to explain this phenomena. 
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4.4.9: Application of different bonding reagent 

 

 To test the versatility of the microwave technique a further recreation and 

comparison was performed but this time with an emphasis on more polar ligands, in 

particular functionalising the silica surface with amino propyl groups. The ligand in 

question is 3-aminopropyltriethoxysilane and can attach to the silica surface in potentially 

a variety of methods. Monodentate, bidentate or even tridentate attachment can be obtained 

as the reaction proceeds via the linkage between the silanols and the ethoxy groups on the 

molecule. The extent of the linkage depends upon the locations of the attachment to the 

different types of surface silanols. In most cases a bidentate attachment occurs.
38

 Once 

again careful control of the reaction conditions will prevent polymerisation of the triethoxy 

ligand. The fact that the molecule possesses an amino group at the head of the molecule 

with the ethoxy groups attached to the silicon atom makes it extremely polar and in turn 

should react favourably to the microwave irradiation. 

 Thermo Fisher produces two amino functionalised phases on the silicas that have 

been used in this study. The branded phases are Hypersil APS-2, and Gold Amino. The 

synthesis protocols for these two phases have been used for this part of the work with the 

variations for use under microwave conditions that have already been discussed. 

 

Table 4.7: Results obtained for the microwave bonded aminopropyl phases. 

Experiment %C %N α μmoles/m
2
 

MAPS201-Tol 3.08 1.02 3.26 

MAPS202-Tol 2.14 0.69 2.21 

MAPS203-Tol 1.86 0.60 1.91 

MAPS51-Tol 2.95 1.00 3.11 

MAPS52-Tol 1.81 0.59 1.86 

MAPS53-Tol 1.80 0.55 1.85 
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 The nature of the proprietary method and the physical properties of the native silica 

involved in this modification results in a moderate surface coverage of the aminopropyl 

ligand. The in house elemental %C specification is within the range 1.4 -1.7 %C with 

1.7 %C the upper limit obtained under traditional reflux conditions.  

 As can be seen the surface derivatisation has successfully occurred with somewhat 

higher bonding densities achieved via the microwave irradiation technique. Once again in 

this study toluene was the favoured solvent with the greater bonding densities achieved.  

 Chromatographic evaluation of the aminopropyl phases was performed by injecting 

Thermo Fisher Scientific’s in house test mixture TM5, which contains different nucleoside 

bases in 0.05M monobasic phosphate buffer mobile phase. 

 Upon comparison to the standard column Hypersil APS-2 the results are in 

excellent agreement, with full baseline separation of the nucleoside bases achieved. 
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Figure 4.18: Thermo Fisher Scientific TM5test mix. Separation of Nucleoside bases, 

column MWAPS-Tol20 

 

Table 4.8: Chromatographic results of the separation of nucleoside bases, column 

MWAPS-Tol20 

Name 
Retention 

Time/mins 

Capacity 

factor 
 Plates / Metre 

Asymmetry 

(10%) 

Uracil 1.34 0.00 59003 0.96 

Cytidine Monophosphate 1.65 0.23 57732 0.96 

Adenosine Monophosphate 1.89 0.41 57590 0.92 

Guanosine Monophosphate 4.00 1.98 61887 0.89 

Conditions for all amino functional columns; 100mm x 4.6 mm column; flow rate 1.0 ml 

min
-1

, temperature 25
o
C, detection: UV at 254nm; injection volume 25μl. 

Mobile phase: 0.05M KH2PO4 pH 3.0. 
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Figure 4.19: Thermo Fisher Scientific TM5 test mix. Separation of Nucleoside bases, 

column MWAPS-Tol5 

 

Table 4.9: Chromatographic results of the separation of nucleoside bases, column 

MWAPS-Tol5 

 

 

Name 
Retention 

Time/mins 

Capacity 

factor 

Theoretical 

Plates / Metre 

Asymmetry 

(10%) 

Uracil 1.24 0.00 56081 1.02 

Cytidine Monophosphate 1.55 0.26 53066 1.02 

Adenosine Monophosphate 1.76 0.42 51410 1.01 

Guanosine Monophosphate 4.00 2.23 49690 0.97 
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Figure 4.20: Thermo Fisher Scientific TM5 test mix.Separation of Nucleoside bases, 

column Hypersil APS-2. 

 

Table 4.10: Chromatographic results of the separation of nucleoside bases, column 

Hypersil APS-2 

 

 

 

 

 

 

 

 

Name 
Retention 

Time/mins 

Capacity 

factor 

Theoretical 

Plates / Metre 

Asymmetry 

(10%) 

Uracil 1.28 0.00 53603 1.36 

Cytidine Monophosphate 1.59 0.25 48329 1.06 

Adenosine Monophosphate 1.89 0.48 45393 1.03 

Guanosine Monophosphate 4.19 2.28 43669 0.99 
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4.5:  Conclusion 

 

 A new stationary phase bonding technique has been developed which utilises the 

high molecular level heating of microwave irradiation. The technique results in 

homogeneous, fast thermal reactions reducing considerably the time traditionally 

undertaken for silica surface silanisation.   

 The technique was initially compared to the thoroughly investigated, and somewhat 

industry standard protocol of Kinkel, who produced high density packings under optimised 

reflux conditions. Results of the experiment under microwave irradiation showed that the 

same level of bonding density (3.24 μmoles/m
2
 with octadecyldimethylchlorosilane) could 

be achieved consistently in a significantly reduced reaction time of 20 minutes. This results 

in an experimental time reduction of 96%, further investigation involving this method 

showed that that the bonding density of typical commercial columns of ~3μmoles/m
2
 could 

be met in just 5 minutes of reaction time, although higher coverage was obtained from 20 

minutes.  

 The process also utilised a significant reduction in the amount of solvent employed 

from the original study. In that method silica to solvent ratios of 1g to 10ml respectively 

were used. Under microwave conditions from experimental design a ratio of 1g to 5ml was 

found to be optimal. These initial experiments demonstrated that a significant reduction in 

process time can be achieved, with the added bonus of reduced solvent consumption.  A 

further attractive feature of the microwave method is that the system only puts high energy 

levels to drive the reaction to the required starting temperature, once this has been achieved 

only minimal energy is applied to maintain the overall temperature required. This coupled 

to the reduced reaction time facilitates massive energy savings 

 A further rigorous investigation of the method was performed by recreating Thermo 

Fisher Scientific’s best selling reversed-phase HPLC column, Hypersil Gold under 

microwave conditions. The main developments from the initial study using Kinkel’s 

method were taken forward into this part of the work, and once again excellent results were 

achieved.  

 Reaction times of twenty minutes (optimum from control reaction) again produced 

consistent bonding densities matching the in house QC specifications set by Thermo Fisher 

Scientific for this particular phase. Results from 5 minute reaction times again showed very 
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promising results. Coverage was initially lower than the 20 minute reaction, but later 

experiments gave results which matched the densities obtained from the 20 minute 

reactions and were obtained by making full use of the microwave “Superheating” facility, 

taking the reaction temperature considerably beyond the traditional reflux temperature of 

the normal thermal method. 

 
29

Si and 
13

C CP -MAS NMR, as well as DRIFT Infra red spectroscopy were used to 

characterise the silanised silicas, alongside the commercially produced Gold phase. The 

results from these analyses were very consistent and confirmed that the surface of the silica 

possessed the anchored silane groups to the same extent as the commercially produced 

Gold phase.  

  Further studies investigating the use of different, more microwave favourable 

solvents, and the use of different reaction base/scavenger 4-DMAP, provided mixed results. 

 The results showed that using DCM as solvent the QC specification for %C could 

be met, again at both 5 and 20 minute reaction times respectively. DCM has a higher 

dielectric constant than toluene and is therefore, more microwave energy absorbing. It was 

predicted to promote the reaction and possibly facilitate higher bonding densities. Although 

QC specifications were met, they were no greater or worse than those obtained using 

toluene as reaction solvent.  

 The trial of high level microwave absorbing solvents such as Ethanol produced 

very disappointing results, with a wide variety of bonding densities obtained, all 

considerably lower than the set specification. 

 Chromatographic evaluation was performed using the industry standard Tanaka test 

protocol. It is here that the most interesting results were obtained.  

 The results from the Tanaka test of the microwave bonded phases compared to the 

commercial Gold column showed some variations. Despite having comparable 

hydrophobicity and shape selectivity values, there was some variation with respect to the 

values obtained for silanophobic activity and ion exchange capacity.   

 The results from the hydrophobicity tests alone would suggest that all phases would 

have the same level of bonding density on the surface of the silica and therefore, remaining 

silanol activity would be relatively equal. This was shown not to be the case with toluene 

prepared microwave phases in particular possessing lower silanophobic activity as well as 

ion exchange capacity at pH 7.6. These results are hypothesised to be attributed to the 
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different type of molecular heating from the microwave irradiation, possibly producing a 

more homogenised bonding reaction compared to the traditional reflux method. Similar 

results were obtained when the reaction solvent was changed to dichloromethane. 

 The versatility of the technique was tested with the use of different functional 

ligands, and 3-aminopropyltriethoxysilane was chosen. Again excellent results with good 

reproducibility were achieved. These phases were characterised chromatographically by 

comparing their separation of nucleoside bases against a commercial aminopropyl phase 

column. This robust test has become a standard chromatographic test for Thermo Fisher 

scientific. Once again the microwave irradiated phases displayed excellent 

chromatographic separation.  

 Further use of the technique which is not discussed in this work involved 

functionalising silicon wafers, and microscopic slides for use in some collaborative work. 

Again the results were excellent, rapidly speeding up the established literature processes 

that are currently in use. 

 The success of the method and the quality of the results obtained has gained some 

industrial interest. Thermo Fisher Scientific are actively looking at the method as a 

possible complement to their everyday manufacturing process, and a selection of columns 

have been sent to Pfizer (Sandwich, UK) for analysis within their own protocols. 
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Chapter 5: Column Packing Simulation 

 

5.1: Introduction 

 

 Advances in the art and science of High Performance Liquid Chromatography 

(HPLC) are strongly dependent on the many parameters governing chromatographic 

efficiency.
1, 2

 It is generally agreed that such performance depends heavily on the column 

microstructure, which in turn depends on the column geometry and most importantly, the 

materials used and how they are packed to form the bed. Detailed structural characteristics 

inside the columns such as local voidage, accessible areas and void uniformity are 

generally considered as the main factors affecting the effectiveness and efficiency of the 

packed bed. When packing HPLC columns, control of these parameters is often impossible 

and a heuristic approach is accepted. 

 Chromatographers packing HPLC columns may choose various solvents, additives, 

and mechanical procedures based on past column performance, and not necessarily based 

upon fundamental chemical and physical considerations. This approach is necessary in part 

because of the inherent difficulty in probing the column packing microstructure as a 

function of various process treatments. In addition, the complete mechanical description of 

the column including fluid velocities and mechanical stresses at all points is lacking. 

Hence, column preparation is treated phenomenologically and is largely an art rather than a 

science. 

 Chromatographic columns are most frequently packed with particles of spherical 

morphology by a slurry packing process.
3, 4

 Such a preparation process creates a structure 

similar to random close sphere packing. It has long been known that column packings are 

structurally non uniform, with density variations and efficiencies being spatially 

dependent. 
5-20

 It has been suggested in many studies that axial variations in packing 

density lead to minor variations in efficiency while radial variations in packing density 

lead to major losses of potential efficiency. 

 A straightforward way to explore and study the internal three-dimensional 

microstructure of packed columns is to use experimental imaging techniques such as X-ray 

tomography, 
21-23

 NMR, 
24, 25

 or confocal laser microscopy.
26

 However, until now the 

aforementioned methods do not allow imaging sufficiently large fragments of the channels 
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packed with micrometer-sized particles with a spatial resolution sufficient for detailed 

analysis of mass transport.  

 Another approach to represent the internal packing microstructure is numerical 

simulations of the real slurry packing process.
27

 However, this approach still remains a 

challenging task due to the high complexity of the underlying physical processes and the 

large amount of particles contained in typical chromatographic columns. 

 Considerable numbers of studies on the simulation of flow through porous media 

are available in literature.
28-33

 There are different approaches to reconstruct the bed 

packing. On the one hand the bed is generated by using defined or random arrangements of 

single particles in a column. On the other hand, the porous structure of a packed bed is 

reproduced by implementing into computational fluid dynamic (CFD) software a 

distribution of relevant fluid mechanical parameters.  

 Particle segregation is important in many industries which deal with granular 

material, where segregation can cause poor content uniformity and result in subsequent 

batch irreproducibility.
34

  

 The Monte Carlo method 
35, 36

 is a modelling technique that has been applied to 

complex materials including particulates. This approach uses random numbers and 

probability to solve problems, so it is especially appropriate for disordered systems which 

inherently have a high degree of randomness. Because of their random nature, Monte Carlo 

simulations have been used to produce random starting points for subsequent discrete 

element methods (DEM) simulations, as has been done for example by Gethin et al 
37

 for 

tablet compression. Simulations using a Monte Carlo approach are simple to implement 

and computationally efficient. They have been used to model the packing of spheres, 
38, 39

 

and are readily applicable to non-spherical entities. 
40

 Several aspects of known granular 

behaviour, including vibration-induced segregation, have been observed using these 

simulations.
38, 41, 42

 The majority of systems modelled to date have used spherical particles 

and have systematically varied particle size. In such systems, size segregation is thought to 

occur as a result of voids opening up beneath larger particles during the shaking process. 

The smaller particles have a higher probability of filling these voids than have the larger 

particles. Over the course of time the larger particles move upwards as smaller particles fill 

the voids beneath, until distinct layers of different-sized particles exist. 
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 The effect of particle shape on segregation is less well documented and understood. 

Gan et al 
43

 have reported on the packing of particles of arbitrary shape, but have not 

investigated their segregation behaviour. Segregation has been addressed by Abreu et al, 
40

 

who investigated the influence of particle shape on the packing of spherocylinders and on 

the segregation of spherocylinders mixed with spheres, 
40

 for the case when the vibration 

amplitude is no more than twice the diameter of the spherical particles. Their systems were 

found to segregate such that the shape which, when pure, produced denser beds moved 

downward and concentrated at the bottom of the container. However, when they looked at 

systems in which the two types of objects had different volumes, they found that the size of 

the particles had an overriding effect. For example, spheres segregated above the lower 

packing fraction long spherocylinders 

 Although a Monte Carlo simulation is used in this study, the work reported here 

differs from that of Abreu et al 
40

 in two key aspects. First, a much larger amplitude was 

used for the vibration, so that our simulations correspond to high amplitude low frequency 

shaking rather than to small amplitude vibration. Secondly, the present work investigates a 

wider range of particle shapes, including some that are important in simulating 

pharmaceutical powder blends. Such crystalline particles, with their sharp corners and 

planar faces, will be poorly approximated by spheres and spherocylinders.  

 A commercial software package Macro Pac (version 7.2), developed by 

Intelligensys Ltd, was used to perform Monte Carlo simulations on commercially produced 

silicas both before classification and post classification. A basic assumption of the model is 

that there is a ‘hard’ interaction between particles. In this way, the ‘pure’ effects of particle 

shape can be investigated, with no additional complicating factors caused by inter-particle 

interactions or by features such as air resistance. Qualitative data on how the particles from 

these distributions pack themselves is subsequently obtained. 

 

5.2: Experimental 

 

 Particle size distribution data on a range of commercial silicas manufactured by 

Thermo Fisher Scientific was used to generate the simulations. To perform a simulation the 

total number of particles analysed by electro zone sensing was entered into the software. 
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The spread of the size distribution analysis was recalculated as standard deviation units and 

entered into the software and the simulation run. 

 

5.3: Computational Methodology 

 

 The particle shapes investigated consisted of spheres 
35

 representing spherical silica 

particles most commonly employed in columns. The aim was to obtain real particle size 

distribution data from commercial manufacturers and input into the software and create a 

packed bed. A basic assumption of the model is that there is a ‘hard’ interaction between 

particles. In this way, the ‘pure’ effects of particle shape can be investigated, with no 

additional complicating factors caused by inter-particle interactions or by features such as 

air resistance. 

  For each of the simulations reported here particle size distribution data was 

supplied by Thermo Fisher Scientific. The data was generated from sizing analysis 

performed using electrical zone sensing methods (Coulter Method). Simulations were 

undertaken using a Dell laptop computer with a Core2 Duo T5800 processor. Computer 

simulation times to pack and process the systems described in this paper varied from 60 

min to 18 h. 

 

5.3.1:  Simulation container 

 

 In the studies reported here, objects were packed into a three dimensional 

cylindrical-shaped container. This container had hard wall settings in the 3D coordinates x, 

y and z dimensions to replicate a column. The dimensions of the cylinder in the x and y 

directions were arbitrary units. Actual column dimensions for example 100mm*4.6mm 

could not be chosen in this software as the computing power necessary to fill the chamber 

with the number of particles required is far too great. Since in these simulations the size of 

the box is defined relative to the size of the particles, it is not necessary to use SI units in 

the simulation.
35

 

 The particles were first placed in the container in random static positions, then 

settled to the bottom of the box before the ‘shaking’ simulation, which involved a number 

of ‘lifts and drops’ was initiated. 
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 5.3.2: Initial packing of particles 

 

 When particles were placed in the box in their initial random static positions, a 

proximity check determined whether the newly positioned object overlapped with any 

neighbouring object that had been packed previously.
35

 Since the particles are made up of 

hard spheres, the proximity check simply involved checking for sphere overlaps. Spheres 

were allowed to overlap if the spheres were in the same particle but they were not allowed 

to overlap if the spheres were in different particles. If an attempt was made to place a 

particle, and an overlap was detected with a sphere in another particle that already 

occupied the box, the attempt was rejected, and another attempt was made to place the 

object in another position. If no overlap with other objects was detected, the particle was 

allowed to stay in position. 
35

 Once the container had been packed with the target number 

of particles, a Monte Carlo ‘settling’ simulation could be applied to these objects, allowing 

them to drop along the z (vertical) axis of the container.
35

  

 This initial settling followed the procedure for the Monte Carlo ‘drop’ process 

described below, and gave the starting point for the simulation of segregation. During the 

segregation process, the objects could then be lifted and allowed to settle (drop) once 

again, effectively as though the container were being shaken.
35

 This process was repeated 

until a specified number of drops had occurred. It should be noted that the initial settling 

following the starting pack did not count towards the total number of drops 

 

5.3.4: The Monte Carlo process for shaking the particles 

 

 The shaking process is modelled by lifting the objects towards the top of the box 

and then dropping them to the bottom of the container. The first part of this process is the 

‘lift’. Two methods of lifting the objects within the container were investigated. One was a 

‘full lift’ in which the objects were raised as a stack as far as possible along the z axis, 

while maintaining their positions relative to one another. The alternative ‘proportional lift’ 

raised the objects by a distance relative to their position within the settled stack, so that 

objects at the top of the stack were near the top of the container and objects at the bottom 

of the stack remained relatively close to the bottom of the container. 
35
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 More energy is required to lift the objects in a full lift, and the objects have further 

to fall to reach their low energy state. This process therefore models a more vigorous shake 

than the proportional lift. As discussed later, there are differences in the efficiency of the 

Monte Carlo simulation between full and proportional lift.
35

 Because the simulation and 

container parameters may all contribute to the results, and due to the nature of the Monte 

Carlo simulation, the relative number of shakes required for segregation by the different 

systems was the information of interest. There is no claim for any absolute number of 

shakes i.e. that a real system would lead to the same level of segregation in the same 

number of shakes. Here each system was examined after 5, 10, 15, or 20 drops, or until 

total segregation occurred.  

 

 5.3.5: Drops-Monte Carlo simulation 

 

 With Monte Carlo simulations, the collision dynamics of the objects are not 

modelled directly. Instead, the effect of object collisions and collisions with the containers 

walls are modelled by the random movement of the objects with respect to one another. 

Monte Carlo simulations work over a number of steps or ‘tries’.
35

.At each step an object is 

selected randomly from the population and an attempt is made to move that object in a 

random direction by a certain distance. In simulations which include gravity the potential 

energy of a particular configuration of objects is given as: 

 

                   
 

 

   

 

   

       

 

     

   

   

 

 

Where vi is the volume of object i, pi is the density of object i, pf is the density of the 

medium, g is acceleration due to gravity and hi is the height of object i in the container (the 

distance along the z axis in the simulations). The second term   
   denotes the potential 

energy of object i with respect collisions with the hard boundary walls, and the third term 

Eij is the potential energy due to the interaction between object i and object j.
35

 

  Effectively the value of the second term in the equation above is infinite if a 

collision occurs between a wall and an object; otherwise it is zero. Similarly the third term 

is infinite if a collision occurs between objects; otherwise it has a value of zero. All objects 
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under consideration have equal uniform density that is assigned the nominal value of 1.
35

 

Simulations are assumed to occur in a vacuum, where there is no influence of air resistance 

or fluid density, and therefore the value of the density of the medium is effectively zero. 

For any valid configuration, where there are no overlaps between objects and a hard 

boundary wall or between different objects, the energy of the particular configuration 

reduces to: 
35

 

      

 

   

 

 

 Each particle has the same volume (therefore equal mass, as they have equal 

density).  The value of gravity is kept constant, then the energy of a configuration is 

proportional to the sum of the heights of all objects in the container. If translation of an 

object results in a valid configuration (one with no overlaps) when the height of the 

particle is reduced, then the move will result in a reduction in the potential energy of the 

system and is automatically accepted. The probability that a particle moves against gravity 

is effectively zero in granular systems where no continuous external energy is being 

applied to the system.
43

 Therefore, translations which would increase the potential energy 

state, by moving an object against gravity, are not considered.  

 The distance which the object moves in each step takes a random value between 

zero and DMax. The value of DMax has a significant bearing on the efficiency and on the end 

result of the simulation. If the value is too large then it is possible for objects effectively to 

move through one another; in addition, when the objects are closely packed it is likely that 

many steps will be rejected because they result in overlap. If the value of DMax is too small, 

however, then many more steps are required to move objects across the container. This 

presents a potential problem when simulating a system in which objects are being lifted 

and dropped, because they may need to move a relatively large distance down the drop axis 

of the container at the start of the simulation. However, once the majority of objects have 

settled near the bottom of the container, the objects will become increasingly more tightly 

packed and the simulation becomes less efficient as they do so. One approach is to reduce 

the value of DMax during the course of the simulation 
38

, or to scale it up or down based on 

the current efficiency of the simulation. 
35
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 Although these methods reduce the level of inefficiency in the simulation, the 

simulations take a large number of steps to complete when the system is tightly packed. To 

solve these inefficiency issues, the current study employed a two stage approach to the 

Monte Carlo simulation. In the first stage the value of DMax was fixed, and at each 

simulation step any random object within the container could be selected for movement. 

The starting value of DMax was determined by the average size of objects packed within the 

container; for spheres this value is their radius. For non-spherical objects the object's 

volume was used to determine the value, by calculating a nominal radius from the volume 

of the object using the equation of a sphere's volume, V, that is radius= (3 V/ (4π))
1/3

. 

  For the cases considered here, every object had a volume of 5 units, so DMax was 

calculated to be 1.0608. In this first stage, the simulation was run for sufficient steps that 

the stack of objects (which during the ‘lift’ were raised to the top of the box) was given the 

opportunity to fall back down. By maintaining a fixed value of DMax, given enough steps, 

the objects could cover the distance from the top of the box to a position lower in the box. 

However, once all the objects had settled, the simulation became inefficient when using a 

fixed value of DMax. In order to compact the objects it would be necessary to reduce the 

value of DMax progressively during the course of the simulation, but this would be a slow 

and inefficient process. To ensure that the objects were packed to their optimum low 

energy positions within a reasonable time frame, this simulation employed a second stage 

in the settling process after the first stage had completed. 
35

 

 The second stage was an iterative process, in which each object was selectively 

packed to a low energy state. At the start of the iterative loop the “active” objects (which 

had not previously completed their “final drops”) were scanned to find the object with the 

lowest potential energy (i.e. the lowest lying object within the container). A new value of 

DMax was calculated from this object's height in the container. For a given number of steps, 

an attempt was made to move that target object by a distance from 0 to DMax, where the 

value of DMax in this case was adjusted for success (when it was increased) or failure 

(reduced). Once the defined number of tries had been completed, the object was marked as 

“inactive” — it had completed its “final drop” and was fixed in its final position. This 

element of the second stage ensured that each object (from the bottom up) was well packed 

in its final state. Following this procedure, spheres attained random loose packing as 

anticipated for a Monte Carlo simulation of this nature.
35
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 As each object is dropped into its final position, gaps are likely to appear in the 

stack above, allowing more freedom of movement for the “active” objects in the stack. 

After each “active” lowest lying object completes its drop and is marked as “inactive” (as 

described above) randomly selected “active” objects may be moved. Here, for a given 

number of random steps an “active” object was selected randomly and an attempt was 

made to move that object by a distance from 0 to DMax. The starting value of DMax was the 

same as that used in the first stage of the settling process, but subsequent values were 

adjusted for success and failure. 
35

 

 Once all the “active” objects have been selected and dropped into their final 

positions and marked “inactive”, then the settling process is complete. This produces a 

compacted state within a reasonable simulation time frame, while allowing sufficient 

random movement to induce any segregation effects. For non-spherical objects a random 

rotation of the object occurs in addition to the random movement, with the random rotation 

taking place around the three axes which define the object's orientation. The number of 

first stage steps and the number of steps used in the second stage potentially will have a 

significant bearing on the results. It is expected that segregation effects will occur in the 

random movement of objects as the stack falls.
35

 

 In the examples presented here, 750,000 first stage steps (roughly 500 steps per 

object for our population of 1500) were used, since preliminary investigations showed this 

to be sufficient to drop most of the objects within the stack. In the general case, however, 

the required number of steps depends on the distance over which the objects drop and the 

shape of the objects being dropped. Following a full lift, this part of the simulation is quite 

inefficient, because at the start of the simulation only those objects on the bottom of the 

lifted stack have the opportunity to move, while those higher up are in a highly packed 

state and have no room to move. With proportional lift, all objects lifted in the stack start 

with gaps between them, so the simulation does not suffer from the same inefficiencies. 

However, since the objects will settle more rapidly into a packed state, the inefficiency of 

using a fixed DMax value will occur sooner. 800 targeted steps per object were used when 

dropping each object into it final position. This number compacted the objects. In the 

examples reported in this study, 200 random steps were used. The number of random steps 

within the second stage can have a significant bearing on the packing fraction of non-

spherical objects. The value of 200 random steps per object used here is relatively small, 
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and as a result there may be a gap between the “inactive” final packed objects and those in 

the stack above. If this gap occurs, it allows small irregular shaped objects in particular to 

orient perpendicular to the drop axis. If the number of random steps per object is increased, 

then potentially that gap does not exist.  

 The work reported here aims to produce a compacted system, leading to our 

particular parameter choice which has been used to successfully reproduce HPLC column 

packing effects. In the studies, the number of random steps per object was at times 

increased to 400, because the shapes involved resulted in more simulation steps being 

rejected and so more random steps were required. Choosing these parameters ensures that 

the objects are well packed in their final state without requiring excessive simulation time. 

Reasonable variability in these parameters, provided a consistent set was used, did not 

affect the general trend of the results. Using a personal computer with a Core2 Duo T5800 

processor, each drop took on the order of 5 – 10 min, depending on the complexity of the 

particle shapes. 

 

5.4: Results and Discussion 

  

 Many users of chromatographic columns who are not aware of their manufacturing 

processes still believe that a 5 µm or 3 µm column, contains only particles of only those 

sizes and hence monodisperse in nature. Therefore when packed into an HPLC column 

perfect hexagonal cubic close packing is obtained. This of course is far from reality.  

 Figures 5.1 to 5.4 are simulations of Thermo Fisher Scientific’s 3 µm Hypurity 

silica from different stages of manufacture packed into a cylindrical chamber with hard 

walls. The silicas providing the data for simulation are pre classified and classified material 

respectively.  
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Figure 5.1: Simulation of bulk pre classified silica in a theoretical cylinder 

 

 

Figure 5.2: Cross section of pre classified silica from Fig 5.1. Note the regular appearance 

of voids particularly around the walls.  
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Figure 5.3: Simulation of bulk classified finished product silica in a theoretical cylinder. 

The populations of larger particles have reduced from the pre classified material. 

 

 

Figure 5.4: Cross section of classified finished product silica from Figure 5.3. Again note 

the regular appearance of voids particularly around the walls.  

 

 After many trial simulations whereby the particles were presented in the simulation 

as a single colour, visualisation was difficult. Changing the settings so that all of the larger 
B 

A 
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particles lying above the 90
th 

percentile of the particle size distribution (see Chapter 2) 

were presented in a different colour provided better visualisation results 

 Figure 5.1 is an image of simulated packing of pre-classified silica which is in the 

process of being manufactured into a fraction targeting a mean particle size of 3µm. The 

pre classified material has a large particle size distribution. D90/D10 ratios at this stage of 

the manufacturing process would be in the order of 4-6 and therefore within the size 

distribution, there are populations of particles far greater and lower than the 3µm mean. 

The number of particles detected by the Coulter sizing method is approximately 50,000. 

This number and the distribution are entered into the software. The simulation places the 

representative particles into the selected hard walled cylinder and performs the Monte 

Carlo simulation as described earlier. 

 The images clearly show the influence of the larger (green) particles. A note of 

caution is required in that the software produces high packing fractions, which are not 

achievable in practice. However, as we travel to the head of the column there are 

significant populations of larger spheres. Figure 5.2 is a cross section of the column from 

Figure 5.1. This feature facilitates a closer look at the packing bed. It is clearly seen how 

the larger particle populations can create voids, particularly against the cylinder walls. 

There is no uniformity in the packing; however, none would be expected in this instance.  

 Figure 5.3 is the same material now classified into the targeted size distribution. 

The D90/D10 ratios of this type of classified material is now significantly reduced from 4-6 

to approximately 1.5-1.8. Therefore the classification is designed to clean up the size 

distribution making it more “narrow” for optimum chromatographic performance. The first 

thing to be seen in Figure 5.3 is that the population of larger particles has reduced. Some 

are still present which is a consequence of the classification procedure. 

 Figure 5.4 is once again a cross section and this time the centre of the column 

seems more compact. Even with the removal of larger particles the influence of wall 

effects can be seen with voidage ever present. It can be seen how the smaller particles of 

the distribution can fit into the voids. It is clear from all simulations that particle 

segregation has occurred. 

 These simulations are highly qualitative with regard to the information they 

provide. Results from other Monte Carlo simulations involving systems of spheres of 

different sizes shows that segregation may occur by voids opening up below larger objects 
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that can only be filled with smaller objects 
41

 the results obtained from these simulations 

are consistent with those findings. Simulations were performed using sizing data from 

various mean particle size silicas made by Thermo Fisher and the results were consistent 

with the findings described.  It should be again noted that these simulations were produced 

from particle sizing data from bulk silica.  

 As described earlier in the text, full simulation of a cylinder of the dimensions of 

any columns typically used in HPLC could not be performed. This is because the 

computing power required is too excessive, and simulations would have taken many hours 

to perform. Therefore the simulations are based on the total number of particles analysed 

from the particle size measurements. Although this number is not close to the typical 

numbers of particles that a typical HPLC column contains, the values are statistically 

significant in order to obtain a simulation and assess the results. 

 An experiment was performed to see if the software could simulate the packing of 

silica that has been through the packing process. This was designed to give a “truer” 

picture of the packed bed. To achieve this, a column was packed with silica at high 

pressure and tested chromatographically to determine the quality of the packing. Once 

deemed suitable the contents of the column were very carefully unpacked, ensuring no 

breakage of the compacted silica.  At this point segments were cut from the unpacked 

“monolith” and analysed for particle size distribution. The segments were taken in a 

bottom to top approach. Segment S1 was taken from the bottom of the column (to the 

detector) moving upwards where segment S4 was at the head of the column (Injection). S2 

and S3 were taken from appropriate regions in between S1 and S4. 

 Figures 5.5 to 5.8 are the particle size distributions obtained for the 4 segments 

taken from 5µm silica. It is difficult to observe large particle domains from these size 

distributions. It is only when inspecting the actual data files obtained that a better picture is 

obtained. The EZS method detected not only particles greater than 5µm (displayed in green 

on the charts) but also showed that particles greater than 10µm are present.  
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Figure 5.5: Segment S1 Particle size distribution. 

 

 

 

Figure 5.6: Segment S2 Particle size distribution 
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Figure 5.7: Segment S3 Particle size distribution 

 

 

Figure 5.8: Segment S4 Particle size distribution.  
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Figure 5.9: Simulation of packing of segment S1 
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Figure 5.10: Simulation of packing of segment S2 
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Figure 5.11: Simulation of packing of segment S3 
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Figure 5.12: Simulation of packing of segment S4 
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 Figures 5.9  - 512 are the simulation images of the segments. Two different views 

are presented. Each displays the presence and orientation of the particles and their 

influence. 

 Once again the results are consistent with the simulations from the bulk material 

and previous work. Analysis and simulation of the segments showed that at the top of the 

column Figure 5.12 Segment S4 (i.e. the top of the column being attached to the tubing 

from the injector), the populations of larger particles within the distribution begins to 

increase. Smaller particles fill the interstitial spaces between these particles. What was 

interesting was that in segment S2, there is clear voidage at the right hand side of the wall. 

This segment was taken from just below centre of the removed packing. The larger 

particles are effectively being “pushed” upwards by sedimentation during the packing 

process. Rosato et al 
41

 displayed this phenomenon in a paper entitled “Why Brazil nuts are 

at the top” using the example of breakfast cereals to show how particle segregation can 

occur. 

 This information could have a major impact on future packing methods. It has been 

shown by Billen et al 
45

 how the influence of small particles (fines) can affect the kinetic 

performance of columns. The information here supports that by showing how larger 

particles are being pushed higher up the chamber by the smaller particles filling the voids. 

On the other hand the data here suggests the larger particles are closer to the top of the 

column towards where analyte injection occurs. It could be argued that the main bulk of 

the separation process occurs here, therefore voidage and channel formation may well be 

prevalent in this region, thereby affecting chromatographic performance. Future packings 

may benefit from not only a reduction in fines, but also complete removal of larger 

particles. 
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5.5:  Conclusion 

 

 Packing High Performance Liquid Chromatography (HPLC) columns with porous 

silica has still not been reduced to an exact science. No overall theory has been developed 

as of yet into how exactly silica microspheres pack into tubes. Although good columns can 

be produced using a wide variety of different procedures, attempts to optimise the many 

variables and identify the best methods have been met with limited success. 

 Column packing in HPLC generally requires access to equipment not readily 

available in all laboratories and some considerable experience of the packing process to 

guarantee success. 

 A new type of simulation software called Macro Pac (Intelligenysis) has been 

tested to produce simulations of how chromatographic particles pack into columns.  

 By using Monte Carlo simulations the software performs 3-dimensional models of 

particulate materials. It allows the reaction chambers to be set with periodic boundaries 

which could reproduce the effects of a standard HPLC column.   

 The results reported here show that when a particulate system containing particles 

of exactly the same shape, but different sizes within a particle size distribution, is subjected 

to large amplitude low frequency shaking, the particles with the largest ‘effective size’,  

move to the top. In common with results from other Monte Carlo simulations involving 

systems of spheres of different sizes it appears that segregation may occur by voids 

opening below larger objects that can only be filled with smaller particles. Distortions of 

this bed could give rise to the common voids associated with particulate packing. It could 

be argued that the location of these large particles is the main area where the separation 

process takes place. Therefore the continued presence of these materials could affect 

column performance as much as the presence of smaller (fines) particles.
44

 In all 

simulations it was clear that the more compact or uniform region of the packing was in the 

centre. 

 In an experiment whereby data was recorded from materials actually packed into 

columns the same phenomena was shown via the simulation. A packed column fully tested 

to QC standards was carefully unpacked, and segments of the packing material were 

removed and analysed for the particle size distribution. The sedimentation phenomenon is 
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clearly taking place during high pressure HPLC column packing. Once again it was shown 

that larger particulates are pushed to the top (injection end) of the column.   
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Chapter 6: Conclusion 

 

The underlying theme of this research has been to develop strategies towards the 

improvement of columns for use in HPLC. The main goal in this research has centred on 

particle synthesis, in particular the production of silica particles less than 2 µm in diameter 

with a narrow particle size distribution.  

The motivation to produce particles of smaller size and narrow size distribution was 

driven by the dominant trend in liquid chromatography column technology, of developing 

more efficient media. Chromatographic theory has always predicted that the use of smaller 

particles would result in more efficient separations, particularly in reductions to primarily the 

A term (eddy diffusion) of the van Deemter equation and over the past forty years, important 

developments to HPLC particle technology have regularly occurred with the general trend 

focusing on producing ever smaller particles. Subsequent studies by Giddings and Knox have 

supported the notion that improvements to term dispersion would improve future column 

packings. However, there is still an ongoing debate into defining how narrow exactly the PSD 

of a column packing has to be to produce a high quality column packing. It has always been 

believed that the best columns would contain monodisperse particles. Commercial columns 

packed with fully porous particles nowadays have PSDs with an R.S.D of 25% or smaller and 

have a ratio between their D90-value and their D10-value not exceeding 2.0.  

The impact of UPLC and UHPLC techniques in producing faster, more efficient 

separations has also focused the need for further research into producing such materials. 

These chromatographic techniques employ small particles. The current manufacturing 

processes that are used to produce such materials (as well as the traditional 3 and 5 μm 

packings) usually yield particles with a very broad size range. Most commercial column 

production processes therefore involve steps wherein the particle size distribution of the 

produced particle batches is narrowed to the values described earlier, through a series of 

classification steps using for example, sedimentation, field flow fractionation or air 

classifiers. This classification has a dramatic effect on the final yields of these materials. 

Particle classification is also necessary to remove the smallest particles, the so called fines as 

these negatively affect the kinetic performance of the column. These materials are very 

difficult to produce homogeneously. 
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The Stöber reaction is perhaps the simplest route to producing particles up to 2 μm in 

diameter with a narrow PSD and no or few fines.  In this research the Stöber reaction was 

used to try and overcome some of the problems associated with the production processes used 

to produce small particles. 

Chapter 2 focuses on producing non porous silica particles from the Stöber reaction 

having particle size diameters greater than one micron. These particles are notoriously 

difficult to produce from this system. The outcomes from this chapter were that particles 

between 1 and 2 µm in diameter were successfully synthesised on a new state of the art 

controlled reaction platform on a one litre scale. The reactions in this study employed TEOS 

at concentrations greater than those typically associated with the Stöber synthesis ( 0.28M). 

In this study TEOS concentrations of 0.55M, 0.64M and 0.9M were used to produce larger 

sized particles with a larger mass fraction (5-10%). The largest particle sizes obtained from 

each TEOS concentration resulted from the slowest flow rate for monomer addition 

(0.025ml/min). 

 At the highest TEOS concentration employed (0.919M) the largest diameter particles 

were obtained. 1.95 µm particles were produced at a flow rate of 0.025ml/min. However, the 

particle size distribution was slightly higher with a D90/D10 ratio of 2.31. Increasing the flow 

rate to 0.05ml/min produced particles with a mean diameter of 1.82µm, with a considerably 

improved D90/D10 value of 1.37. The expected reduction in particle diameter was seen with 

the other concentrations, whilst the spread of the distributions were consistently below 2.  

 Traditional Stöber syntheses in the ethanol/ammonia/water/TEOS system produce 

reportedly monodisperse particles up to a maximum of 800 nm with a single dose of TEOS. 

Early work focused on reproducing such particles and highlighted some concerns with the 

methods often stated.  Review of the literature produced some striking information. Firstly 

particle size distributions are predominantly determined from imaging techniques and involve 

particle counting (typically ~200 particles) to generate the size distribution. Such methods 

always produce monodisperse systems as the best particles are often chosen to generate the 

PSD. Very few papers determine the PSD from sizing techniques such as light scattering or 

Coulter Counter method. These techniques give a better understanding of the true PSD. 

However, image analysis via SEM should as a matter of course be used to verify such data.  

 It was clearly demonstrated that the treatment of alkyl orthosilicates with calcium 

oxide followed with vacuum distillation is an essential task to produce good quality Stöber 
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spheres. Impurities left behind from the manufacturing process can impart a detrimental 

effect on the final particle size, and just as important the spread of the distribution. Very few 

literature methods perform or state whether they have performed the distillation of the alkyl 

orthosilicate.  

 The purity of the homogenising alcohol was also found to improve the final product. 

Non denatured preservative free absolute alcohol must be employed for the best results.  

 Glassware condition was also determined to be a key variable with respect to the 

reproducibility of results. A pre-treatment of soaking all glassware in a 1:1 (v/v) solution of 

1M KOH: IPA was found to be the most efficient way of ensuring the glassware was 

optimum for all syntheses. However, experimental repetition in the same glassware produced 

different results. It is envisaged that the harsh basic hydrolysis solution imparts an effect on 

the walls of the glassware, possibly creating nucleation sites. As a consequence for the early 

experimental work new glassware was used for each reaction. However, during the main part 

of the work using the reactor system replacing the glassware each time was not an option, as 

the vessel used was a specific design for the instrumentation. This may be one of the reasons 

to account for the variation in the particle size distributions which was highlighted by the 

presence of a secondary population peak on sizing analysis. 

 It is these important synthetic parameters that are almost never reported in the 

literature and can be a great cause of irreproducibility and frustration. 

 Further experimentation was performed to try and improve the mass fraction of 

particles therefore producing methods that would be suitable on a manufacturing scale. The 

method of Barder et al was highlighted and subsequent modifications based on the early 

experiment work were implemented. This method was the exact opposite to the Stöber 

reaction which contains high volumes of homogenising solvent to produce a single phase 

reaction. This modified technique involves a two phase system in which the alkyl 

orthosilicate and hydrolysis solution are dispensed separately into a reactor at certain flow 

rates (2ml/min and 5ml/min respectively). These flow rates are dramatically faster than those 

used in the earlier work. The two phases react only at the solution interface. The resultant 

particle sizes can be tuned by altering the duration of the reaction. Extremely high yield 

reactions in excess of 100g were facilitated. Particle quality was slightly diminished as 

populations of doublets and clusters are unfortunately unavoidable. This can be rectified by 
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post synthesis classification involving elutriation or fractionation techniques. The particle 

size distributions achieved were still below the accepted D90/D10 ratio of 2 set for this work.  

 The two methods give researchers interested in Stöber particle synthesis an interesting 

option of producing quality particles at lower particle size distributions or producing high 

yield syntheses at slightly higher particle size distribution. The choice is very dependent upon 

the users need and who can accept a minor reduction in final particle quality. 

 The main conclusion of this chapter is that good quality non porous Stöber particles 

have been successfully produced. Highest quality in relation to total monodispersity and 

perfect spherical morphology as often reported in the literature could not be achieved. 

Measures were implemented that are not reported in the literature to improve the overall 

synthesis and on the basis of those results more practical limitations were set. This leaves a 

degree of caution on literature methodologies and the stability of the Stöber synthesis at large 

particle size domains. 

 The successful outcomes from chapter 2 were taken further to produce fully porous 

particles in chapter 3. The work presented here highlights potential methods for the 

production of mesoporous spherical silica particles of narrow size distribution in the size 

range of one to two microns in diameter. To produce totally porous particles two different 

reaction pathways have been discussed. These methods are surfactant templating via a 

modified Stöber reactions and pseudomorphic transformation. 

 Under surfactant templating particles between 1 and 2 µm were again synthesised. 

The materials have high surface area (~800m
2
/g) and narrow pore diameters of ~2.5 nm. 

Particles with the lowest D90/D10 ratio were also produced from this method. A ratio of 1.24 

was achieved using a substituted alkylammonium halide surfactant, in this case 

hexadecyltrimethylammonium bromide (CTAB) in an ethanol/water/ammonia hydrolysis 

medium. The particle size distribution did not exceed 1.5 in any of the reactions, which is 

directly comparable (or better) than commercially produced sol gel derived particles used in 

columns after extensive classifying techniques. 

 Freshly distilled TEOS, glassware pre conditioning etc all of which are seldom 

discussed in the literature, and shown to be all important in Chapter 2 contributed to the low 

particle size distribution.  

 After numerous screening reactions to determine optimum reactant ratios, it was then 

found that simply altering the reaction temperature from 25 to 2 
o
C facilitated the larger 
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particle sizes. The only downside to the particles produced from this method is that the pore 

size is initially too small for use in chromatography. 

 The pore size issue was addressed by initially performing a pore expansion procedure 

however, this technique did increase the mean pore diameter, but still not beyond the 

accepted minimum diameter of 6nm. Following this, a different strategy was investigated 

which incorporated the large pore synthesis potential of Pluronic surfactants typically 

employed in SBA-type syntheses. Large molecular weight polyetheramine (or Jeffamine) a 

type of co-block polymer possessing two terminal amine groups, could be used in modified 

Stöber reactions. Converting the neutral polymer to its cationic form by quarternisation of the 

amine groups allowed its use in subsequent reactions.  

 The results obtained were quite mixed. Reactions performed at room temperature 

produced pore diameters after calcination of 5 nm. Simple pore expansion methods by 

heating in water increased the mean pore diameter to 9 nm (75 
o
C-24 hours), these results are 

an immediate improvement on the modified Stöber reactions using CTAB as a porogen. 

However it was found that morphology could not be controlled. Most of the initial reactions 

produced irregular shaped or cluster materials. Purification of the cationic surfactant 

improved the results and some spherical morphology was obtained. It would seem further 

purification by GPC could further improve the final product. 

 Continuation of this strategy led to the development of novel cationic porogens of 

high molecular weight to try and produce a one pot method of making narrow size 

distribution high porosity spherical silicas. Despite producing interesting spherical particles, 

the particle diameter of these materials was too small. Further study of these porogens could 

yield highly desirable particles. 

 The final approach was to investigate the use of pseudomorphism. This technique 

involved the dissolution of the silica particles under basic conditions and simultaneous 

reprecipitation of the silica around micelles under autogeneous pressure. Mesostructured 

particles were obtained with the same morphology/particle size distribution of the parent 

silica particle. Non porous Stöber particles developed in Chapter 2 were pseudomorphically 

transformed. The resultant materials were mesoporous (SA 205 m
2
/g) with slit like pores. 

Further work would be required with this technique as the disordered pore system may hinder 

potential chromatographic separations. This should not discourage the fact that the technique 

is an excellent way of introducing porosity into preformed non porous spheres via a “Top 
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down” approach as opposed to “Bottom up” from surfactant templating. 

 Overall from these opening chapters, non porous and totally porous silica particles 

were produced which met the defined characteristics required for this project. The particles 

were not monodisperse but have particle size distributions below those of most commercial 

columns. The methods used to make these materials significantly reduce the populations of 

fine particulates and effectively eliminate tedious sizing procedures.  

 In Chapter 4 a new technique was developed to improve the method by which silica 

surfaces can be functionalised. As reversed-phase HPLC was still the most employed 

chromatographic technique it was appropriate to study how improvements could be made. 

  A new stationary phase bonding technique has been developed which utilises the high 

molecular level heating of microwave irradiation. The technique results in homogeneous, fast 

thermal reactions reducing considerably the time traditionally undertaken for silica surface 

silanisation.   

 The technique was initially compared to the thoroughly investigated, and somewhat 

industry standard protocol of Unger and Kinkel, who produced high density packings under 

optimised reflux conditions. Results of the experiment under mw irradiation showed that the 

same level of bonding density (3.24 μmoles/m
2
 using octadecyldimethylchlorosilane) could 

be achieved consistently in a significantly reduced reaction time of 20 minutes. This results in 

an experimental time reduction of 96%; further investigation involving this method showed 

that the bonding density of typical commercial columns of ~3μmoles/m
2
 could be met in just 

5 minutes of microwave heating, although higher coverage was obtained from 20 minutes.  

 The process also utilised a significant reduction in the amount of solvent employed 

from the original study. In that method, silica to solvent ratios of 1g to 10ml respectively 

were used. Under microwave conditions from experimental design, a ratio of 1g to 5ml was 

found to be optimal. These initial experiments demonstrated that a significant reduction in 

process time can be achieved, with the added bonus of reduced solvent consumption.  A 

further attractive feature of the microwave method is that the system only inputs high energy 

levels to drive the reaction to the required starting temperature, once this has been achieved 

only minimal energy is applied to maintain the overall temperature required. This coupled to 

the reduced reaction time facilitates massive energy savings 

 A further rigorous investigation of the method was performed by recreating Thermo 

Fisher Scientific’s best selling reversed-phase HPLC column, Hypersil Gold under 
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microwave conditions. The main developments from the initial study using Kinkel’s method 

were taken forward into this part of the work, and once again excellent results were achieved.  

 Reaction times of twenty minutes (optimum from control reaction) again produced 

consistent bonding densities matching the in house quality specifications set by Thermo 

Fisher Scientific for this particular phase. Results from 5 minute reaction times again showed 

very promising results. Coverage was initially lower than the 20 minute reaction, but later 

experiments gave results which matched the densities obtained from the 20 minute reactions, 

which were obtained by making full use of the mw “Superheating” facility, taking the 

reaction temperature considerably beyond the traditional reflux temperature of the normal 

thermal method. 

 
29

Si and 
13

C CP/MAS NMR, and DRIFT Infra red spectroscopy were used to 

characterise the silanised silicas, alongside the commercially produced Gold phase. The 

results from these analyses were very consistent and confirmed that the surface of the silica 

possessed the anchored silane groups to the same extent as the commercially produced Gold 

phase.  

  Further studies investigating the use of different, more microwave favourable 

solvents, and the use of different reaction base/scavenger 4-DMAP, provided mixed results. 

 The results showed that using DCM as the solvent, the QC specification for %C could 

be met, again at both 5 and 20 minute reaction times respectively. DCM has a higher 

dielectric constant than toluene and is therefore more microwave energy absorbing. It was 

predicted to promote the reaction and possibly facilitate higher bonding densities. Although 

QC specifications were met, they were no greater or worse than those obtained using toluene 

as reaction solvent.  

 The trial of high level microwave absorbing solvents such as ethanol produced very 

disappointing results, with a wide variety of bonding densities obtained, all considerably 

lower than the set specification. 

 Chromatographic evaluation was performed using the industry standard Tanaka test 

protocol. It is here that the most interesting results were obtained. The results from the 

Tanaka test of the microwave bonded phases compared to the commercial Gold column 

showed some variations. Despite having comparable hydrophobicity and shape selectivity 

values, there was some variation with respect to the values obtained for silanophobic activity 

and ion exchange capacity. 
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 The results from the hydrophobicity tests alone would suggest that all phases would 

have the same level of bonding density on the surface of the silica, and therefore remaining 

silanol activity would be relatively equal. This was shown not to be the case with toluene 

prepared mw phases, in particular, possessing lower silanophobic activity as well as ion 

exchange capacity at pH 7.6. These results are hypothesised to be due to the different type of 

molecular heating from the mw irradiation, possibly producing a more homogenised bonding 

reaction compared to the traditional reflux method. Similar results were obtained when the 

reaction solvent was changed to dichloromethane. 

 The versatility of the technique was tested with the use of different functional ligands, 

and 3-aminopropyltriethoxysilane was chosen. Again excellent results with good 

reproducibility were achieved. These phases were characterised chromatographically by 

comparing their separation of nucleoside bases against a commercial aminopropyl phase 

column. This robust test has become a standard chromatographic test for Thermo Fisher 

scientific. Once again the mw irradiated phases displayed excellent chromatographic 

separation.  

 Further use of the technique which is not discussed in this work involved 

functionalising silicon wafers, and microscopic slides for use in some collaborative work. 

Again the results were excellent, rapidly speeding up the established literature processes that 

are currently in use. 

 Finally in Chapter 5 a new type of simulation software was used to explore how 

particles pack into columns. The employed software package MacroPac (Intelligenysis, UK) 

is able to simulate the packing process of particles having a wide variety of shapes and size 

distributions and allows for a visualisation and analysis of the packing structure on a 

microscopic scale. Packing HPLC columns with porous silica has still not been reduced to an 

exact science. No overall theory has been developed as of yet into how exactly silica 

microspheres pack into tubes. Although good columns can be produced using a wide variety 

of different procedures, attempts to optimise the many variables and identify the best methods 

have been met with limited success. 

 Column packing in HPLC generally requires access to equipment not readily 

available in all laboratories and some considerable experience of the packing process to 

guarantee success. 
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 By using Monte Carlo simulations the software performs 3-dimensional models of 

particulate materials. It allows the reaction chambers to be set with periodic boundaries which 

could replicate the effects of a standard HPLC column.   

 The results showed that when a particulate system containing particles of exactly the 

same shape, but different sizes within a particle size distribution, is subjected to large 

amplitude low frequency shaking, the particles with the largest ‘effective size’,  move to the 

top. In common with results from other Monte Carlo simulations involving systems of 

spheres of different sizes it appears that segregation may occur by voids opening below larger 

objects that can only be filled with smaller particles. Distortions of this bed could give rise to 

the common voids associated with particulate packing. It could be argued that the location of 

these large particles is the main area where the separation process takes place. Therefore the 

continued presence of these materials could affect column performance as much as the 

presence of smaller (fines) particles. In all simulations it was clear that the more compact or 

uniform region of the packing was in the centre. 

 In an experiment whereby data was recorded from materials actually packed into 

columns, the same phenomena was shown via the simulation. A packed column fully tested 

to QC standards was carefully unpacked, and segments of the packing material were removed 

and analysed for the particle size distribution. The sedimentation phenomenon is clearly 

taking place during high pressure HPLC column packing. Once again it was shown that 

larger particulates are pushed to the top (injection end) of the column.   

 In conclusion non porous and totally porous spherical silica particles have been 

produced from the Stöber and modified Stöber reactions, in the particle size range of 1 to 2 

μm with narrow particle size distribution. The methods from this work have produced the 

particles without employing any sizing procedures normally associated with silica particle 

synthesis. Although the particle size distributions obtained based on D90/D10 values were not 

monodisperse, (<1.4) they were significantly lower than those values of typical commercially 

produced columns (1.5 - 2). At the same time the surface functionalisation reaction to 

produce bonded phases was also improved by the use of microwave irradiation as the driving 

force. The silanisation process was significantly reduced with high surface coverages 

obtained in 20 minutes or less. It has also been shown through computer simulation how 

when packing silica into columns, larger particles are pushed to the top of the column, with 

smaller particles occupying the interstitial spaces in-between. Larger particles are produced 
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via the typical sol gel processing methods to make silicas. The synthesis methods developed 

in this study show no presence of large particles which can affect the packed bed, or show 

large populations of fines which are known to affect the kinetic performance of the column.  

 The methods developed in this work could produce more efficient columns for use in 

HPLC. 
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Chapter 7: Future Work and Impact 

 

 Non porous particles from Chapter 2 are perhaps the most interesting of the materials 

produced in this work. These particles can potentially be used as they are for 

chromatographic media. There are some studies reigniting the use of non porous particles for 

biomolecule separations. Perhaps the most important use and therefore impact of these 

materials could be in the synthesis of superficially porous (or core shell) particles. These 

particles have a dense solid silica core and an outer porous shell. Commercial examples 

include Agilent’s Poroshell, Advanced Materials’ Halo and Thermo Fisher Scientifics 

Accucore columns to name but a few. The superficially porous materials have had a major 

impact in modern chromatographic analysis producing the fast analysis times and high 

efficiency associated with UHPLC but with reduced back pressure.  

 These recently introduced porous-shell particle columns have markedly narrower 

particle size distributions with an R.S.D of 4-5% and a D90/D10 value of ~1.1.
1-3

 These PSDs 

are only achieved after considerable classification. As stated in Chapter 2 it is not possible to 

achieve monodisperse silica particles of greater than 1μm directly from the Stöber reaction. 

However, methods are presented to provide an excellent starting base, or provide high yields 

that will require classification. What is further interesting is that at the moment there is no 

direct link between the extremely narrow PSD of these materials to their superior column 

performance. Other factors such as particle surface roughness have been highlighted to be a 

major factor towards their exceptional performance. The rougher surface facilitates a better 

quality packed bed the particles can effectively grip each other and not move about. 

Smoother particle surfaces are envisaged to create movement within the packed bed.  On that 

basis the lower PSD from the methods in this thesis, when used as solid cores for the 

synthesis of superficially porous particles, may not require any further classification. Column 

manufacturers are still targeting D90/D10 values of ~1.1 at the moment until evidence suggests 

otherwise. 

 As a consequence of the chromatographic performance of superficially porous 

particles it has also been envisaged that the need for the traditional totally porous particle 

column may be about to come to an end. Once established methods to produce solid cores 

(like those presented in this thesis) are devised, the particles can then further grow quite 
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easily by seeded growth techniques to larger particle diameters, with the same (or even 

better) narrow PSD. Advanced Materials have already introduced a 5µm solid core HPLC 

column, consisting of a non porous silica particle approximately 4 μm in diameter with a 

porous shell of ~1 µm thickness. High efficiency separations are envisaged from these 

materials and some believe will completely overtake the traditional 3 and 5 μm totally porous 

particle columns. 

 A recent article by McCabe et al
 4 

questions this growing belief that the use of totally 

porous particles will eventually become extinct. In their article they demonstrate that the 

efficiencies and backpressures of 2.1mm * 50mm columns packed with 2.6/2.7 μm 

superficially porous particles are very similar to those of columns packed with 2.5μm fully 

porous particles. They also show that the efficiency of a representative 2.1 mm * 50mm 

column packed with 2.7 μm superficially porous particles is significantly lower than that of 

the same size column packed with 1.7 μm fully porous particles. In essence the superficially 

porous particles do not pack as well into smaller i.d columns as totally porous particles do. 

With a growing interest in reduced solvent consumption these smaller i.d columns may well 

dominate chromatographic applications in the near future.   

 The superficially porous particle possesses reduced volume porosity as a result of the 

thickness (30-40% porosity) of the porous shell. They do not adhere themselves particularly 

applicable to size exclusion based separations. It is here also that totally porous particles 

containing higher volume porosity (60-70%  porosity) can still be a dominant force. All of 

this coupled with the far greater selectivity available from totally porous media means they 

still provides a valid alternative. 

 The totally porous particles from Chapter 3 with lower D90/D10 values could, after 

further processing to increase the mean pore diameter, provide a direct alternative to the 

superficially porous silicas, particularly when packed into smaller i.d columns. Totally porous 

silica columns having D90/D10 values below 1.4 to this author’s knowledge are not readily 

available. Therefore a direct comparison of the chromatographic/kinetic performance of these 

materials would be an exciting prospect. There has to be a cumulative effect from the lower 

particle size distribution as well as surface roughness with respect to enhanced column 

performance. As stated in the introduction to this thesis, Knox demonstrated that A term 

dispersion and not C term dispersion was the dominating influence on band broadening at 
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high linear velocities. The impact of UPLC and UHPLC which employ high linear velocities 

could be far greater with totally porous particles with narrow size distribution. 
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