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ABSTRACT 

 The aims of this thesis were twofold: A) To use high internal phase emulsion 

(HIPE) templated materials to produce a chromatographic stationary phase for the size 

separation of engendered nanoparticles (NPs). B) To produce well characterised lanthanide 

doped polymer NPs with a potential use as analytical standards. 

Initially, silica materials were prepared from oil-in-water HIPEs by a two stage 

acid/base catalysed sol gel process. As well as presenting the expected macroporosity 

typical of HIPE templated materials, it was also found that micro- and meso-porosity could 

be influenced by surfactant choice and reaction with iron (III) chloride or copper (I) 

chloride which had been included in the HIPE. However, the resulting silica materials were 

deemed inappropriate for the desired chromatography.  

 Monolithic columns were prepared from HIPE templated polymers (polyHIPEs) 

and incorporated into a HPLC system. Poly(styrene-co-divinylbenzene) and poly(ethylene- 

glycol dimethacrylate) polyHIPE columns were able to separate sub-micron polystyrene 

latexes, detected by UV absorption, and dysprosium doped polystyrene latex particles and 

gold nanoparticles detected by inductively coupled plasma mass spectrometry (ICP-MS). 

 Dysprosium, gadolinium and neodymium doped polystyrene NPs were prepared by 

micro-emulsion polymerisation. Particle size was controlled (over a 40 – 160 nm range) by 

tailoring of surfactant and initiator concentrations. Particles were characterised by dynamic 

light scattering, differential centrifugal sedimentation, transition electron microscopy and 

hydrodynamic chromatography (HDC)-ICP-MS. Also, particle surface change, lanthanide 

content and solids content were analysed. The latter two appear related to particle size. 

 As far as the author is aware there are no cases of the use of polyHIPE columns 

size separation in the literature. Nor are there any cases of encapsulation of metals within 

polymer nanoparticles by micro-emulsion polymerisation reported. 
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Chapter 1 

Introduction 

 

 

 

1 Introduction Structure 

This introduction will be split into 3 sections. Section 1 will briefly outline the aims 

and objectives of this thesis as a whole, more specific aims and objectives will be given at 

the start of each chapter. Section 2 will briefly outline some frequently used methods for 

the analysis and detection of nanoparticles (NPs) in aqueous media. A particular focus will 

be placed on the analytical techniques utilised in this work i.e., dynamic light scattering 

(DLS), scanning and transmission electron microscopy (SEM and TEM), hydrodynamic 

chromatography (HDC) and differential centrifugal sedimentation (DCS). Finally, section 

3 will cover some of the theory and concepts of emulsions, concluding with more specific 

detail on high internal phase emulsions (HIPEs), which will be used regularly for synthesis 

throughout this thesis.  

 

1.1 Aims and Objectives 

 There were two primary aims for this thesis. The first aim was to produce a 

chromatographic column from HIPE templated materials capable of size separating 
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engineered nanoparticles in aqueous media. The second aim was to produce a series of 

highly monodisperse polymer nanoparticles, containing a low natural abundance element, 

over a 40 - 160 nm size range, with a potential use as analytical standards. 

These aims were achieved by the following specific objectives: 

With respect to the first overall aim: 

1. HIPEs were used to produce a variety of materials, both silica and polymer, with a 

macroporous pore structure. 

2. These materials were then characterised by various methods and assessed for their 

potential as a chromatographic stationary. 

3. The most promising materials were prepared inside empty chromatography 

columns incorporated into a high pressure liquid chromatography (HPLC) system. 

4. Commercially obtained latexes of a wide size range (100 nm, 460 nm and 800 nm) 

were then injected into an eluent flow through the columns. 

5. The most promising HIPE templated materials from objective 4 were then further 

investigated for the ability to separate smaller particles (< 100 nm) which matches 

the European definition of nano,
1
 i.e., gold colloids of 5, 10 and 20 nm and polymer 

NPs. These polymer particles were produced to stratify the second primary aim. 

6. The columns produced for objective 5 were attached to an inductively coupled 

mass spectrometer (ICP-MS), as an element specific detector, to allow elemental 

analysis of the particles. 

With respect to the second overall aim: 

1. A series of test particles were produced by micro-emulsion polymerisation of 

styrene to establish the synthetic parameters which would yield particles of the 

desired size. 
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2. The test particles were also doped with a chromium complex to establish the proof 

of principle that metal complexes could be encapsulated within particles by micro-

emulsion polymerisation. 

3. A series of particles were then produced using the conditions established by 

objective 1 and characterised by a variety of techniques. The particles were also 

doped with lanthanide complexes which, due to their low natural abundance, would 

act as markers in element specific detection techniques. 

 

1.2 Nanoparticles (NPs) 

When compared to the more established scientific disciplines, the areas of 

nanoscience and nanotechnology are young and still rapidly developing. However, the 

history of NP usage can be traced back nearly 2,400 years with the first instances of 

'soluble' gold (what is now known to be colloidal gold) appearing in Egypt and China in 

the 4
th

 century BCE. However, for the majority of the time that they have been utilised by 

humans it has been for aesthetic purposes, exploiting the optical properties of NPs e.g. 

dichroic glass.  

The first scientific description of changes in material properties due to particle 

dimensions on the nanometre scale came in 1857 when Michael Faraday
2
 reported the 

formation of red solutions of colloidal gold (though the term colloid was not coined until 

1861 by Thomas Graham)
3
 upon the reduction of tetrachloroaurate with phosphorous in 

carbon disulphide. Despite this long history of use, the true potential of nanoscience has 

only become understood within the last 50 years.  

The term nanotechnology was first used in 1974 by Norio Taniguchi
4
 to describe 

the manufacture of materials on the nanometre scale. However, it was not until the advent 

of new imaging techniques (such as scanning tunnelling microscopy in 1981 and atomic 
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force microscopy in 1986) that NPs, colloids and atomic clusters etc. could been seen and 

studied in detail. These new developments allowed considerable advances in the field of 

nanoscience such as the discovery of Buckminsterfullerene (C60) in 1985.
5
  

The proceeding 20 years have seen significant growth in scientific interest into 

nanotechnology and NPs leading to an increase in research output (Figure 1.1). The growth 

in scientific interest has also been mirrored in commercial interest in nanoscience. The 

global nanotechnology market being worth an estimated US $20.1 billion in 2011, with 

nanomaterials expected to have sales worth $37.3 billion in 2017 
6
 

 
Figure 1.1: Graph showing the increased number of scientific articles published per year 

containing the topic “nanoparticle”. Retrieved from ISI Web of Knowledge 

(http//www.isiknowledge.com/), search performed 26/6/2013. 

 
 

 Because of this relative youth and continued rapid development of the fields of 

nanoscience and nanotechnology, there is often a lack of full consensus on what constitutes 

a nanomaterial or NP, with a comprehensive definition yet to be universally adopted. In 

recent years efforts have been made to produce comprehensive definitions for the myriad 

aspects of nanoscience with various standardisation organizations such as ASTM 

International,
7
 the British Standards Institution (BSI)

8
 and the International Organization 

for Standardisation (ISO),
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current European legal definition.
1 

With the increased scientific research and commercial 

use of NPs it is becoming increasingly important to be able to accurately detect and 

categorise engineered NPs.  

 

1.2.1 Summary of Techniques for Analysis of Nanoparticles in Aquatic 

Environments.  

The following section will look at analytical techniques that can be used for 

aqueous NP analysis. Broadly speaking, there are five main categories of analytical 

techniques for NP analysis. 

 1. Electromagnetic scattering methods 

 2. Microscopy methods 

 3. Centrifugation and filtration techniques 

 5. Spectroscopic methods 

 4. Chromatographic and related techniques 

 

There are also several other techniques that do not fit into any of the above groups. 

However, as none of the techniques were used in this work they will not be covered here. 

Should more comprehensive summary be required, the reader is directed to reviews by 

Tiede et al.
10

, Hasselhöv and Kaegi,
11

 and more recently Bandyopadhyay et al.
12

 and 

Zänker & Schierz,
13

 all of which are referred to here. 

 

1.2.1.1 Electromagnetic (EM) Scattering Methods 

1.2.1.1.1 Dynamic Light Scattering 

Dynamic light scattering (DLS), also known as photon correlation spectroscopy, is 

a widely used and useful technique for the sizing of engineered nanoparticles (ENPs) and 
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can provide fast, in-situ, real time sizing. It operates by the principle that a coherent laser 

will induce an oscillating electric dipole on the particle (provided that the particles are 

small compared to the wavelength) and this in turn will re-radiate light. Particles 

experiencing Brownian motion in a medium will be constantly changing position, thus the 

patterns of constructive and destructive interference will be constantly changing. This will 

lead to changes in scattering intensity as the particles move. Small particles, being more 

mobile, create greater changes in scattering intensity when compared to larger, less mobile 

particles. By measuring these changes over increments of nano- to micro-seconds and then 

autocorrelating to the initial measurement DLS can produce sizing information. The decay 

of the autocorrelation function is related to diffusion coefficient of the particles in the 

medium, by the following equation: 

 ( )( )      (      )                                                                                         (Eq. 1.1) 

where: g
2
(t)-1 is the correlation function,  

D is the diffusion coefficient,  

A is an instrument constant, 

q is the scattering form factor and  

t is time.  

It is necessary for DLS to be carried out with a dilute sample so as to minimise the 

particle-particle interactions so the scattering of light can be attributed to the self-diffusion 

of the particles (their diffusion coefficient), which is itself related to particle hydrodynamic 

diameter via the Stokes-Einstein equation:
14

  

   
   

    
                                                                                                 (Eq. 1.2) 

where: dH is the hydrodynamic diameter, 

D the diffusion coefficient, 

kB is the Boltzmann constant,  
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T is temperature and  

η is the viscosity of dispersion medium.  

Because DLS measures intensity of scattered light and the efficiency of light 

scattering is dependent on particle size (proportional to   
 , for particles of less than one-

twentieth of the wavelength, and to   
  for larger particles) DLS will return an intensity 

weighted diffusion coefficient. This in turn leads to an intensity weighted z-average 

particle diameter ( ̅ ) which will be skewed to larger particle sizes. The z-average 

diameter is defined as follows: 

 ̅  
∑     

 
 

∑     
 

 
⁄                                                                                                (Eq. 1. 3) 

This is a particular problem if the sample is polydisperse with respect to particle 

size or identity where more than one diffusion coefficient must be extracted from the 

autocorrelation leading to be inaccurate results.
15

 While it is possible to convert the 

intensity weighted diameter to a volume or number weighted diameter by use of the Mie 

theory, this requires additional knowledge of the particles refractive index and density.
16

 

Advantages of DLS include the non-destructive nature which leaves samples free 

for further analysis, the ease of use which has led to it being employed in the field,
17

 and 

the speed of analysis which can allow monitoring of nanoparticle behaviour such as 

agglomeration
18

 and conjugation.
19

 The drawbacks include the assumption of spherical 

particles and unreliability for polydisperse samples (which is ubiquitous for natural 

samples). 

 

1.2.1.1.2 Static Classical Light Scattering (SLS) 

Small particles (d<λ/20) scatter isotropically perpendicular to the polarization of 

the incident light. If λ/20 < d < λ, forward scattering is favoured with greater diameters 
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producing scattering of greater intensity. When λ ≈ d, constructive or destructive 

interferences are observed at certain angles which relate to size. When d > λ, the angular 

dependency becomes complex, displaying minima and maxima and certain angles. By 

measuring the intensity of variations in the scattering of laser light over wide range of 

angles, SLS can calculate the molar mass, Mw, the second viral coefficient, A2, and root 

mean squared radius of gyration,   
    For NP analysis    

    is the most relevant of 

these terms and relates how the mass of the particle is distributed from its centre of mass. 

The full scattering theory is complex and beyond the scope of this introduction, with 

thorough discussions available elsewhere.
20

 

The advantages are much the same as DLS, but when used in conjunction with 

Field Flow Fractionation (FFF) (discussed in 1.2.1.4.3), SLS can also determine particle 

shape. However, as scattering intensity is inversely proportional to d
2
 for larger particles 

and d
6
 for particles d < λ/20 (as with DLS)

15
 a disproportionally small amount of larger 

particles can skew results. This means that SLS is a poor technique for the measurement of 

samples of polydisperse sizes. Size dependency also means smaller particles require a 

greater detection limit. As such, detection of NPs < 50nm will require high 

concentrations.
11

 

 

1.2.1.1.3 Laser Diffraction 

When a laser interacts with a particle, diffraction patterns are produced with the 

diffraction patterns described by the Mie theory. This primarily applies to particles sizes 

above the laser wavelength in the micron size range (the Mie size regions)
21

 However, 

laser diffraction methods can make use of these diffraction patterns to provide sizing for 

particles in the size range ≈ 0.05-1000 μm. This is achieved by incorporating backscatter 

detectors and multiple lasers.
22

 Laser diffraction yields an equivalent spherical volume 
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diameter, which combined with the size range of operation means that laser diffraction is 

useful in the study of agglomeration processes. However, laser diffraction is limited by 

poor sensitivity and the required high detection angles for particles on the submicron 

scale.
23

 

 

1.2.1.1.4 Turbidimetry and Nephelometry 

Most commonly used in medicinal and biological sciences for the determination of 

the concentration of small biological molecules (e.g., proteins
24

 and microtubules
25

) 

turbidimetry and nephelometry have both been used to measure NP concentration. They 

can also provide estimates of particles size provided the particle refractive index is 

known.
26,27

 However, this is usually only the case for NPs produced in the laboratory and 

not natural samples. Turbidimetry measures the light transmitted, whereas nephelometry 

measures scattering intensity (typically perpendicular to the incident laser). It has 

advantages which make it a useful tool in aquatic environmental studies
28

 as it provides 

rapid measurement and simplicity of operation at an economical price. Measurements also 

do not perturb the system and accurate results can be achieved with small sample amounts. 

However, as mentioned before, scattering is concentration dependent and results can 

become unreliable when the NPs do not have high levels of monodispersity. 

 

1.2.1.1.5 Nanoparticle Tracking Analysis (NTA) 

NTA is a technique recently developed by NanoSight Ltd., which tracks NPs in 

solution in real time. This allows for the production of number based distributions 

compared to the intensity based distributions measured by DLS.
29

 This therefore allows 

more accurate size measurements of polydisperse NP samples, as results are not skewed by 

scattering intensity. 



Chapter 1                                                                                                               Introduction 

 

32 

An incident laser illuminates individual point scatterers in the sample and the 

individual Brownian motions are tracked through an optical microscope by a charge 

coupled device (CCD) camera operating at 30 frames s
-1

. The diffuse motion is captured in 

two dimensions, so a correction term is used for in the Stokes-Einstein equation to 

calculate distributions of diffusion coefficients and the hydrodynamic diameters of the 

particles.
30

 

The resolution depends upon the refractive index of the NPs. For high refractive 

index NPs e.g., gold, NTA can size particles down to ≈10 nm, with the detection of 8 nm 

for silver colloids being reported.
30

 However, as refractive index is decreased the 

resolution is reduced. This means that for characterising an unknown sample NTA can 

only be reliably used in the particle range 30-1000 nm. NTA also has a limited operating 

rage of concentration, typically 10
7
-10

9 
particles

 
ml

-1
,
31

 though this can be improved by 

increasing data acquisition time. 

 

1.2.1.1.6 Small Angle X-ray Scattering (SAXS) & Small Angle Neutron Scattering 

(SANS) 

SAXS and SANS are able to overcome some of the limitations of light scattering 

by using the lower wavelengths of X-rays and neutrons respectively. SAXS uses similar 

principles to DLS but is able to probe much smaller particles due to the smaller wavelength 

of X-rays
32

 (0.1-0.2 nm, with 0.154 nm being the most commonly used
33

). Unlike many of 

the aforementioned scattering methods, it is capable of the characterisation of both liquid 

and solid, mono or polydisperse samples. For polydisperse samples only the size 

distribution can be determined, while for a monodisperse sample the size, shape and 

structural determination can be obtained.
10
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SANS uses a neutron beam with a typical wavelength of 0.001-3 nm which scatter 

due to interactions with the atomic nucleus. Due to the mode of scattering it is possible for 

SANS to distinguish between isotopes, with the greatest distinction between hydrogen and 

deuterium. This allows SANS to be used to study NP-NP or NP-surfactant interactions.
34

 

Like SAXS, SANS can be used effectively on both solid and liquid samples. The major 

drawback of both SAXS and SANS is that they are generally limited to use in large scale 

facilities which are capable of providing the high photon fluxes for both experiments. 

 

1.2.1.2 Microscopy Techniques 

The size of NPs puts them outside of the diffraction limit of visible light (λ/2) 

meaning that conventional optical microscopy cannot normally produce images of NPs. 

However, there are other microscopic methods that can be used to image NPs. These 

techniques can be separated into two main families: electron microscopy and scanning 

probe microscopy (SPM). Electron microscopy can be seen as analogous to optical 

microscopy which uses electrons instead of photons for imaging; SPM forms images of 

surfaces by using a scanning probe. These techniques can produce good quality 

information for a wide range of NP properties from shape and size, to agglomeration state 

and chemical composition. Unfortunately, use of both forms of microscopy is time 

consuming, limiting the number of particles that can be analysed and potentially limiting 

the statistical relevance of distributions produced.
10

 A further disadvantage means that 

analysis cannot be done in situ. The samples must be removed from their environment and 

prepared before analysis can take place. This sample preparation is also often destructive 

and therefore does not allow analysis of the many NP interactions that take place in 

aqueous suspension. 
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1.2.1.2.1 Electron Microscopy 

The principle of wave-particle duality dictates that electrons must have an 

associated de Broglie wavelength. It is this phenomenon that electron microscopes exploit 

in order to image materials on the atomic level. There are two main families of electron 

microscopes: scanning electron microscopes (SEM) and transmission electron microscopes 

(TEM), although it is possible to fit a TEM with a scanning unit leading to the scanning 

transmission electron microscope (STEM). By measuring signals from the variety of ways 

in which electrons interact with matter it is possible to obtain a large amount of 

information about the NPs under study such as shape, size, chemical composition, structure 

and agglomeration.
35

 Depending upon certain features of microscope setup and sample 

composition, only some of these signals can be detected. Thus, characterisation should 

ideally be undertaken with both SEM and TEM under different microscope setups so as to 

ensure a full analysis of NPs. For a more thorough discussion of electron microscopy 

techniques the reader is directed to the review of Dudkiewicz et al.
36

 

 

1.2.1.2.1.1Transmission Electron Microscopy (TEM)  

In TEM, a parallel beam of electrons is required to pass through the sample before 

being detected by either a fluorescent screen or a CCD camera (the most common method 

as the operator is not required to remain in darkness while using the TEM). For the 

required electron transparency in TEM, the sample must be very thin. The limits upon 

sample thickness are determined by the atomic weight of the sample and energy of the 

electrons (the acceleration voltage). As electrons are diffracted more by heavier nuclei, 

higher atomic weight decreases the maximum thickness, whereas a greater acceleration 

voltage increases maximum thickness. The limits of the thickness are also affected by the 

type of information that is desired. If only morphological information is required then the 
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thickness of particles can be up to several μm, whereas analytical and high resolution 

applications require samples of thickness < 100 nm. As NPs tend to be thin enough, 

additional thinning of the sample is seldom necessary.
11

 Determination of the morphology 

of a sample only requires the TEM to be operated in conventional imaging mode. 

TEM is a useful tool for detecting contaminant NPs containing heavy metals in 

organic and biological samples as heavy elements have much stronger contrast compared 

to carbon, oxygen, nitrogen and hydrogen. The NPs show up as dark spots compared to the 

much lighter organics.
37

 

By using Selected Area Electron Diffraction (SAED) to study the diffraction 

patterns or Fast Fourier Transform (FFT) of high resolution images, information regarding 

the crystalline and atomic structure of the particle can be revealed.
38,39

 

As mentioned above, it is possible to fit a conventional TEM with a scanning unit 

giving rise to the STEM. With STEM, a focused electron probe is scanned over the sample 

surface which requires the use of a convergent electron beam. This means that the 

operational principles of the STEM are in reality closer to those of an SEM.  

One way to get an analysis of liquid sample is by the use of a cryo-TEM which 

enables imaging of frozen samples. This allows structure that could potentially be lost by 

other sample perpetration methods to be investigated. For example this method was 

employed to view 2 – 4 nm titania NPs doped with Fe(III) in an aqueous environment.
40

  

 

1.2.1.2.1.2 Scanning Electron Microscopy (SEM) 

SEM utilises the scanning of a focused electron probe over the surface of the 

sample to produce detailed topography which is often complimentary to information 

obtained by TEM. This is done by the analysis of either the secondary electrons or the 

backscattered electrons depending upon the type of information required. Secondary 
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electrons are generated as ionisation products from the bombardment of a sample by the 

primary electrons; backscattered electrons are primary electrons scattered back towards the 

detector. One of the disadvantages of SEM is that it conventionally requires high vacuum 

conditions to prevent charging effect, meaning that analysis cannot be done on liquid 

samples. As such, sample preparation is often necessary e.g., dehydration or cryofixing. 

Unfortunately, this can lead to alteration of the sample.
10

 For non-conducting particles 

(e.g., most polymer latexes) it is also necessary to coat the particles with a conducting 

surface, such as gold. 

Some newer devices are capable of working only at low vacuum (a few mbar) to 

allow the investigation of materials unstable at high vacuum. The environmental SEM 

(ESEM) can be operated at even higher pressure, ≈20 mbar. This allows the triple point of 

water to be reached (0.01 
o
C, 6.11 mbar) by cooling the sample. Further, by gas ionisation 

in the sample chamber the positive negative charge balance is maintained, removing the 

need for coating and thus allowing the investigation of uncoated aquatic colloids. 

Unfortunately, gas ionisation in ESEM causes the scattering of electrons before the sample 

is reached. This means that the secondary electron image can only use the un-scattered 

portion of the beam to produce an image. Resolution is decreased, particularly for organics, 

from ≈ 10 nm to ≈100 nm. This decrease is primarily due to the electron optics and sample 

stability rather than the technique itself. However, as the same sample could not be studied 

uncoated by conventional SEM, comparisons of ESEM and SEM are therefore not valid.
11

 

As such, SEM and ESEM should be used as complimentary techniques.
41,42

 

SEM is useful for bulk analysis to get a general sample overview, followed by 

TEM studies to perform the more detailed examination (e.g., an association between cells 

and micron sized aggregates was shown with SEM, and a full investigation was then 

performed with TEM).
38

 SEM is also useful for investigating NPs that cannot be removed 
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from substrates. The low voltages that can be used in both SEM and ESEM allow 

investigations of uncoated NPs reducing the risk of misleading artefacts. 

 

1.2.1.2.1.3 Elemental Analysis and Electron Microscopy 

Both SEM and TEM become far more effective analytical tools when combined 

with elemental analysis. Interaction of electrons with matter results in the emission of X-

rays. The nature of the X-rays produced will be characteristic of the chemical composition 

of the sample. Electron microscopy can utilise this phenomenon by both Energy dispersive 

X-ray spectroscopy (EDX) and electron energy loss spectroscopy (EELS) for elemental 

analysis.  

Use of EDX usually requires a sample thickness of a few μm. As this is rarely met 

for NPs, only qualitative SEM-EDX is possible for NPs.
11

 

With TEM-EDX qualitative information can be acquired in a straight forward 

manner. Consequently, it is these results which are generally found in the literature.
43,44,45

 

Quantitative analysis is also possible with TEM-EDX provided the electron beam passes 

completely through the sample (which is usually the case for NPs) and that the beam is 

only scattered once. If the above criteria are fulfilled by the sample, quantification of the 

X-ray signal is possible using the Cliff-Lorimer thin film approximation
46

 and a correction 

for atomic number (Z). Provided that TEM-EDX is properly calibrated it can produce 

elemental analysis with an accuracy of ± 5 % for elements heavier than carbon.
47,48

 

When an electron interacts with a sample producing an X-ray, it loses energy. This 

energy loss is characteristic of the individual elements in the sample. Measurement of this 

energy loss by EELS can provide information on the chemical composition of a sample. 

However, as EELS requires the electron to pass completely through the sample it can only 

be utilised with TEM. It can be used qualitatively with samples of a few tens of nm thick, 
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and useful information can still be obtained up to a thickness of 100nm. EELS has proved 

useful for characterising engineered NPs e.g., iron oxides
49

 and titanium dioxide
50

 amongst 

many others  

 

1.2.1.2.2 Scanning Probe Microscopy (SPM) 

SPM is a much more general family of microscopy than electron microscopy. It 

utilises a probe to scan the sample surface and create and image. Only three of the various 

types will be briefly discussed below.  

 

1.2.1.2.2.1 Atomic Force Microscopy (AFM) 

AFM employs a nanosturctured tip attached to an oscillating cantilever which is 

scanned over the surface of a sample. Attractive and repulsive forces felt by the tip causes 

changes in the oscillations which are recorded by measurement of deflections of a laser 

beam directed at a fixed point upon the cantilever. One of the advantages of AFM is that it 

can be used in both air and water. Measurements of particle height have a lower limit of 

0.1 nm. However, as the tip typically has a curvature of about 10nm, AFM cannot probe 

close to the particle edge in NPs <10 nm.
51

  

 

1.2.1.2.2.2 Near-field Scanning Optical Microscopy (NSOM) 

NSOM is a technique which gives far higher resolution than conventional 

microscopes. Lateral spatial resolutions as low as 20 nm and vertical resolutions of as low 

as 2-5 nm are possible.
52

 This means that NSOM is useful for studying some lager NPs and 

NP agglomerates.
53

 NSOM operates by illuminating the sample with an optical fibre 

through a sub-wavelength sized aperture only a few nm from the sample surface. This 
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allows a spatial resolution approaching the diameter the aperture through the use of the 

near field evanescent waves that exist only on the object surface.
54

 

 

1.2.1.2.2.3 Confocal Laser Scanning Microscopy (CLSM). 

Despite the limitations placed upon confocal microscopy by the diffraction limit of 

light, horizontal resolutions of 200 nm and vertical resolutions of 500 nm are possible 

when using CLSM, as well as the ability to produce 3D images.
55

 Fluorescent specimens 

can be located more precisely still. If combined with fluorescence correlation spectroscopy 

when the colloids are naturally fluorescent or have been treated with fluorescent dyes, 

CLSM can be used to study colloids in complex systems.
56

 CLSM operates by exciting the 

sample with a laser. The laser then reflects off a dichroic mirror and onto two other 

motorised mirrors which scan the laser across the sample. The sample then fluoresces and 

the light follows the same path back as the incident light passing through the dichroic 

mirror and is then focused on a pin hole, removing all unfocused light. This means only 

one point of the sample is imaged at any given instant. Therefore, in order to get a full 

image it must build one pixel at a time. 

 

1.2.1.2.3 X-ray Microscopy (XRM) 

XRM is similar to both optical and electron microscopy, but uses X-rays instead of 

visible light or electrons. Due to the longer wavelength of X-rays compared to electrons 

the resolution is only down to 30 nm. The major advantage of XRM is that it can be used 

to view samples in the aqueous phase without the need for sample preparation,
57

 as well as 

be used to view biological samples due to the less destructive nature.
58

 50  
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1.2.1.3 Spectroscopic Methods 

Many spectroscopic methods have found use in NP characterisation but only a few 

will be covered here. A more thorough discussion can be found in Tiede et al.
10  

 

1.2.1.3.1 Optical Spectroscopy 

Ultraviolet–Visible (UV-VIS) and infrared (IR) spectroscopy can easily be used for 

measurements of light adsorption in NPs. Concentration can be established using the Beer-

Lambert law: 

      
 

  
⁄                                                                                                            (Eq. 1.4) 

where: I is intensity of the transmitted beam,  

I0 is the intensity of the incident beam,  

ε is the molar extinction coefficient,  

c is concentration and  

l is path length.  

However, as for NPs analysis the molar extinction coefficient can be affected by 

light scattering. As the NPs and aggregates get larger, or for NPs with a high refractive 

index, the scattering contribution becomes even more important. There is no simple 

relationship between the scattering contribution and concentration of the sample. As such, 

for complex mixtures of NPs the method becomes unreliable.  

However, due the minimum perturbation to the sample and ease of operation, 

optical spectroscopy has found use in NP characterisation.
59

 When Fourier-transform-IR 

(FT-IR) is used, optical spectroscopy has shown to be useful for organic-based 

nanoparticles such as fullerenes and carbon nanotubes (e.g., comparisons of colloidal 

suspensions of C60). 
60
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Surface plasmon effects also produce absorption bands that are seen with UV-vis 

spectroscopy in metal NPs that do not show up in larger particles or solutions of metal salts 

and these bands can be related to both the size and shape of the NPs in the dispersion (e.g., 

in the study of silver NPs).
61

 

 

1.2.1.3.2 Fluorescence Spectroscopy 

Though limited to particles that are either self-fluorescent or dyed fluorescence, 

spectroscopy can be used for NP analysis. The agglomeration of self-fluorescing 

semiconductor quantum dots can be studied my monitoring changes in fluorescence 

spectra e.g., CdSe.
62

  

 

1.2.1.3.3 X-ray Photoelectron Spectroscopy (XPS) 

XPS utilizes the photoelectric effect to probe the surface (top 1-10 nm) of 

particulate substrates. This is done by measuring the kinetic energy and electron flux 

produced when an X-ray beam is projected onto the sample, as a surface analysis technique 

XPS can be used to study composition and redox state of NPs.
63

  

 

1.2.1.3.4 X-ray diffraction (XRD) 

By measuring the elastic scattering of X-rays by the electron clouds of the 

individual atoms in the system, XRD can provide crystallographic and elemental 

composition information on NPs as well as size information. 

 

1.2.1.3.5 Laser-induced breakdown detection Spectroscopy (LIBDS)  

LIBDS uses a short laser pulse focused upon the sample surface to create a plasma 

plume. In the plume, constituent atoms of the sample are excited. As they relax they 
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produce characteristic spectral emissions. It has the advantage of having very low detection 

limits; however, it cannot distinguish between different types of particles and requires 

particle-specific size calibration.
64

 

 

1.2.1.4 Fractionation and Separation Methods 

Fractionation can be done on the basis of chemical or physical properties. 

Fractionation of physical properties is by far the most common with regards to NPs. As 

such, discussion will focus upon physical methods. 

 

1.2.1.4.1 Filtration 

Filtration methods use membranes to separate NPs. The distinction between the 

different methods is due to the different membrane pore size or membrane molecular 

weight cut-off (MWCO) being used. MWCO can be defined as the lowest molecular 

weight of solute (in Daltons) which will be 90% retained by the membrane. Micro-

filtration uses a membrane with pore sizes in the region of 0.2-10 μm whereas ultra-

filtration uses membranes with a MWCO of 1000 -100 million Da. A fairly recent form of 

filtration is nano-filtration; it uses membranes with pore sizes of 0.5-1 nm and can be used 

to separate small NPs from monovalent ions.
65

 

 

1.2.1.4.2 Centrifugation 

The centrifugation techniques of analytical ultracentrifugation (AUC) and 

differential centrifugal sedimentation (DCS) – also called centrifugal particle 

sedimentation – are well established methods for size fractioning of NPs. Both AUC and 

DCS broadly operate on the same principal which relies on the fact that particles will 

usually have a density greater than the dispersion medium. Therefore, application of 
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centrifugal force generated by the rapid acceleration of a rotor will induce sedimentation of 

the particles (Figure 1.2). As the applied force is proportional to the particle mass, larger 

particles will sediment at a faster rate than smaller ones. Both frictional and buoyant forces 

will oppose the centrifugal force but once these forces come to equilibrium (≈ 10
-6

 s) the 

particles will reach terminal velocity which is related to the size of the individual particles. 

Sedimentation of the sample can be monitored in real time by a UV or visible light 

absorption system, viewing the concentration relative to the applied centrifugal field. As 

larger mass particles settle with a lower applied field, by using a fluid with a known 

gradient of viscosity and density it is possible to create a mass profile of the NPs in the 

sample from the following equation:
66

 

  (
 

  
)    

  (       )

  
(  ) (    )                                                                        (Eq. 1.5) 

where x0 and x are the starting and end positions from the centrifuge centre at time to and t, 

v is the centrifuge rotational speed, η is the viscosity of the dispersion medium, ρpart is 

particle density and dv is the particle volumetric diameter. 

 

 
Figure 1.2: Schematic of the operation of differential centrifugal analysis, using a disk and 

the centrifuge chamber, displaying the basic principal of separation. 
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Compared to light scattering methods such as DLS, AUC and DCS offer a better 

size resolution with accurate determination of particles to 2–3 nm. These techniques are 

also far more effective for analysis of mixtures of sizes.
67

 Also, as particles have already 

been separated before detection, with proper calibration it is possible to quantify the 

amount of material of a given size passing through the detector at a given interval.
68

 

The lower forces used in DCS, while not necessarily a problem for NPs with a high 

density such as metals, mean that smaller low density particles may sediment very slowly 

or not at all. This effectively put a limit on detection of certain samples [e.g. 20 nm for 

amorphous silica, 40 nm for polymer latexes (chapter 5 of this thesis)]. This lower size 

limit is less of an issue for AUC which utilises much greater centrifugal forces (> 100,000 

g), however, these forces have been known to induce aggregation.
69

 Even with the 

knowledge of the density of the primary particles, knowledge of the density of the 

aggregates will be difficult to establish. A variation of DCS allows the analysis of low 

density particles. The particles are deposited at the bottom of a centrifuge chamber at the 

start of the analysis instead of at the top. By using fluid which has a greater density than 

the particles, they will sediment to the top on application of the centrifugal force.
70

 

While not as widely cited in the literature,
71

 centrifugation techniques have been 

used to analyse a variety of NPs (e.g. silica
72

, gold,
73

 particles with core/shell 

morphologies
74

 amongst others). 

 

1.2.1.4.3 Field Flow Fractionation (FFF) 

FFF is a family of separation techniques that separates particles based upon how 

they interact with an applied field. The technique has been recently reviewed by Whalund
75

 

The balance between Brownian motion (diffusion) and an applied field distributes the 

particles against one of the walls of a thin channel. A laminar flow through the channel at 
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right angles to the field then transports the particles through the channel.
76

 The particle 

mean height is inversely proportional to particle size and proportional to transport velocity 

(Figure 1.3). The type of FFF depends upon the field applied, either a hydrodynamic field 

(Flow FFF) or a centrifugal field (Sedimentation FFF). 

 
Figure 1.3: Diagram showing the basic principle behind Field Flow Fractionation (FFF).  

 

As well as being able to separate NPs in the over a wide size range (1 nm – 800 nm 

for Flow-FFF, and 30 – 800 nm for Sedimentation-FFF), the elution time of FFF can be 

directly related to physical properties such as hydrodynamic volume and diffusion 

coefficient (Flow-FFF), and buoyant mass and equivalent spherical volume diameter 

(Sedimentation FFF), making it a versatile analytical tool. The drawback with FFF is that 

the versatility comes with high complexity. 

FFF has been a valuable technique for investigating environmental colloids using 

both optical detectors and inductively coupled plasma mass spectrometry (ICP-MS)
77,78

 

(e.g., analysis of carbon nanotubes
79

 and metal oxide NP's
80

 amongst others). Shape 

information has also been determined by FFF by combining it with either light scattering 

or microscopic methods.
81

 

 

1.2.1.5 Chromatography Methods 

1.2.1.5.1 Size Exclusion Chromatography (SEC) 

 SEC (also known as gel permeation chromatography (GPC) in the field of 

polymer science) is a method that was especially developed for the separation of 
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macromolecules. SEC separates NPs on the basis of size. NPs flow through a column filled 

with a packing material that has pores in the size range of the particles to be separated. 

Separation occurs on the basis of the particles’ ability to enter the pores, which is defined 

by the hydrodynamic volume (size and shape) of the NPs. Smaller particles have access to 

a greater distribution of pores and thus have a greater volume of column to transit (Figure 

1.4). Consequently, particles that are unable to enter any pores will elute from the column 

in the oversized peak. These larger particles are outside of the operating size of the specific 

column. As such, fractionation is not possible for oversized NPs. After the oversized 

particles come the fractionated particles, with the largest eluting first and the smallest last. 

The last to elute is the salt peak containing the dissolved molecules and ions which have 

passed the complete pore volume. SEC is a versatile technique which has been applied to 

the study of a variety of NPs both engineered
82

 and natural
83

 (e.g., separation of CdS, ZnS 

and sillica colloids (2 – 20 nm),
84

 chiral gold clusters
85

 and dextran-modified iron 

oxides).
86

 Selection of the mobile phase must be made carefully as the choice may affect 

the fractionation procedure. For example, the separation of Au/Pd core-shell NPs required 

the presence of SDS in the eluent to stabilise the particles.
87

 A shape separation of rod-like 

and spherical gold NPs was undertaken using a mobile phase containing SDS and Brij-

35.
88

 By use of a poly(methyl methacrylate) brush grafted to the surface of the stationary 

phase, separation of quantum dots and NPs was achieved independently of the surface 

nature.
89

  

A sub type of SEC, recycling GPC, has been applied to separate thiol stabilised 

gold nanocrystals,
90

 the alternate recycling was found to increase the separation efficiency 

with the square root of the cycle number, allowing separation of particles with a size 

difference of only 6 Å. 
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The main drawback with regards to the separation of natural samples is the 

operating size range of SEC with regards to nanoparticles, though columns are produced 

which are specifically designed for the separation larger molecules such as proteins and 

DNA, and have an effective operating size range of up to around 100 nm. 

 

Figure 1.4: A simplified schematic of the separation mechanism of size exclusion 

chromatography. In reality the packing beads have multiple pores. 

 

 

1.2.1.5.2 Hydrodynamic Chromatography (HDC) 

 Originally developed by Small et al.
91

 at the Dow Chemical Company in the early 

1970's, HDC is a size fractionating method that allows the simultaneous determination of 

the hydrodynamic diameter and granularity distribution of polymers or colloids. The 

technique has been recently reviewed by Stiegel and Brewer.
92

 Separation occurs in either 

narrow capillary channels or in the voids between non-porous beads which can be 

considered to act as capillary channels. The separation mechanism of HDC can be 

described in terms of a parabolic flow profile occurring within narrow channels. The liquid 

closest to the walls of the channel experiences the highest hydrodynamic drag and 

consequently elutes slower than the liquid in the centre of the channels. The centre of mass 

of larger particles has a greater excluded volume compared to smaller particles and cannot 

approach as close to the wall of the capillary channel, thus will remain in the faster flowing 

regions of the eluent and will travel thorough the channels quickest eluting first (Figure 

1.5). 
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Figure 1.5: Schematic illustration of principle of HDC separation. Larger particles have a 

greater excluded volume and the centre of mass cannot approach the wall as close as small 

particles. They therefore so experience a greater average flow velocity leading to their 

elusion before smaller particles. 

 

A model to express the relationship between retention time and solute size was 

presented by Brenner and Gaydos
93

 in 1977 and can be expressed in the following 

equation: 

  
  

⁄    (        )                                                                                  (Eq. 1.6) 

where: tm is the retention time of the particle,  

t0 is the retention time of a minimum solute,  

R is the relative retention time,  

λ is the ratio of the effective diameter of the particle (dp) to the diameter of the 

capillary (dc) and  

B and C are both constants that relate to the nature of the column. (0.5-5 for a 

capillary column and 2.7-2.8 for a packed column)94  

Equation 1.6 is based upon the assumption that particles are rigid and spherical which is 

not always the case, particularly for natural samples.  

While the separating of efficiency of HDC is currently comparatively poor (though 

this can be improved by the use of narrower capillaries and smaller packing materials) the 

operational size range is good (5-1200nm),
10

 with a low analysis time <10 min.  

By coupling a packed HDC column to an ICP-MS, it was shown to be possible to 

determine both the chemical composition as well as the size of TiO2, SiO2, Al2O3 and 
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Fe2O3 nanoparticles,
95

 as well as silver nanoparticles in activated sludge.
96

 The capillary 

tube method has been applied for the separation synthetic polymer particles, biopolymers 

and liquid nanocapsules.
97

 A sub technique of capillary HDC – wide bore HDC – in which 

the internal diameter of the capillaries is greater than 0.7 mm, has been employed to 

separate CdS and Au sols over a size range of 3-27 nm.
98

. Recently Pergantis and co-

workers
99

 developed a single particle HDC-ICP-MS system which allowed the 

measurement of the number concentrations of gold nanoparticles. It has also been used for 

the sizing and chemical characterisation of liposome type nanoparticle by coupling to a 

MALI-TOF mass spectrometer.
100

 

 

1.2.2 Summation  

 The ideal technique for the separation of aqueous dispersions nanoparticles would 

meet the following criteria; 

 High resolution. 

 Wide operating size range. 

 Minimal perturbation of the sample. 

 Separate purely based upon size, with negligible contribution form surface 

chemistry. 

 Be non-destructive 

 As well as sizing information it should able to also elucidate data on the elemental 

composition 

 Require minimal prior knowledge to the particle properties to allow analysis of 

unknown samples.  
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As can been seen form Table 1.1 and from the following sections currently no one 

technique meets all these criteria. Indeed for the foreseeable future in is unreasonable to 

think that any one technique would be able to meet these criteria. Consequently there is 

always a demand for improvements to existing techniques or the development of novel and 

complementary analysis techniques. It is the aim of this thesis, therefore, to investigate if 

HIPE templated materials (discussed in detail in below and in the introductions to chapter 

2 and 3) have and potential for the use in the size separation of nanoparticles. 

 

1.3 Introduction Emulsions and HIPEs 

 This section will give some background theory on emulsions and in particular high 

internal phase emulsions (HIPEs). Throughout this thesis HIPEs will be used to produce a 

variety of porous materials; however, the relevant introductions to the different types of 

material will be included in each chapter rather than here. 

 

1.3.1 Emulsions 

Emulsions are liquid-in-liquid systems that consist of two immiscible liquids in 

which one liquid is dispersed within the other creating an interface.
101

 They are usually 

formed by mixing the two liquids together via high shear or sonification.
102

 Emulsions are 

generally categorised as either oil-in-water (o/w) or water-in-oil (w/o), where oil refers to a 

liquid immiscible with water. The two phases are normally termed the internal (or 

dispersed) phase, and the external (or continuous) phase. The internal phase will generally 

take the form of polydisperse droplets with average droplet sizes of several microns.
103

 

However, special techniques can be applied such as emulsion fractionation which allow the 

formation of monodisperse emulsions with finely tuned droplet sizes.
104,105,106
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Emulsions are thermodynamically unstable and will therefore not form 

spontaneously. This instability is due to the large increase in surface free energy upon 

forming an emulsion that results from the combination of interfacial tension (σ), the large 

surface area of the internal phase and the differences in the densities of the two phases.
107

 

Consequently, without stabilisation the droplets of the internal phase interact and coalesce 

and the emulsion will phase separate into two layers over time.
108

 In order for an emulsion 

to be considered stable there must be no discernable change in the number, distribution and 

special arrangement of the droplets of the internal phase over the experimental time period. 

This time period can vary from as little as several seconds to as much as several years.
109

 

The primary driving force of the aforementioned coalescence of droplets is the universal 

Van der Waals attraction. It is this attraction that must be overcome to produce a 

kinetically stable emulsion. This is achieved by the addition of a stabiliser to the emulsion 

that prevents break down by creating energy barriers to droplet interaction, thereby 

preventing coalescence.
110

  

 

1.3.2 Surfactants 

The most common method of stabilising emulsions is through the use of surface 

active agents, or surfactants. Surfactants can generally be viewed as having two sections: 

the head which is hydrophilic, and the tail which is lipophilic (or hydrophobic). This dual 

nature is a form of amphoterism and it allows surfactants to align themselves at the liquid-

liquid interface in the emulsion and prevent coalescence. It does this by lowering the 

interfacial tension between the two liquids, with the hydrophilic segment sitting in the 

water phase and the hydrophobic section sitting in the oil phase (Figure 1.6).
111
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Figure 1.6: Representation of a surfactant stabilised oil in water interface. 

 

 

There are generally four accepted classifications of surfactants based upon the 

nature of the head group: anionic, cationic, amphoteric (zwitterionic) and non-ionic.
112

 

However, as new surfactants are developed and put into use, new methods of classification 

are also becoming apparent in the literature.
113

  

Due to the amphoteric nature of surfactants, once they reach a sufficiently high 

concentration in a solution they are able to form micelles. These are approximately 

spherical aggregates of surfactant formed when the heads and tails align with each other. 

The point at which this occurs for the surfactant/solvent system is known as the critical 

micelle concentration (cmc). 

The nature and concentration of the surfactant is the primary factor in determining 

the stability of an emulsion. Different surfactants can be used to stabilise different types of 

emulsions.  

The Bancroft Rule states that the phase in which the surfactant in most soluble will 

be the continuous phase. While there are exceptions, it is a useful rule for a quick selection 

of a surfactant in most systems.
114

 Nevertheless, other more quantitative systems are in use 

which allows the selection of the surfactant with greater certainty. One such example is the 

hydrophilic-lipophilic balance (HLB) concept.  
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1.3.2.1. The Hydrophilic-Lipophilic Balance (HLB) Concept 

The Hydrophilic-Lipophilic Balance, or HLB, concept was developed by Griffin in 

the late 1940’s
115

 to provide an association between the structural properties of a surfactant 

and its emulsifying properties. It provides a semi-empirical scale which allows the 

selection of surfactants appropriate for purpose based upon the relative percentage of 

hydrophobic to hydrophilic groups.
111

 The value of the HLB for a given surfactant is 

representative of the type of emulsion it will form (Table 1.2). 

Table 1.2: Applications of surfactants within a given HLB range. (Values from ref. 111) 

HLB Range Application 

3-6 

7-9 

8-18 

13-15 

15-18 

Water-in-oil emulsion 

Wetting agent 

Oil-in-water emulsion 

Detergent 

Solubiliser 

 

 

Table 1.3: Required HLB Numbers for emulsification of various oils. (Values from refs. 

111 & 116) 

Oil Type Oil-in-Water Emulsion HLB Water-in-Oil Emulsion HLB 

Mineral Oil 

Beeswax 

Kerosene 

Paraffin Oil 

9-12 

9 

12 

10 

6 

5 

6 

4 

 

Griffin proposed the following formulas for calculating the HLB of several types of 

non-ionic surfactants. For most polyhydric alcohol fatty acid esters the HLB can be 

calculated approximately by the following equation: 

      (   
 ⁄ )                                                                                                  (Eq. 1.7) 

where:  S is saponification value of the ester and  

A is the acid value of the acid.  

When the surfactant contains polyoxyethylene chains and polyhydric alcohols as 

hydrophilic groups, the following equation can be used:  

       
 ⁄                                                                                                          (Eq. 1.8) 
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where: P is the mass percentage of polyhydric alcohol content.  

When polyoxyethylene alkyl ethers and polyoxyethylene esters make up the 

surfactant the following equation can be used: 

     
 ⁄                                                                                                                 (Eq. 1.9) 

where: E is equivalent to the mass percentage of oxyethylene content.
117,118 

 The problem with the above equations is that they only cover a limited variety of 

surfactants. As mentioned, they cannot be used for ionic surfactants, nor can they be 

applied to surfactants that contain propylene oxide and butylene oxide, or surfactants 

containing nitrogen and sulphur.   

Davies later developed a method for calculating the HLB of a surfactant from the 

chemical formula. The method assigns specific chemical groups within the surfactant 

structure empirically determined values. The HLB can be calculated from the following 

equation:
119

 

      ∑(                        )  ∑(                       )      (Eq.1.10) 

Good agreement was found between HLB values calculated by Davies’ method and those 

obtained by experiment. Table 1.4 below includes a list of the HLB group values of some 

common structural groups; a more comprehensive list can be found in reference 116. 

As well as surfactants, other types of stabilisation are also possible. In Pickering 

emulsions disperse droplets are stabilised by the absorbance of solid particles at the phase 

interface.
120,121

 Emulsions can also be stabilised by Janus particles, a relatively recent 

innovation named after the Roman god Janus who possessed two faces. Janus particles are 

amphiphilic particles in which one hemisphere is hydrophilic and the other is 

hydrophobic.
122

 They can be used to greatly enhance the stability of Pickering emulsions
123

 

However, this work will only be focusing upon the use of surfactants as stabilisers. 
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Table 1.4: HLB Group Values for some common groups. 

Structural Group Group Value 

Hydrophilic 

-SO4
-
Na

+ 

-COO
-
K

+ 

-COO
-
Na

+ 

-COOH 

-N (tertiary amine) 

-O- 

-OH (free) 

Lipophilic 

-CH3 

-CH2- 

-CH= 

-(CH2CH2CH2O)- 

 

38.7 

21.1 

19.1 

2.1 

9.4 

1.3 

1.9 

 

0.475 

0.475 

0.475 

0.15 

 

1.3.3 High Internal Phase Emulsions (HIPEs) 

High Internal Phase Emulsions or HIPEs have been known for some time,
120,124

 and 

though HIPE is the common nomenclature when used for the preparation of porous 

materials (and shall be used throughout this thesis), they are known under various names. 

These include names such as aphrons,
125

 high internal phase ratio emulsions,
126

 gel 

emulsions (due to exhibiting behaviour similar to gels),
127

 hydrocarbon gels,
128

 and simply, 

highly concentrated emulsions.
129

 HIPEs are a subcategory of emulsion in which the 

internal phase ratio ( ) is ≥ 0.7405 of the total volume of the emulsion. They can be 

viewed as consisting of tightly packed liquid droplets with persistent microscopic films or 

thin films between the droplets.
130

 As with traditional emulsions, they require a stabiliser. 

The value   = 0.7405 represents the maximum volume that uniform spheres can occupy in 

a given volume when packed in the most efficient manner; as such, the droplets of HIPEs 

are often polydisperse and polyhedral.
131

 It had been previously thought that   = 0.7405 

was the maximum possible value for the internal phase volume fraction before an emulsion 

would invert.
132

 However, by using a surfactant that is completely insoluble in the 

dispersed phase, emulsions with   as high of 0.99 can be formed.
133 

As with traditional 

emulsions, HIPEs can be classified as either o/w or w/o.
134

 They can be formed from a 
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wide variety of oils and organic liquids and the ‘water’ phase is almost always aqueous. 

However, the use of polar organic liquids has allowed the formation of HIPEs with a non-

aqueous ‘water’ phase.
135

  

 

1.3.3.1 HIPE Formation 

HIPEs can be formed by several methods such as concentration by osmotic 

compression, in which a moderately concentrated emulsion is compressed. By low speed 

centrifugation, or ultra-centrifugation, ‘squeezing’ out the external phase.
136

 By phase 

inversion in which a lower concentrated emulsion of the opposite type required is inverted 

to a highly concentrated emulsion of the desired type by a rapid change in temperature, o/w 

HIPEs are obtained by a temperature quench in w/o emulsions,
137,138

 and w/o HIPEs are 

formed by a temperature increase in o/w emulsions.
139,140

 It is also possible to use 

variations in the pH and electrolyte concentration to form HIPEs.
141

 However, the most 

common method, and the method used in this work, is formation of HIPEs by mechanical 

stirring. The internal phase is added slowly with constant stirring of the external phase, 

which takes the form of a solution of swollen micelles of surfactant. During agitation, a 

multiple emulsion forms (both o/w and w/o emulsions exist simultaneously). Eventually, 

the less stable form of the emulsion will give way to the more stable form, resulting in a 

HIPE.
130 

 

1.3.3.2 HIPE Stability 

The stability of HIPEs can range from several hours to under a minute, and though 

the mechanisms behind the high stability are not fully understood, there are several 

variables that contribute to HIPE stability. For a HIPE to form, these variables must be 

sufficiently distant from the balanced state of the corresponding microemulsion.
130
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Of all the factors that affect the stability of HIPEs, the foremost is the nature of the 

surfactant. However, the concentration of the surfactant as well as the electrolyte 

concentration of the aqueous phase, the viscosity of the continuous phase, the internal 

phase ratio, the nature of the two phases and the temperature of the HIPE also contribute to 

overall stability.
142

 As mentioned before, the HLB of a surfactant affects the stability of an 

emulsion. As this is the same for HIPEs, high HLBs are required to form o/w HIPEs and 

conversely low HLBs are required for w/o HIPEs. However, other surfactant properties 

must also be taken into consideration. For two surfactants of identical HLB the surfactant 

with the highest molecular weight will produce the most stable HIPEs. The bulkier 

surfactant will produce thin films between droplets with a greater thickness than a 

surfactant with a lower molecular weight which produces a more stable emulsion.
143,144 

The 

molecular weight is also important when producing HIPEs in mixed surfactant systems. 

Mixing surfactants of differing molecular weights can cause destabilisation of the HIPE, 

while mixing surfactants similar in terms of molecular weight has a stabilising effect.
145

 It 

was also found that o/w HIPEs containing aromatic or halogenated oil phases were 

difficult or impossible to form without the use of ionic surfactants, possibly due to the 

generally more polar nature of such liquids.
146

  

Surfactant concentration can also play a vital role. Below a certain concentration 

HIPEs are always unstable due to incomplete coverage of the emulsion droplets. 

From the study of water-in-xylene HIPEs, Ford and co-workers
147

 suggested three 

necessary properties of a surfactant for it to be successful in forming stable HIPEs: 1) rapid 

adsorption at the interface, 2) the formation of a rigid interfacial film and 3) a lowering of 

interfacial tension between the phases. The most important factor is the formation of a 

rigid film, which results when there is an interaction – either electrostatic or hydrogen 

bonding – between adjacent surfactant molecules. 
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The nature of the two phases is also important, as well as it being necessary for the 

surfactant to be more soluble in the continuous phase (as dictated by the Bancroft rule) 

HIPEs will be more stable the greater the mutual insolubility of the two phases (e.g., 

alkane-in-water HIPEs stabilised by Span 80 (sorbitan monoolate) were more stable the 

longer the alkyl chain of the oil phase).
148

 This however does not preclude the formation of 

HIPEs of two miscible liquids (e.g., water-in-dioxane) which can be achieved with 

appropriate surfactants.
149,150

 The viscosity of the two phases also plays a role; an external 

phase with a high viscosity prevents efficient mixing of the HIPE which leads to smaller 

maximum possible volume fraction.
146

 

The presence of electrolytes in the aqueous phase has a significant impact upon the 

stability of w/o HIPEs, with increased stability upon addition of electrolytes to the aqueous 

phase.
151

 However, for o/w HIPEs, electrolyte concentration generally appears to have no 

stabilising influence.
132

 In w/o HIPEs the surfactants adopt a more ordered arrangement at 

the interface with increasing salt concentration.
152

 Salts that decrease the cloud point of 

non-ionic surfactants provide a greater stabilisation.
153

 Kizling and Kronberg
154

 proposed 

that the reason for increased stability in the presence of electrolyte is due to interactions 

between the hydrophilic portions of the surfactant and the electrolyte, which further 

increases surfactant solubility in the aqueous phase. Erikson, Kizling and Kronberg
155

 have 

since observed these interactions by IR studies. They also proposed that reduction in 

refractive index disparity on the addition of electrolyte causes a reduction in the attractive 

forces between droplets of the dispersed phase. When the refractive indexes of the two 

phases are matched the attractive forces are at a minimum and the HIPE becomes 

transparent and exhibits exceptionally high stability.
154,155

  

The attractive forces between droplets can be calculated from the following 

equation: 
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   (
     

     
)
 

  
(  

    
 )

 

(  
    

 )
  ⁄                                                                                  (Eq. 1.11) 

where: A is the attractive force, or Hamaker constant,  

a and b are constants and 

ε and n the dielectric constant and refractive index respectively either the oil (o) 

phase or the water (w) phase.  

 
Figure 1.7: Illustration of dramatic drop in interfacial tension at the phase inversion 

temperature which allows an oil-in-water emulsion to spontaneously turn to a water-in-oil 

emulsion. 

 

For a HIPE formed with non-ionic surfactants to be stable, it is necessary for them 

to be formed at ~10-20 
o
C above for o/w, or below for w/o, the phase inversion 

temperature (PIT), also known as the HLB temperature of the HIPE.
156

 The PIT of a given 

system is the temperature at which the surfactant goes from being water soluble to oil 

soluble. HIPEs formed within 10-20 
o
C of the PIT are highly unstable due to the large 

decrease in interfacial tension which increases the probability of thin film rupture (Figure 

1.7).
157

 Conversely, an excessive increase in interfacial tension will result in a loss of HIPE 

stability. This is due to increased capillary pressure (Pc), which accompanies high 

interfacial tension and causes decrease in film thickness (hf). When Pc is greater than the 

steric repulsion between droplets the films will rupture and the HIPE will collapse. This 
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increase in interfacial tension corresponds to a decrease in hf which increases the 

probability of film destabilisation. For an emulsion with droplet sizes of 1-10 µm an 

interfacial tension of ~ 0.1-10 mN m
-1

 is most favourable for stability.
130

 

 
Figure 1.8: Surfactant stabilised w/o/w and o/w/o liquid thin films, resembling bi-layer 

membranes  

 

As mentioned previously, thin films exist between droplets in a HIPE, and it is the 

microscopic properties of these films that control the macroscopic properties.
130

 These thin 

films resemble bi-layer membranes (Figure 1.8), and in the thermodynamic equilibrium 

state the thin film is imagined as an array of holes of varying radii (rh) which will appear 

and disappear spontaneously according to thermodynamic fluctuations. The film will 

remain stable unless a hole with rh ≥ the critical radius (  
 ) is formed, at which point the 

film will rupture and two droplets will coalesce. The probability of hole formation is given 

by the following equation: 

    (     ⁄ )                                                                                                         (Eq.1.12) 

where: Ph is the probability of hole formation, 

Wh is the energy penalty due to hole formation,  

k is the Boltzmann constant and  

T, is the temperature.  
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Consequently, as equation (Eq. 1.12) shows, the probability of hole formation is 

proportional to temperature, with higher temperatures increasing the chances of a hole 

forming in the film. Thus, HIPEs will be more stable at lower temperature, provided the 

temperature is kept above the PIT.
130 

 

 

1.3.3.3 HIPE Rheology 

The rheological properties of HIPEs are affected by several variables such as 

droplet radius (R), interfacial tension (σ), the internal phase volume fraction, the nature of 

the stabilising surfactant, temperature, and the viscosity of the external phase ,ηe.
130

 The 

viscosity of the internal phase, ηi, provided it is sufficiently high, can also have an effect 

upon the final viscosity of the HIPE, ηHIPE.
158

 

The high levels of interfacial tension found within HIPEs give rise to a high 

viscosity that is characterised by a high yield stress, which is the shear stress required to 

induce flow. HIPEs therefore behave as non-Newtonian fluids.
132

 Below the yield stress 

HIPEs act as viscoelastic solids due to the attraction between liquid droplets. Above the 

yield stress the viscosity will vary inversely to shear. The shear elasticity modulus, G', of 

HIPEs is given by the following semi-empirical formula of Princen:
159

 

    (
  

 
)  

 
 ⁄ (     )                                                                        (Eq. 1.13) 

where: C=1.77, 

   c = 0.74,  

  v the volume fraction of the HIPE,  

σ0 is the interfacial tension  

and R is the droplet radius.  

Eq. 1.13 has been experimentally verified for the limit of     
      (    ) 160,161

 

however, the dependence of G' upon σi has been the subject of some debate.
162,163
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Increasing surfactant concentration will lead to an associated increase in viscosity. 

The nature of the surfactant will also have an effect, with those that produce rigid 

interfacial films usually producing HIPEs with higher viscosities.
164

 The nature of the 

surfactants becomes more pronounced with smaller average droplet sizes.
165

 Increasing the 

internal phase volume also causes an increase in viscosity;
166

 this is due to the higher 

energy requirements to efficiently mix the emulsion. 

By decreasing the average droplet radii the total interfacial area increases, as a 

consequence so does the total interfacial tension which corresponds to an increase in 

viscosity.
167

 

 

1.3.3.4 HIPE Geometry 

As mentioned,   = 0.7405 represents the most efficient packing of uniform 

spheres. Consequently, the droplets of the internal phase in a HIPE are either polydisperse 

or deformed polyhedral, and can be both.
142,131

 Though both polydisperse and 

monodisperse deformed systems can be formed, theoretical calculations suggest that a 

deformed monodisperse system is more favourable.
168

 Lissant
124

 calculated that for   = 

0.74 – 0.94 uniform emulsion droplets would take the form of rhomboidal dodecahedra, 

further deforming to tetrakaidecahedra if   is increased to >94%. Lissant and Mayham 

later observed this polyhedral structure by means of SEM, as did Cameron and co-

workers
169

 by using cryo-SEM. Lissant and co-workers
170

 noticed that the more stable 

emulsions showed the highest degree of monodispersity, with polydisperse droplets being 

observed in the early stages mixing or after some coalescence. Das and Ghosh
171

 noted that 

initially droplets of the internal phase will be polydisperse spheres gradually transforming 

into a system of monodisperse polyhedral droplets. This is due to a greater efficiency of 

emulsification, which sees a reduction in radius of the larger droplets, which leads to an 
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increase in the total interfacial area. It has also been noted that when increasing external 

phase viscosity, the average droplet size will decrease.
172

 

Though HIPEs tend to favour monodisperse geometry, they are rarely truly 

monodisperse and some degree of polydispersity, which is dependent upon the physical 

properties of the HIPE and the experimental conditions, is almost always observed.
132

 

Though a novel method for the production of truly monodisperse HIPEs has been 

developed by Bibette.
173
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Chapter 2 

Silica Materials Produced from High Internal Phase 

Emulsions, SiHIPEs  

 

 

 

2.1 Introduction  

 This chapter presents an investigation into the potential of porous silica materials 

(produced from high internal phase emulsions and termed SiHIPEs) to be applied as a 

chromatographic stationary phase for the separation of nanoparticles. HIPEs containing an 

inorganic precursor (frequently an alkoxide) have been used to produce a variety of 3D 

inorganic oxides,
1
 with SiHIPEs appearing the most frequently in the literature. As well as 

SiHIPEs, the natural creaming of emulsions in the presence of a surfactant has also been 

used to produce macroporosity in silica.
2
 Monoliths have been formed from regular o/w 

emulsions,
3,4

 and there are also examples where porous silica materials have been 

produced from Pickering HIPEs stabilised with nano-sized silica particles.
5
 

  

2.1.1 Aims and Objectives 

The aim of the work carried out in this chapter was to investigate whether SiHIPE 

materials could be suitable for application as a chromatographic stationary phase for the 

separation of nanoparticles.  
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Sol-gel methods can frequently take up to a week.
3
 To reduce synthesis time, the acid/base 

catalysis method initially presented by Hu and co-workers
6
 was employed. Production of 

both SiHIPE beads and monoliths was investigated as potential materials to form as a 

packed column and a monolithic column, respectively. As SiHIPEs generally are less open 

than polyHIPEs, a particular focus was to improve the porosity of the resulting SiHIPE 

materials. 

 

2.1.2 HIPEs as a Route to Porous Materials 

As mentioned in chapter 1, HIPEs are a class of emulsions with an internal volume 

phase ( ) of greater than 74.05 %.
7
 In the context of porous solids they provide a flexible 

synthetic route to a variety of materials. This is achieved by including a polymerisable 

species within the external phase and then undertaking a polymerisation. Once 

polymerisation has been completed, the internal phase is removed and the result is a porous 

structure templated by the emulsion droplets. At this point, it is worth noting that though 

this work will only focus upon HIPEs as a route to porous materials, they can be used for 

various other synthetic purposes [e.g., polymerisation of both phases produces a composite 

material (Figure 2.1)].  

Porous materials produced from HIPEs typically exhibit a distinctive pore structure 

consisting of large macroporous cages (typically of the size range 1 - 100 µm) 

interconnected by smaller cage windows (Figure 2.2). These larger pores have assorted 

names in the literature (e.g., cages, voids, cells or simply pores, with the smaller pores 

having variously been termed windows, interconnects and pore throats). Throughout this 

work the terms cage and window will be used. 

As   is decreased, the pore structure of the resultant templated material becomes 

increasingly closed,
8
 though open structures can still be produced with   as low as 0.6.

9
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Figure 2.1: Schematic representation of the materials that can be formed from high internal 

phase emulsion templating 

 

 

  
Figure 2.2: SEM image of a SiHIPE, illustrating (a): the larger cages and (b): the smaller 

windows. The image was obtained by the author at the University Of Manchester School 

Of Materials. 

  

 In their review, Zhang and Cooper
10

 grouped HIPE templated porous materials into 

five categories:  

1. Hydrophobic Polymers 

2. Hydrophilic Polymers 

3. Inorganic Oxides 

4. Metals and Carbons 

5. Organic-Inorganic Hybrids 

(a) 
(b) 

2 µm  
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 As inorganic oxides (and SiHIPE in particular) are the only category relevant to 

this chapter, only these will be discussed here. Should information on other types of HIPE 

templated porous materials be required the reader is directed to the aforementioned review. 

 

2.1.3 SiHIPE 

 Silica structures are by far the most widely studied HIPE templated inorganic 

materials. The most common system consists of an o/w HIPE, with an aqueous phase 

containing a silicon alkoxide as a precursor, of which tetraethyl orthosilicate (TEOS) is by 

far the most common.
3,11

 The continuous phase is typically converted to a silica network 

by application of a sol-gel process which can take as long as a week.
11

 Often, a small 

amount of either acid or base is present in the external phase – often referred to as the sol – 

to catalyse the reaction. The result is a porous silica structure which has been termed 

SiHIPE. Once the materials have been washed to remove the internal phase and then dried, 

they are usually calcined at ≈ 600 
o
C.

11,12
 The resultant materials can have BET surface 

areas up to 830 m
2
 g

-1
.
3
 This is typically much higher than observed for polyHIPEs, due to 

inherent microporosity in the silica walls resulting from the sol-gel process.  

 An alternative method was developed by Hu and co-workers
6
 that used both acid 

and base catalysis. A sol of TEOS, Triton X-405, hydrochloric acid and water was aged for 

24 hours, after which an o/w HIPE was formed and then rapidly converted to a silica 

structure (or set) by immersion of droplets of the HIPE in diethylamine. The resulting 

materials displayed a similar macropore structure compared to SiHIPE materials 

previously produced by Carn et al.
3
 (Fig. 4 d from reference 6 and Fig. 2 b from reference 

3 respectively). However, the BET surface area was reduced (140 m
2
 g

-1
 compared to 830 

m
2
 g

-1
). Comparison of the N2 sorption isotherms suggests this was due to reduced 
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microporosity in the silica walls (Fig. 4 from reference 6 and Fig. 5 and Fig. 6 from 

reference 3, respectively). 

The macrostructures of silica materials produced from both o/w and w/o HIPEs 

emulsions were investigated in detail by Yi and Yang.
13

 They found that in o/w HIPEs the 

droplets would migrate and self-assemble in mobile, local regions that deteriorated the 

uniformity of the macropore structure. 

 Though o/w HIPEs are de rigueur for production of SiHIPE silica, Imhof and Pine 

used an oil-in-formaldehyde emulsion to synthesise ordered macroporous silica.
14 

Sols of 

tetramethyl orthosilicate (TEOS) were added to an acidified (pH=2) mixture of water and 

formaldehyde, after which an emulsion with isooctane was formed. The emulsion was then 

concentrated by centrifugation and used as a template to produce macroporous silica. 

 
Zhang and co-workers have used an aqueous/TEOS/monomer sol to form an o/w 

HIPE which was then polymerized by o/w/o sedimentation polymerisation, to form hybrid 

silica/polymer beads. Calcination of the beads subsequently removed the polymer 

producing hierarchically porous silica.
15

 

  

2.1.4 Other Inorganic Oxides  

Unlike silica alkoxides, other metal alkoxides are generally so reactive to water and 

even atmospheric moisture, that the use of an aqueous phase for emulsion templating 

becomes essentially prohibited. This can be overcome by reducing the reactivity of the 

precursor by reacting it with a chelating agent. Such an approach was used to prepare 

macroporous titania and zirconia.
16

 Another method to overcome this problem is to use 

particulate precursors rather than molecular ones. Porous alumina was produced by use of 

a polymerisable w/o emulsion containing alumina powders. By increasing the water 

content of the emulsion, the porosity could also be increased.
17

 Another technique that has 
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been used with considerable success is the use of a sacrificial polymer scaffold which 

prevents the inorganic precursors coming into direct contact with water. This has been used 

by Maekawa and co-workers
18

 to prepare meso/macroporous materials of silica, titania and 

zirconia. Polystyrene polyHIPE monoliths were prepared from either a w/o or an o/w 

HIPE. A monomer/sol-gel mixture was then imbibed into the polyHIPE and the organic 

template was then removed by calcination or solvent extraction. A similar process has also 

been used by Zhang et al.
19

 in which polyHIPE beads of poly(acrylamide) were submerged 

in an inorganic precursor solution. Subsequent sol-gel condensation in air was followed by 

calcination resulting in porous structures of silica, alumina, titania and zirconia.  

Brun and co-workers
20

 prepared SiHIPE monoliths with supported ionic liquid 

layers of 6 to 12 nm in thickness by impregnation with organic solvents. By subsequent 

entrapping of palladium ions within the ionic liquids, these hybrid foams were used as 

catalysts for the Heck coupling reaction of iodobenzene and cyclohexyl acrylate.  

 

2.1.5 Organic-Silica Composites 

 This project does not deal with organic-inorganic composites experimentally, so 

only a brief overview will be given.  

Polysiloxanes and polysilsesquioxanes are the most commonly studied variety of 

hybrids. Polysiloxanes are inorganic-organic polymers with the general chemical formula 

[R2SiO]n in which the polymer backbone consists of -Si-O-Si- polymer chains. The 

strength and flexibility of these chains contributes to the elasticity of these materials which 

also have a high thermal stability and high permeability to gasses.
21,22

 Silsesquioxanes 

contain siloxane groups (R2SiO) in a random ladder or cage arrangement (Figure 2.3) and 

it is known that incorporating these materials either as a blend or via grafting into polymers 

can enhance thermal resistance, mechanical stability and oxidative resistance.
23
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Figure 2.3: Silsesquioxane cage structure 

 

Zhang et al. used a hydrolysed TEOS sol mixed with an aqueous monomer solution 

as the external phase of an o/w HIPE from which beads were produced by o/w/o 

sedimentation polymerisation.
19

 They also reported a method in which poly(acrylamide) 

polyHIPE beads were produced and modified post-synthesis to create polymer-silica and 

polymer-metal oxide beads.
18,19

 

Grosse et al.
24

 have prepared organic-inorganic hybrids from polysiloxanes. 

Siloxanes formed part of the external phase of a w/o HIPE stabilised by a siloxane based 

surfactant. The siloxanes were then crosslinked by means of vinyl groups present. 

Ungureanu and co-workers
25

 used o/w HIPEs to form “organo-Si(HIPE)” from an acidified 

and partially aqueous TEOS sol. Alkyl or phenyl trialkoxysilanes were also present in the 

sol which, after condensation, yielded an organic-inorganic hybrid. They have also formed 

mercapto- and amino-silane materials by post synthesis modification of a SiHIPE.
26

 They 

further developed this work by using both the mercapto- and amino- SiHIPEs as supports 

for palladium nanoparticles which would catalyse the Mizoroki–Heck coupling reaction.
27

 

Silverstein et al.
 28,29,30

 produced organic-inorganic hybrids by means of co-

polymerisation of vinyl functionalised silsesquioxanes in an o/w HIPE. They also formed 

organic-inorganic hybrids from w/o HIPEs by radical co-polymerisation of styrene and 
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divinylbenzene with 3-methacryloxypropyl-trimethoxysilane in which the trimethoxysilyl 

groups subsequently underwent hydrolytic condensation to form a polysilsesquioxne 

network.
31

  

   

2.1.6 Silica Sol-Gel 

As mentioned, the majority of SiHIPE materials exploit a sol-gel process in the 

external phase to form silica materials. Sol-gel is a wet technique that can be used to form 

both glassy and ceramic materials at low temperatures and can be applied to form 

homogeneous silica materials with highly tailored properties. For SiHIPE production the 

sol-gel makes use of a silicon alkoxide precursor contained within the aqueous phase, this 

precursor reacts readily with the water and acid or base catalyst to form a colloidal 

suspensions of silica particles (the sol). The particles subsequently grow, forming chains 

which will ultimately form an interlinking network, turning the continuous phase into an 

inorganic silica gel.
32

 Three reactions are generally used to describe the sol-gel process:  

1. Hydrolysis (Figure 2.4) 

2. Alcohol condensation 

3. Water condensation (Figure 2.5) 

The final characteristics of the sol-gel products are related to a number of factors which 

influence the rates of hydrolysis and condensation reactions, e.g., temperature, pH, reagent 

concentrations, catalyst nature and concentration, water/Si molar ratio, and drying.
33

   

Though the hydrolysis reaction can occur in the presence of water alone, a catalyst, 

(typically a mineral acid or amine) is commonly employed. The use of a catalyst greatly 

enhances the rate and completeness of hydrolysis.
34
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Figure 2.4: Mechanism of (a) acid catalysed and (b) base catalysed hydrolysis of a silicon 

alkoxide. 

 

 

Figure 2.5: The (a) water condensation and (b) alcohol condensation reaction of the sol-gel 

process. 

 

 The silicon alkoxide effectively acts an inorganic monomer which polymerises to 

form a silica network in three stages: 

1. Polymerisation of silicon alkoxide to form colloidal silica particles.  

2. Growth of particles. 

3. Particles link to form chains which extended throughout the dispersed phase, 

turning the sol into a gel. 

 

(a) 

(b) 

(a) 

(b) 
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The nature of the catalytic conditions influences the nature of the resulting silica 

chains. Under acid catalysed conditions, chains are primarily linear and randomly 

branched; they then entangle forming additional branches, resulting in gelling. Under basic 

catalysis, chains have a greater degree of branching which act as discrete clusters which do 

not interpenetrate prior to gelling.
35

 

 In this chapter, the sol-gel process developed by Hu and co-workers
6
 will be used 

to produce SiHIPE materials from o/w HIPEs containing TEOS as a precursor in the 

aqueous phase.  

 

2.2 Experimental 

2.2.1 Preparation of SiHIPE Materials. 

2.2.1.1 Materials  

Copper (I) chloride (CuCl; 97 % Sigma-Aldrich), heavy mineral oil (Sigma-

Aldrich), n-hexane (Sigma-Aldrich), hydrochloric acid (Fisher, ~36 %), iron (III) chloride 

hexahydrate (FeCl3·6H2O; Aldrich, 98 %), silicon dioxide nanopowder (15 nm; Aldrich, 

99.5 %), tetraethyl orthosilicate (TEOS; Aldrich, 98 %), toluene (Sigma-Aldrich), 

trichloroethane (TCE; Fisher), triethylamine (TEA; Sigma-Aldrich, ≥99 %), Triton X-405 

(octylphenol ethoxylate; Sigma-Aldrich, 70% in H2O) and Tween 80 (polysorbate 80; 

Fluka) were all used as received.  

 

2.2.1.2 Preparation of Sols 

TEOS (3 ml, 2.8 g), Triton X-405 (1.74 g)
i
 or Tween 80 (1.1 g) and deionised water 

(1ml if Triton X-405 was being used or 1.5 ml if Tween 80 was being used) were mixed 

                                                 
i
 Triton X-405 was only used in Sols/HIPEs prepared for the experiments with accelerated 

aging of the sol. All other SiHIPEs reported in this chapter were prepared from HIPEs 

stabilised using Tween 80. 
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until homogeneous in a 25 ml glass sample vial. If either of the transition metal salts, 

FeCl3·6H2O (1 mmol, 0.27 g) or CuCl (1 mmol, 0.1 g), was required they were also added 

at this stage. Hydrochloric acid (70 μl) was then added with further stirring after which the 

sample vial was loosely sealed to prevent evaporation. For sols prepared using Triton X-

405 the sol was either placed in a preheated oil bath for either up to 2 hours (60 
o
C) or for 

up to 30 minutes (72 
o
C), depending upon the aging conditions required. For sols prepared 

using Tween 80 they were then left to age for 24 hours at room temperature. 

 

2.2.1.3 Formation of HIPEs  

Once aging of the sols was complete, a portion of the sol was transferred to a 

second 25 ml sample vial (1 ml or 0.75 ml for HIPEs of internal volume fractions of 0.80 

or 0.85 respectively). For sols aged in an oil bath the samples were taken at the required 

time intervals (15 minutes, 30 minutes, 1 hour, 1 hour 30 minutes or 2 hours) and 

transferred to a second 25 ml sample vial in ice and cooled for 5 minutes. 

To form the HIPE a PTFE 9 mm cross stirrer bar was placed in the vial with the 

sample of sol and stirred at the maximum speed of a magnetic stirrer plate. Heavy mineral 

oil (4.00 ml or 4.25 ml for HIPEs of internal volume fractions of 0.80 or 0.85 respectively) 

was then added at a rate of approximately 2 drops s
-1

 to the sol from an addition funnel 

suspended directly above the centre of the stirrer bar. 

 

2.2.1.4 Formation of Beads from HIPEs 

If a HIPE formed, it was packed into a 5 ml syringe and manually extruded drop-

wise into a 25 ml sample vial half filled with TEA. The beads were then left to set (4 

hours). After this, the TEA was decanted and replaced with n-hexane to remove the 
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mineral oil (4 hours or 30 minutes). After washing, the breads were left until they visually 

appeared dry (no more the 24 hours) and then calcined (See section 2.2.1.8).  

If the beads had been prepared from a sol containing either CuCl or FeCl3·6H2O 

they were washed, post calcination, in hydrochloric acid (24 hours, with at least four 

changes of acid) and then deionised water (18 hours, three changes of water) after which 

they were dried in an oven at 65 
o
C. 

 

2.2.1.5 Toluene Reservoir  

HIPEs with an oil fraction of 0.8 were prepared from a sol aged for 1 hour at 60
o
C 

via the methods detailed in sections 2.2.1.2 and 2.2.1.3. The HIPE was then placed in a 100 

ml beaker containing toluene (50 ml) and stirred at 600 rpm with an IKA RW20.n 

overhead mechanical stirrer to fully disperse the HIPE. After 30 minutes, TEA (5 ml) was 

added to the mixture and stirring was continued for a further 30 seconds. The beads were 

left in the toluene to set (4 hours) and then removed using filter paper. They were then 

washed in n-hexane (4 hours) after which they were left to air dry (<12 hours, judged by 

observation) and then calcined (See section 2.2.1.8).  

 

2.2.1.6 Formation SiHIPE monoliths  

To form monolithic structures, a tubular mould was fashioned from a 2.5 ml 

polypropylene syringe with the top and bottom removed. The mould was perforated on 

four equally spaced planes along the length. Each plane consisted of four holes at 90 
o
 to 

each other round the circumference. Once the HIPE had been formed by the methods 

detailed in sections 2.2.1.2 and 2.2.1.3, it was transferred to the mould and submerged in 

TEA and sealed. The HIPE was left in the amine for the designated time (overnight or 2 

hours). For HIPEs which contained CuCl, the mould was submerged in heavy mineral oil, 
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instead of TEA, and left to cure at room temperature for a week. The oil was then replaced 

with TEA and the monolith left until it had turned from green to blue (< 2 hours). Once the 

monoliths had been set, the TEA was replaced with TCE and the monoliths were left for 

the allotted wash time (4 hours or 2 hours). After washing in TCE the monolith was left to 

air dry (judged by inspection, usually 1-2 days), and then removed from the mould and 

calcined (See section 2.2.1.8).  

 

2.2.1.7 Monoliths from Sols Containing SiO2 Nanopowder  

The exact compositions of the sols are listed in Table 2.1, the following method 

takes Si53 as the example. SiO2 nanopowder (0.44 g) and TEOS (1.12 g) were placed in a 

25 ml sample vial and mixed together into a paste. Tween 80 (1.10 g) along with deionised 

water (0.60 ml) was then added to the paste and mixed. Lastly, HCl (70 µl) was added and 

all components were thoroughly mixed. The sol was then left to age at room temperature 

(18 hours) with mild stirring. After aging, a HIPE was formed by the methods detailed in 

section 2.2.1.2 and 2.2.1.3 and a monolith was then produced, set, washed and calcined as 

detailed in section 2.2.1.6 and section 2.2.1.8. 

 

Table 2.1: Composition of sols containing both TEOS and SiO2. 

Sample SiO2 Nanopowder 

(g/mmol) 

TEOS 

(g/mmol) 

Water  

(ml) 

Tween 80 

(g) 

Hydrochloric 

Acid (μl) 

Si53 0.44/7.32 1.20/5.37 0.60 1.06 70 

Si60 0.59/9.82 0.56/2.69 0.45 1.06 70 

Si62 0.44/7.32 1.20/5.37 0.60 1.06 70 

Si71 0.51/8.49 0.84/4.03 0.45 1.06 70 

 

2.2.1.8 Calcination  

Calcination was performed in an air atmosphere in a tube furnace (Carbolite GHC 

12/450 fitted with a Eurotherm 2132 controller) at 650 
o
C (2 hours). The temperature was 

raised via a staged heating process in which the temperature was increased in steps of 100 
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o
C (starting at 100 

o
C), at a ramp rate of 5 

o
C min

-1
. After each 100 

o
C increase, the furnace 

would dwell at the temperature for 1 hour, after which the temperature would again rise by 

100 
o
C. The process repeated until the maximum temperature was reached, at which point 

the furnace would dwell for 2 hours before naturally cooling to ambient temperature. 

  

2.2.2 Measurements 

2.2.2.1 Surface Area  

Surface areas were determined using a Beckman Coulter SA(TM) 3100 Surface 

Area and Pore Size Analyser. Samples were outgassed at a maximum temperature of 360 

o
C for 240 minutes and the analysis was then run using nitrogen as the adsorbate at 77 K. 

Surface area calculations were obtained from the Brunauer-Emmett-Teller (BET) model of 

adsorption using a 10 point analysis. 

 

2.2.2.2 Scanning Electron Microscopy (SEM) 

SEM at the University Of Manchester School Of Materials on a Phillips XL30 FEG 

SEM, all samples had previously been sputter coated with gold/palladium. 

The cage and cage-window diameters were calculated from SEM by manual 

measurement (of around ≈ 100 entities for both windows and cages) with software 

designed for the measurement of nanoparticles. From this raw data, size distributions were 

produced for both the cages and windows. The raw data was also used to produce average 

diameters for the cages and windows (number, Dn , area, Da, and volume, Dv, diameters 

were produced for the cages and number, dn, and area, da, averages were produced for the 

windows). Once the average diameter had been determined a statistical correction was 

applied by multiplying the average value measured from SEM by 2/(3
1/2

). (The explanation 

for the statistical correction is given in reference 36 and in section A1.1 of appendix 1). 
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 The openness of the SiHIPE materials was, when possible, calculated from SEM by 

the calculation proposed by Pulko and Krajnc
37

 which is detailed in section A1.2 of 

appendix 1.  

 

2.3 Results and discussion 

2.3.1 Effect of Temperature upon Sol Aging 

Hu and co-workers, who first presented the method utilised for production of the 

SiHIPE materials in this chapter, required the sol to be aged for 24 hours at room 

temperature. This was attributed to the need for at least partial progression of the sol-gel 

process. Hydrolysis of silica will form small nano sized Six(OEt)y(OH)z particles, which 

then grow into clusters, which eventually interlink and gel the sol. However, before gelling 

the sol they will cause an increase in the viscosity of the sol. This increase in viscosity was 

believed to be crucial in giving the HIPE kinetic stability.
6
 To reduce aging time and thus 

reduce the time of the overall production process of SiHIPE materials, the aging of the sols 

was accelerated by heating under various conditions. These conditions and whether the sol 

would form 80% internal phase HIPE are shown in Table 2.2.  

Before heating all sols appeared identical; clear liquids with a yellow coloration. 

However, after aging, despite having the same visual appearance, those that had been aged 

at elevated temperatures had undergone a marked increase in viscosity when compared to 

sols aged for the same time at ambient temperature. This can be attributed to the fact that 

as temperature increases so does reaction rate (all other factors being equal), thus the rate 

of the reactions in sol-gel process increase. This increases the rate of silica particle growth 

which, as particles form chains and begin to entangle, increases viscosity. It was also 

observed that if heating was extended much beyond 2 hours (at 60 
o
C) then sols would gel 

making HIPE formation impossible. As expected, the sols which had been heated – even 
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for as little as ten minutes (Si-2B) – would form HIPEs, whereas the sols aged for 

equivalent times at room temperature did not. This was attributed to insufficient formation 

and interlinking of silica chains. 

 

Table 2.2: Summary of aging conditions of silica sols and the result of subsequent 

formation of an 80% oil phase HIPE. 

Sample Heating Time (min) Temperature (
o
C) HIPE formed  

Si-2B 10 73 Yes 

Si-1E 30 60 Yes 

Si-1F 60 60 Yes 

Si-1G 90 60 Yes 

Si-1H 120 60 Yes 

Si-3A 30 Room Temp. No 

Si-3B 60 Room Temp. No 

Si-3C 90 Room Temp. No 

Si-3D 120 Room Temp. No 

 

 

The HIPEs once formed, presented as white liquids with very high viscosity, such 

that it allowed the HIPE to remain in the sample vial when inverted. Post calcination the 

beads had the appearance of a glassy phase material (due to fusing of the silica particles) 

with a diameter ≈ 3 mm, and shapes between spherical and tear dropped (Figure 2.6). 

Comparison of the nitrogen sorption isotherms (Figure 2.6) of the beads produced from 

sols aged for 10 minutes at 72 
o
C (Si-2B) and 60 minutes at 60 

o
C (Si-1F) show similar 

internal pore structures. Porosity is, as expected, almost exclusively macroporous (> 50 

nm). Mesoporosity (2 nm to 50 nm) is minimal, as evidenced by the lack of significant 

hysteresis. The trivial uptake at very low relative pressure indicates only small amounts of 

microporosity (< 2 nm). The small amount of microporosity observed is likely to be as a 

result of the inherent microporosity in the silica walls, which results from the sol gel 

process, or from removal of the surfactant head during calcination from the silica walls.  
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Figure 2.6: (a) BET isotherms showing adsorption (●) and desorption (○) for Silica beads 

produced from sols aged for 1hr at 60
o
C (red) and 10 minutes at 73 

o
C (blue). (b) Images 

of beads produced from a sol aged at 60 
o
C of 1 hour (Si-1F) 

 

The internal pore structure, of the sample Si-1F, was further elucidated by SEM, 

revealing the expected two tier macroporous structure of large cages interconnected by 

smaller windows (Table 2.3). This is the classic hierarchical pore structure observed in 

materials produced from HIPEs, be they organic or inorganic. The large pores are cages 

templated by the emulsion droplets, with the cage windows most likely forming during the 

polymerisation process due to density differences between the silica gel phase silica sol. 

These density differences result in shrinkage of the interfacial film separating the droplets 

causing rupture at the thinnest point forming the windows.
38,39

  

 

Table 2.3: Average cage and cage window diameters obtained from SEM of the SiHIPE 

sample Si-1F 

Sample 
Average Cage Diameter (μm) Average Window Diameter (μm) 

Openness (%) 
Dn / %RSD 

a
 Dv / %RSD 

b
 dn / %RSD 

c
 da / %RSD 

d
 

Si-1F 2.9 / 81 4.5 / 156 0.3 / 56 0.4/109 8 
a
 Dn = number average diameter of the cages. 

b 
Dv = volume average diameter of the cages.

 

c 
dn = number average diameter of the windows.

 

d 
da = area average diameter of the windows.  
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Figure 2.7: SEM image (a) and size distributions of (b) the cages and (c) the windows of 

the SiHIPE Si-1F produced from an 80% internal volume HIPE from a sol aged for 1 hour 

at 60 
o
C. 

 

Table 2.4: Comparison of BET surface areas and absorption volumes of SiHIPE beads 

produced from HIPEs with a 0.8 oil fraction and from sols aged under different conditions. 

Both HIPEs were stabilised by the surfactant Triton X-405. 

Sample Sol Aging Conditions 
BET Surface Area 

(m
2
 g

-1
) 

Maximum Absorbance 

(mmol g
-1

) 

Si-2B 10 min @ 72 
o
C 130 19.3 @ Ps/Po = 0.9914 

Si-1F 30 min @ 60 
o
C 160 16.5 @ Ps/Po = 0.9905 

  

Pore size distributions created from the SEM micrographs, (Figure 2.7) show little 

overlap between the diameters of the cages and of the windows. The windows also had a 

narrower size distribution, likely due to the fact that the emulsion droplets which template 
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the cages will be subject to coalescence and Ostwald ripening before gelling of the silica 

network which will increase the size distribution of the droplets. The sizes and distribution 

of the cages is consistent with those of SiHIPE beads previously produced by acid/amine 

catalysis,
6
 suggesting that thermally accelerating sol aging does not affect the subsequent 

HIPE.  

The BET surface areas and maximum absorbed volume of the beads (Table 2.4) are 

comparable (Si-2B), or slightly greater (Si-1F by ≈ 20 m
2
 g

-1
) to similar beads previously 

produced from HIPEs of an 80% oil content,
6
 but without accelerated aging of the sol. 

Further suggesting that heating the sol does not negatively affect HIPE formation or the 

sol-gel process utilised to produce the beads. 

When Tween 80 was used as the surfactant in place of Triton X-405, the HIPEs, 

and the resulting beads, visually appeared identical. However, interestingly, the BET 

surface area of the beads more than doubled (Table 2.5). Comparison of the BET sorption 

isotherms (Figure 2.8 for the SiHIPE beads produced using Tween 80 and Figure 2.6 for 

the beads produced using Triton X-405) show that the while the macroporosity and 

mesoporosity, as well as the volume of N2 adsorbed is similar irrespective of surfactant 

used, there was greater microporosity in the beads produced using Tween 80. It is this 

greater microporosity that is responsible for the greater surface area. 

Table 2.5: BET surface areas and absorption volumes of SiHIPE beads produced from 

HIPEs stabilised by Tween 80. 

Sample HIPE Oil Volume Fraction 
BET Surface Area 

(m
2
 g

-1
) 

Maximum Adsorbance 

(mmol g
-1

) 

Si40b 0.80 340 17.4 @ Ps/Po = 0.9935 

Si85 0.85 380 15.7 @ Ps/Po = 0.9884 
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Figure 2.8: BET sorption isotherms showing adsorption (●) and desorption (○), of silica 

beads produced from HIPEs stabilised by Tween 80 

 

 

 

Table 2.6: Average cage and average window diameters obtained from SEM of the SiHIPE 

sample Si-40b which was produced from a HIPE stabilised by Tween 80. 

Sample 
Average Cage Diameter (μm) Average Window Diameter (μm) 

Openness (%) 
Dn / %RSD 

a
 Dv / %RSD 

b
 dn / %RSD 

c
 da / %RSD 

d
 

Si-40b 0.8 / 66 1.1 / 150 0.1 / 64 0.1/132 5 
a
 Dn = number average diameter of the cages. 

b 
Dv = volume average diameter of the cages.

 

c 
dn = number average diameter of the windows.

 

d 
da = area average diameter of the windows 
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Figure 2.9: SEM (a) of the SiHIPE sample Si40b (produced from a HIPE stabilised by 

Tween 80) and the (b) cage and (c) window size distributions obtained from the SEM. 

 

 

 

 

Figure 2.10: Structure of the surfactants (a) Tween 80 and (b) Triton X-405. Tween 80 

hydrophile Mw = 1044 and Triton X-405 hydrophile Mw = 1557 (average) 
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It is probable that the change of surfactant was the cause of the increased 

microporosity. The surfactant sits at the oil-water interface, with the hydrophilic head 

located within the external (aqueous) phase of the HIPE. When the external phase gels the 

surfactant becomes entrapped and is not likely to be removed by washing. However, 

calcination thermally decomposes the surfactant resulting in pores in the silica network 

(this has been demonstrated by using high molecular weight surfactants to direct 

mesoporosity into silica
40,41

). While the hydrophiles of Tween 80 and Triton X-405 are 

chemically similar (both are composed of poly(ethylene oxide) (PEO) chains) they are 

structurally different. The PEO chains take the form of a single, linear chain in Triton X-

405, whereas in Tween 80 they form four branches (Figure 2.10). It is tentatively 

suggested that this branched structure which, despite the lower molecular weight of the 

hydrophile, may be more efficient at templating the micropores. 

SEM showed that both cages and cage windows of Si40b were smaller than those 

of Si-1F (Figure 2.9). Cage windows were also less numerous (Table 2.6) resulting in a 

less open structure (openness of 5 % compared to 8 %).  

 

2.3.2 Reservoir dispersion of the HIPE to control bead formation. 

The high viscosity of the HIPEs meant that the manual extrusion method, discussed 

in the previous section, frequently produced beads that were oblate or teardrop shaped 

(rather than spherical) and it was also not possible to form beads smaller than 2 mm. These 

sizes and shapes would prevent efficient packing and would result in large interstitial voids 

between beads which would severely limit, if not completely negate, any potential 

chromatography performance as a packing material. 

In an attempt to produce smaller spherical beads, a HIPE with oil fraction of 0.80 

was dispersed with rapid stirring in a toluene reservoir, forming an o/w/o emulsion. The 
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hope was that the stirring would form small, polydisperse HIPE droplets which could be 

gelled by addition of TEA to the reaction. Initially, it was thought the HIPE had collapsed 

after setting as no beads were visually apparent. However, due to the similar refractive 

indexes of silica (n=1.46)
42

 and toluene (n=1.50)
43

 it was not possible to observe them 

visually until the toluene had been decanted. The resultant beads were much smaller (some 

<1 mm) and more uniform in shape than beads produced by manual extrusion; however, 

they were still too large to make an effective packing material (Figure 2.11).  

 

   
 

Figure 2.11: (a) BET Isotherm of porous silica beads produced from a HIPE dispersed in 

toluene showing adsorption (●) and desorption (○), and (b) image of beads produced from 

HIPE dispersed in toluene. 

 

 
Figure 2.12: SEM micrograph of the internal structure of silica beads prepared by 

dispersion of a HIPE in a toluene reservoir. 
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The BET surface area of 150 m
2
 g

-1
 was comparable to other beads produced using 

Triton X-405 as the surfactant; however, the N2 volume adsorbed was considerably less. 

The BET isotherm (Figure 2.11) shows that, as expected, the majority of the porosity is in 

the form of macropores, with negligible microporosity present. The small hysteresis 

present on the isotherm indicates the appearance of a small amount of mesoporosity. SEM 

micrographs of the beads internal structure (Figure 2.12) shows the expected macroporous 

cages templated by the emulsion droplets which visually appear smaller than in the 

previous beads; however, the interconnecting windows are no longer present. This closed 

pore structure is often observed when materials are produced from emulsions with internal 

volume fractions below the HIPEs threshold.
8
 Since no secondary stabiliser was present in 

the toluene, it is possible that prior to the introduction of TEA a portion of the HIPE oil 

phase was washed away by the toluene resulting in a less concentrated emulsion. This 

would account for both the closed pore structure and the reduced size of the cages. 

 

2.3.3 Transition Metal Salts as Additional Porogens 

Transition metal compounds have previously been used to increase meso and 

microporosity in silica materials,
44,45

 thus in an attempt to increase the porosity of the 

SiHIPE beads the transition metal salts FeCl3·6H2O and CuCl were dissolved in the sol 

prior to HIPE formation. It was theorised that when the HIPE was exposed to the TEA, the 

salts would react with the amine forming precipitated species within the silica network. 

Once these had been removed by washing with hydrochloric acid, porosity would be 

increased.  

FeCl3·6H2O dissolved readily in the sol resulting in an orange sol which formed a 

yellow HIPE. CuCl was only soluble in the sol once TEOS, water and acid had been 
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added, and would not dissolve in any binary mixtures of the two, both the sol and the 

resulting HIPE appeared green (Figure 2.13).  

When submerged in TEA, both sets of HIPEs displayed a clear and monitorable 

colour change as the TEA diffused through the aqueous phase of the HIPE. HIPEs which 

contained CuCl changed from green to light blue, whereas HIPEs containing FeCl3 

changed from yellow to orange/brown. The colour of the beads did not change after drying 

and calcination, however it did darken as water and sol-gel products were removed, 

concentrating the metal species. Once the metal species had been removed by washing 

with HCl, the result was white silica beads (Figure 2.13) similar in appearance to those 

previously produced and displayed in Figure 2.6. 

 

 

 
Figure 2.13: Images of (a) the Sols, (b) HIPEs, (c) beads after setting in TEA, (d) beads 

after calcination and (e) the beads after washing in conc. HCl then water. The samples 

displayed in top row contained FeCl3·H2O in the sol and bottom row contained CuCl the 

sol. 

 

Analysis by N2 sorption showed a significant increase in the BET surface area of 

the beads (Table 2.7) compared to the SiHIPE beads detailed in section 2.3.1. SiCu2a had a 

surface area of double the largest so far measured (Si85) and approaching the levels 

possible with slow curing of the HIPE.3 Similar surface areas were produced with both 

metal salts, and as expected, the surface area was larger when the oil fraction of the initial  

(a) (b) (c) (d) (e) 
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Figure 2.14: N2 sorption isotherms of SiHIPE beads prepared from a sol containing 1 mmol 

of CuCl, showing adsorption (●) and desorption (○).The isotherm of the SiHIPE beads 

with the highest surface area (prepared with a transition metal salt and an internal phase 

volume fraction 0.85) is also included for comparison 

 
 

 

 

Figure 2.15: N2 sorption isotherms of SiHIPE beads prepared from a sol containing 1 

mmol of FeCl3∙6H2O, showing adsorption (●) and desorption (○).The isotherm of the 

SiHIPE beads with the highest surface area (prepared with a transition metal salt and an 

internal phase volume fraction 0.85) is also included for comparison.  
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HIPE was greater. While the absorbed volume of the beads did not increase much 

from previous values when FeCl3 was included in the sol, this was not the case with CuCl. 

A significant increase in adsorbed volume being recorded, with all samples having values 

greater than 30 mmol g
-1

, more than 10 mmol g
-1

 greater than the largest value up to this 

point. 

The N2 sorption isotherms (Figure 2.14 and Figure 2.15) show that the cause of the 

high surface area was significantly increased microporosity compared to beads prepared 

previously. Hysteresis was present to varying degrees in the desorption isotherms of most 

samples, indicating the emergence of non-trivial mesoporosity.  

 

 

Table 2.7: Surface areas and maximum adsorbed volumes of SiHIPE beads produced from 

sols containing transition metal salts. 

Sample Transition Metal 

Salt in Sol 

Internal Phase 

Volume Fraction 

BET Surface 

area (m
2
 g

-1
) 

Maximum Absorbance 

(mmol g
-1

) 

SiFe7e FeCl3∙6H2O  0.85 750  17.8 (Ps/Po = 0.9925) 

SiFe1 FeCl3∙6H2O  0.80 640  17.1 (Ps/Po = 0.9862) 

SiCu80 CuCl 0.80 570  35.8 (Ps/Po = 0.9889) 

SiCu1a CuCl 0.85 750  31.9 (Ps/Po = 0.9890) 

SiCu2a CuCl 0.85 770  30.2 (Ps/Po = 0.9906) 

Si85 None 0.85 380  15.7 (Ps/Po = 0.9935) 

 

The pore structure of the beads was further investigated by SEM of the samples 

SiFe7e (Figure 2.16) and SiCu1a (Figure 2.17). By comparison with Si-1F in Figure 2.7 it 

can be seen that the metal salts have significantly influenced the pore structure of the 

beads. The hierarchical pore structure that one would expect of SiHIPE materials is still 

present; however, the pore structure now appears tri-modal, in contrast to the typical bi-

modal structure. The three sizes of pore can be described as follows:  

1. Large cages: these are considerably larger than the cages previously observed and 

are separated by silica walls formed by 
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2. Small cages: these, appearing similar to and are of a similar diameter to the cages 

previously observed in this work in the SiHIPE beads produced using Tween 80. 

They are interconnected by,  

3. Windows: these are the smallest pores. Again they appear similar to and are of a 

similar size to those measured in the SiHIPE beads produced using Tween 80 

previously described in this chapter. They do however occur considerably less 

frequently than in the previous samples.  

 

 
Figure 2.16: SEM Micrographs of SiFe7e, showing (a) the large cages and (b) the 

separating walls between, consisting of the smaller cages and windows. 

 

 
Figure 2.17: SEM Micrographs of SiCu1a, showing (a) the large cages and (b) the 

separating walls between, consisting of the smaller cages and windows.  

 

(a) (b) 

(a) (b) 
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Table 2.8: Average diameter of the large and small cages, determined by SEM, of SiHIPE 

materials additionally templated by transition metal salts 

Sample 
Diameter of Large Cages (μm) Diameter of Small Cages (μm) 

Dn / %RSD 
a
 Dv / %RSD 

b
 Dn / %RSD 

a
 Dv / %RSD 

b
 

SiFe7e 15.1 / 35 16.7 / 100 0.6 / 54 0.7 / 112 

SiCu1a 4.4 / 26 4.7 / 95 0.7 / 41  0.8 / 107 
a 
Dn = number average diameter of the cages. 

b 
Dv = volume average diameter of the cages. 

 

Table 2.9: Average diameter of the windows, determined by SEM, of SiHIPE materials 

additionally templated by transition metal salts  

Sample 
Diameter of Windows (μm) 

dn / %RSD 
a
 da / %RSD 

b
 

SiFe7e 0.2 / 53  0.3 / 113 

SiCu1a 0.2 / 52 0.2 / 136 
a
 dn = number average diameter of the windows. 

b
 da = area average diameter of the 

windows 

 

   
 

Figure 2.18: Pore size distributions of (a) large cages, (b) small cages and (c) cage 

windows, determined by SEM, of the SiHIPE sample SiFe7e 

    
 

Figure 2.19: Pore size distributions of (a) large cages, (b) small cages and (c) cage 

windows, determined by, SEM of the sample SiCu1a 
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The average diameter of the large and small cages is shown in Table 2.8 and the 

average diameter of the cages is shown in Table 2.9. Size distributions for the samples 

SiFe7e and SiCu1a are presented in Figure 2.18 and Figure 2.19, respectively. 

The increase in microporosity and the emergence of mesoporosity was attributed to 

the metal salts and their reaction with the TEA. The iron(III) chloride in the aqueous phase 

of the HIPE takes the form of the acidic iron(III)hexaaqua ion, [Fe(H2O)6]
3+

, giving the sol 

and HIPE the yellow colouration. When the HIPE was submerged in the TEA (which acts 

as base), the TEA would diffuse into the aqueous phase reacting with [Fe(H2O)6]
3+

 

yielding the orange-brown precipitate iron (III) hydroxide by the following equation: 

[Fe(H2O)6]
3+

(aq) + 3N(CH2CH3)3(aq) → [Fe(OH)3 (H2O)3](s) + 3HN(CH2CH3)
3+

(aq) 

 

This reaction could be observed by the colour change of the HIPE from yellow to brown. 

While often referred to as iron(III) hydroxide, and denoted as Fe(OH)3(H2O)3, it is not a 

true hydroxide and it is more accurately described as iron(III) oxide-hydride, 

FeO(OH)·4H2O.
46

 This orange-brown gelatinous precipitate will dehydrate to form the iron 

oxide Fe2O3 when heated above 200 
o
C.

47
 Exposure to TEA rapidly converted the silica 

particles into a silica network, gelling the sol around the iron precipitate. This will prevent 

aggregation such that only small particles of precipitate will form within the silica network. 

When these are removed by the acid wash they will template small pores throughout the 

network. The presence of hysteresis with a defined hump in the N2 sorption isotherms 

(near Ps/Po =0.4), as well as increased microporosity, indicates that particles of iron 

hydroxide precipitate over the 0 – 2 nm range micropore range as well as the lower end of 

the 2 – 50 nm mesopore range. 

The green coloration of sol containing CuCl results from the formation of [CuCl4]
2-

 

in equilibrium with the copper hexaaqua ion in the presence of chloride ions by the 

following reaction: 
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[Cu(H2O)6]
2+

 + 4Cl
-
 ⇌ [CuCl4]

2-
 + 6H2O 

Although copper in CuCl is in the form Cu
+
 it is quickly oxidized to Cu

2+
 in the presence 

of moisture and oxygen, which allows the formation of [CuCl4]
2-

.
48

 

The behaviour of the copper ion when exposed to TEA is not quite as clear and 

requires further investigation to be fully understood. However, two possible actions are 

more likely than others: on exposure to TEA [Cu(H2O)]
2+

 in equilibrium with [CuCl4]
2-

, it 

will form either the precipitate Cu(OH)2(H2O)4 or, if the TEA concentration is high 

enough, the complex [Cu(TEA)4(H2O)]
2+

 and dissolve back into the aqueous phase. Both 

mechanisms will shift the equilibrium in favour of [Cu(H2O)]
2+

 allowing further reaction 

with TEA depleting [CuCl4]
2-

. Since both results would yield a blue compound the product 

of the reaction could not be elucidated qualitatively from the colour. However, the fact that 

the beads remained blue after calcination instead of turning black, due to decomposition of 

Cu(OH)2(H2O)4 to copper(II)oxide (which occurs readily at around 185 
o
C

49
), suggests the 

complex was formed. However, it is also possible that both copper hydroxide and the 

complex with TEA would form sequentially, copper hydroxide forming initially templating 

the silica, and then as more TEA diffused through the silica, the hydroxide would convert 

into the amine complex. 

A rationale for the persistence of the blue colouration of the silica was proposed by 

Karakassides et al.
44

 as a result of electron spin resonance studies. During calcination, the 

copper amine complex decomposes and the ligand nitrogen on the copper is replaced by 

oxygen atoms in the silica framework.   

The reason the large cages were observed in the SiHIPE beads produced with FeCl3 

and CuCl and not in SiHIPE beads produced earlier in this work can probably be related 

indirectly to the presence of the transition metal salt. From the SEM images (Figure 2.16 

and Figure 2.17) it can be seen that the volume of the large cages is too great to have been 
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templated by the small amount of transition metal salt in the sol forming a 

hydroxide/amine complex (0.22 mmol ml
-1

 in the sol). However, as mentioned earlier, the 

iron and copper both form heaxaaqua ions in the sol. As with all transition metal hexaaqua 

ions the copper(II) hexaaqua ion and iron(III) hexaaqua ion are both acidic. As a result 

they would have acted as additional catalysts for the sol-gel process. Over the same aging 

period this would have lead and increased viscosity compared to sols produced without the 

presence of the hexaaqua ions. As a consequence of the increased viscosity, a greater 

energy is required for comparable levels efficiency in the mixing of the HIPEs. As mixing 

was not particularly high shear (the stirrer bar driven by a magnetic stirrer plate rather than 

a mechanical paddle stirrer) the large cages in the SiHIPE beads produced using transition 

metal salts likely result from inefficient mixing, which left behind large, unmixed droplets, 

arising from the increased viscosity of the sol. The reason for the different sizes of the 

large cages between the SiHIPEs produced with FeCl3 and CuCl may be as a result of the 

greater acidity of the iron(III) hexaaqua ion which would have produced a more vicious sol 

after aging than the Cu(II) hexaaqua ion. At this this time this hypothesis is only 

speculative and ideally, further investigation would be undertaken (e.g., rheological studies 

on the sols and HIPEs to show the effect of the transition metal salts on viscosity).  

While this method of porosity directing is novel for SiHIPEs, it is of little use to the 

aim of this particular project. Templating results in porosity in the micro and mesoporous 

regions and pores size of these dimensions will not aid in nanoparticle separation over the 

desired size range, particularly when capping agents and the hydrodynamic diameter of the 

particles is considered. 
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2.3.4 SiHIPE Monoliths 

Since it had not been possible to produce beads with properties appropriate for 

column packing either by the manual extrusion method or reservoir dispersion in toluene, it 

was decided to investigate the production of SiHIPE monoliths, which could be fixed 

inside a column where they would act as the stationary phase. The monoliths were initially 

prepared by a similar method used for the SiHIPE beads. However, none survived the 

calcination process as a result of excessive cracking attributed to the considerable 

shrinking, at times by greater that 50 %, of the wet monolith.  

To reduce shrinkage and improve the mechanical properties of the silica monoliths, 

SiO2 nanopowder (15 nm) was included in the sol as well as TEOS. The amount of 

nanopowder and TEOS was varied but the molar content of Si in the sol was kept constant. 

Initially, the sols were a thick paste, but on addition of acid the sol immediately underwent 

a raise in temperature and turned from a thick paste to viscous liquid. Despite the lower 

volume of the sols the HCl volume was not reduced, as the higher relative volume of acid 

in sols containing higher percentages of SiO2 prevented the sol becoming too viscous to 

stir. Once HIPEs had been formed, viscosity appeared considerably greater than previous 

HIPEs. 

Two batches of monoliths were prepared; one batch was set in TEA for 2 hours 

while the second batch was cured for three days in air before being submerged in TEA for 

1 hour to set. Washing the resultant HIPEs in trichloroethane (TCE) was found to reduce 

the cracking and was therefore used instead of n-hexane. All the monoliths survived the 

calcination process producing white chalky materials with a rough surface (Figure 2.20), 

the shrinkage and BET surface area measurements are summarized in Table 2.10. 
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Figure 2.20: Images of the silica monoliths, from left to right, (a) Si53, (b) Si60, (c) Si62 

and (d) Si71, scale in mm. 

 

 
Figure 2.21: N2 sorption isotherms, showing adsorption (●) and desorption (○), of SiHIPE 

monoliths prepared from sols containing SiO2 nanopowder.  

 

The BET isotherms (Figure 2.21) show the internal pore structure is composed 

almost exclusively of large macropores with negligible micro and mesoporosity. The 

desorption isotherms where the hysteresis is observed to drop below adsorption curve, 

particularly for Si71, can probably be attributed to machine error resulting from the low 

mass of the samples analysed. The surface areas were considerably lower than those of the 

beads and generally, the greater the amount of SiO2 nanopowder the lower the surface area. 

Microporosity, and consequently the high surface area of sol-gel materials, occurs when 
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the silica gels around the solvents within the sol (usually water and the condensation 

products). The subsequent removal of these solvents leaves behind a porous network.
50

 By 

reducing the volume of solvent in the gel and replacing it with solid SiO2 (which is not 

removed by drying) the total void space is reduced and, as such, so is the microporosity. 

This is reflected by the low surface areas. This would explain why Si60 has a greater 

surface area than Si71, despite having a greater SiO2 content in the sol, as the water content 

of the sol was greater allowing solvent templating 

 
Figure 2.22: SEM images of SiHIPE monoliths, (a) Si53, (b) Si60, (c) Si62 and (c) Si71, 

formed from sols containing varying amounts of SiO2 nanopowder. 

(c) (d) 

(a) (b) 
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SEM images of the monoliths (Figure 2.22) show either a porous structure 

dominated by macropores or highly textured surface, with clearly defined pores decreasing 

in prevalence as the SiO2 content of the sol increases. There is a complete absence of any 

connecting windows, which effectively rules these monoliths out as a possible nanoparticle 

separation material.  

 

2.3.5 Copper Containing SiHIPE Monoliths  

 CuCl was incorporated into the precursor sol of a SiHIPE monolith, as had been 

done with the SiHIPE beads in section 2.3.3. However, as rapid gelling of the HIPE with 

TEA had not been able to produce intact monoliths and the use of SiO2 nanopowder 

resulted in a closed pore structure, the HIPE was cured for a week before exposure to TEA. 

The monolith survived the drying and calcination process and had a white chalky 

appearance similar to those detailed in section 2.3.4. The N2 adsorption isotherm (Figure 

2.23) shows the presence of both micro and mesoporosity (also as observed with the 

SiHIPE beads produced using CuCl) along with a comparable BET surface area, although 

the maximum adsorbed volume (19.40 mmol g
-1

 at Ps/Po = 0.9926) had decreased (Table 

2.11).  

SEM of SiCuMO showed cages of a similar size (Table 2.12) and distribution 

(Figure 2.24) to the large cages observed for SiHIPE beads prepared using CuCl. 

Interestingly, the walls between these cages, which in the SiHIPE beads had their own 

porous structure, were no longer present. Also, while cage windows were present and 

larger than in the corresponding SiHIPE beads, they were infrequent, resulting in a more 

closed pore structure. This will limit any possible application as a chromatographic 

stationary phase. The reduced size of the cage windows is likely an effect of the curing 
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process, which reduces the shrinkage of the final SiHIPE and as discussed, there is 

evidence that the shrinkage allows formation of the windows.
38,51

  

 

 

Table 2.11: BET surface area and absorption volume of the SiHIPE monolith SiCuMO. 

Sample 
BET Surface Area 

(m
2
 g

-1
) 

Maximum Volume Adsorbed 

(mmol g
-1

) 

SiCuMO 730 19.40 @ 0.9926 

 

 

 

 
Figure 2.23: N2 sorption isotherm, showing adsorption (●) and desorption (○), of the 

SiHIPE monolith SiCuMO which was prepared from a HIPE containing CuCl.  

 

 

 

 

Table 2.12: Average cage and average window diameters, obtained from SEM, of the 

SiHIPE monolith SiCuMO. 

Sample 
Cage Diameter Cage Window Diameter Openess 

(%) Dn / %RSD Dv / %RSD dn / %RSD da / %RSD 

SiCuMO 3.8 / 43 4.4 / 105 0.4 / 62 0.5 / 124 2 
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Figure 2.24: Left, SEM image and size distributions of (a) the cages and (b) the cage 

windows of the SiHIPE monolith SiCuMO, produced a sol aged containing CuCl. 

  

2.4 Conclusions 

 Several interesting insights into the production of SiHIPE materials have been 

demonstrated in this chapter. It has been shown that the overall production time of SiHIPE 

materials when using a sol-gel process can be reduced by combining the acid/base 

technique of Hu et al.
6
 with thermally accelerated aging of the sol. This accelerated aging 

produced no noticeable effects upon either the surface area or the final macropore structure 

of the resulting SiHIPE.  
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It was shown that the surface area of the SiHIPE could be influenced surfactant 

choice. By using Tween 80 instead of Triton X-405 to form the HIPE, the microporosity of 

the resultant SiHIPE beads was found to increase. Though it was not investigated in this 

work, it is likely that other surfactants could also be utilised in a similar manner. The 

transition metal salts FeCl3·6H2O and CuCl were also able to direct porosity in both 

SiHIPE beads and monoliths by their reaction with the TEA. Their presence resulted in the 

introduction of mesoporosity as well as significantly increasing the microporosity and 

surface area. When combined with the effect of Tween 80, this resulted in an almost six 

fold increase of the BET surface area when compared to beads produced initially.  

The aim of this chapter was to investigate SiHIPE materials as a potential 

chromatographic stationary phase and it was decided that these SiHIPE materials are not 

appropriate for such a use. Therefore, they will not be investigated further, with attention 

being turned to polyHIPE materials. It was not possible to produce beads of an appropriate 

size for use in a packed column while monoliths were brittle and would shrink on drying 

and calcination. While it was possible to reduce shrinkage by introducing silica 

nanopowder into the sol, the resulting closed pore structure discounted them as a potential 

stationary phase. While novel, the ability to template porosity in the meso and micropore 

range will be a little use for separation over the desired nanoparticle size range. It is for this 

reason that the mechanisms at play in directing porosity were not fully investigated as they 

were beyond the scope of this chapter. 
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Chapter 3 

Synthesis and Characterisation of PolyHIPE  onoliths as 

Potential Stationary Phases for Chromatographic Separation. 

 

 

 

3.1 Introduction 

Since it was concluded in chapter 2 that SiHIPE materials were not appropriate 

candidates for the production of a chromatographic stationary phase, attention was turned 

to polyHIPE materials. This chapter details the synthesis and characterisation of several 

potential polyHIPE materials with the intention of assessing their chromatographic 

potential. 

 

3.1.1 Aims and Objectives 

 The aim of this chapter was to discover if polyHIPE monoliths might possibly be 

applied as chromatographic stationary phases. To this end, this chapter details the synthesis 

and characterisation of several polyHIPE monoliths, all formed from emulsions with an 

internal phase fraction ≥ 75 %. The polyHIPEs were produced both as freestanding 

structures and within stainless steel HPLC columns. This allowed characterisation of both 

the polyHIPE physical properties and, most importantly, by attaching the columns to a 

high pressure liquid chromatography system, to assess the potential for chromatographic 



Chapter 3                                          Synthesis and Characterisation of PolyHIPE Monoliths  

 

115 

flow. The primary focus was upon polyHIPEs synthesised from acrylate and methacrylate 

monomers, as the documented mechanical properties of the resulting polymers would 

appear to make them suitable candidates for a monolithic chromatographic stationary 

phase. Though the styrene/divinylbenzene (DVB) system would not initially appear to be 

ideal for monolithic aqueous chromatography due to the low mechanical stability, they 

were also investigated due to the large amount of literature available.
1,2,3,4

 

 

3.1.2 HIPEs as a Route to Porous Materials 

By including a monomer in either the external, internal or both phases of a HIPE 

and subsequently undertaking a polymerisation of the monomer, a variety of materials can 

be produced (Figure 2.1).
5
 Of these only porous polymeric materials are relevant to this 

chapter (porous silica from HIPEs was discussed in chapter 2) and, as such, will be the 

only ones covered here.  

 For porous polymers to be synthesised from HIPEs the external phase must contain, 

or be wholly composed, of monomer. Once the monomer phase has been polymerised and 

the internal phase removed, the resultant material, termed a polyHIPE, will possess an 

open porous internal structure. SEM images of polyHIPEs typically reveal the pore 

structure is hierarchical, consisting of two levels of macropores. The first level is made up 

of larger pores, in the range of 1-100 μm,
6
 which are templated by the emulsion droplets. 

These are interconnected by a series of smaller pores, typically in the size range of 0.1-5 

µm, forming an open porous network (Figure 3.1). The larger pores have been given 

several names in the literature, such as cages, voids, cells or pores, while the smaller pores 

have variously been termed windows, interconnect or pore throats. Throughout this work 

the terms cages and windows will be used. 
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Figure 3.1: SEM image illustrating the typical polyHIPE structure. The image was 

obtained by the author at the University of Manchester School of Materials. 

  

Two separate theories of the formation of polyHIPE windows have been proposed 

in the literature. Cameron et al.
7
 proposed that the windows are formed during 

polymerisation because of density differences between the monomer external phase and 

the polymer gel external phase which arise during polymerisation. These differences result 

in shrinkage and rupture of the interfacial film. Their theory was supported by cryo-SEM 

imaging which revealed that windows had formed before polymerisation was complete. 

Menner and Bismarck
8
 proposed that the windows form post polymerisation during the 

washing and drying phase, arguing that rupture as a result of shrinkage would be unlikely 

to produce consistently round windows. However, there are several reports in the literature 

of polyHIPEs produced with irregular windows, as well as reports of monolithic columns 

which allow fluid flow before washing.
9,10

 These, along with environmental SEM of wet 

PolyHIPEs showing an open structure,
11

 would appear to support the hypothesis of 

Cameron and co-workers. 

The two most prominent factors influencing the openness of polyHIPEs are the 

amount/type of surfactant and the volume fraction of the internal phase ( ) in the precursor 

HIPE. Increasing the amount of surfactant in the HIPE results in a corresponding decrease 

in the film thickness between droplets, this increases the chances of film rupture leading to 

a more open stucture.
6
 The nature of stabiliser also affects the cage size and openness of 

10µm

 

 
Cage 

Window 
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the final polyHIPEs, e.g. for similar styrene/DVB systems a change of surfactant from 

Span 80 to a Span 80/Span 85 mix resulted in considerably decreased cage size.
12

 The 

degree of openness of a polyHIPE is also directly related to the   value of the precursor 

HIPE. As   is increased the final polyHIPE possesses a more open structure, and, 

conversely, as   is decreased the resulting polyHIPE structure becomes increasingly 

closed.
13

 It is thought than an increase in   results in a transition in droplet shape from 

spherical to polyhedral. This will cause a redistribution of monomer/polymer mass 

resulting in an inter-droplet film with greater variation in thickness. Larger areas of the 

film will therefore be of reduced thickness with an increased probability of rupture, 

allowing the formation of larger windows and a more open structure.
6
  

To produce open porous structures it is usually necessary for   to be above the 

HIPE threshold of 0.7405. However this is not exclusively the case and open porous 

polymer structures can still be produced from a HIPE with a   value of lower than 

0.74.
14,15,16

 Kovačič and co-workers
17

 were able to produce poly(dicyclopentadiene) 

materials, with structures resembling those of a polyHIPE, from emulsions with   as low 

as 0.5. 

 When particles, rather than surfactant, are used to stabilise HIPEs (Pickering 

HIPEs) the resultant polymer will usually display a structure with mostly closed 

cages.
18,19,20

 

Zhang and Cooper
5
 split polyHIPEs into two categories; hydrophobic polymers and 

hydrophilic polymers, the following two sections will briefly discuss each in turn. Should 

the reader require a more detailed review they are directed to reviews by Pulko and 

Krajnc6 and by Kimmins and Cameron.
21
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3.1.2.1 Hydrophobic Polymers 

 Generally a hydrophobic polymer will be synthesised from hydrophobic monomers, 

as such most hydrophobic polyHIPEs require a water-in-oil (w/o) HIPE for synthesis. This 

was the case with the polyHIPE systems developed by Unilever and disclosed in a series of 

patents in the early 1980s.
22,23

 It was within these patents that these materials were first 

were termed polyHIPE. The process involved the polymerisation of the continuous phase 

of a w/o HIPE (  ≥ 0.9) of styrene/DVB with an aqueous phase containing a salt acting as 

a stabiliser. Both water soluble (potassium persulphate) and oil soluble (2, 2'-azo-bis-

isobutyronitrile) initiators were employed and the polymerisation was carried out, typically 

for 24 hours, in a heated and sealed vessel. After exhaustive washing with ethanol, by 

Soxhlet extraction, and drying, a solid monolith of cross-linked polystyrene was produced 

with a permanent interconnected macroporous structure. It should be noted that the use of 

HIPEs for the production of porous materials had been known for some 20 years before the 

polyHIPE patents came out of Unilever. Bartl and von Bonin
24

 reported the polymerisation 

of vinyl monomers in w/o HIPEs in 1962, however, the materials they produced had closed 

pore structures. 

 Styrene/DVB is the archetypal polyHIPE system and as such has become the most 

extensively studied. Williams and co-workers
25

 in several extensive studies found that the 

variation of the surfactant/oil ratio greatly influences the openness of the pore system and 

that the cage size can be tailored by the addition of 4-vinylbenzyl chloride (VBC) to the 

HIPE. It was also found that varying the salt concentration in the aqueous phase could also 

influence the cage size of the polyHIPE, with smaller cages being produced for both higher 

VBC and salt concentrations.
26,27

 

 PolyHIPEs usually have surface areas in the low tens of m
2
 g

-1
, but by addition of a 

porogenic solvent to the HIPE system and/or by use of high levels of cross-linking (often 
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referred to as hyper cross-linking) a third level of porosity, often existing in the mesopore 

(2-50 nm) range, can be introduced to the polyHIPE. This third level of porosity is found 

within the walls of the polyHIPE and is evidenced by SEM imaging and by much higher 

BET surface areas than is seen in the exclusively macroporous systems.
28

 Examples in the 

literature have seen Cameron and Barbetta
29

 use mixtures of porogens, to produce 

styrene/DVB polyHIPEs with surface areas of 550 m
2
 g

-1
, as well as combing porogenic 

solvents with high levels of cross-linking (DVB content of 80 %) to produce surface areas 

of 830 m
2
 g

-1
. Surface areas of over 1000 m

2 
g

-1
 have also been achieved; Pulko et. al

30
 

produced styrene/VBC polyHIPEs with a surface area of 1100 m
2 

g
-1

 by hyper cross-

linking followed by reaction with iron (III) chloride. Schwab et al.
31

 produced polyHIPEs 

with surface areas of 1210 m
2
 g

-1
 by swelling a preformed polyHIPE and further cross-

linking in the swollen state. 

 Though styrene/DVB containing HIPE systems are by far the most common in the 

literature, synthesis of hydrophobic polyHIPEs from many other systems have been 

reported. By combining styrene with other active monomers, other polyHIPE systems can 

be prepared (e. g., poly(styrene-co-alkylmaleimide
32

 and poly(aryl ether sulfone)).
33

 With 

an eye on the potential use of polyHIPEs as scaffolds for tissue engineering, several 

biodegradable polyHIPEs have been prepared. Addition of poly(ε-caprolactone) (PCL) 

macromolecules to either a styrene or methyl methacrylate system followed by 

polymerisation leads to polyHIPEs containing polyPCL.
34,35

 A similar procedure allowed 

the synthesis of polyHIPEs containing poly(lactic acid).
36

 Biodegradable polyHIPEs based 

upon poly(propylene fumarate) have also be synthesised from a w/o HIPE.
37

  

 Elastomeric polymers have been prepared by the addition of varying amounts of 2-

ethylhexyl acrylate to the styrene/DVB phase,
38

 and porous polymers have been prepared 

from HIPEs of both 4-nitrophenyl acrylate/styrene and 2,4,6-trichlorophenyl 
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acrylate/styrene.
39

 There are also various reports of hydrophobic polymers prepared from 

HIPEs that do not contain styrene. These include PolyHIPEs of poly(VBC-co-DVB),
40

 

poly(2-ethylhexyl acrylate) (this time without styrene),
41

 and poly(vinyl ester) resin 

crosslinked with ethyleneglycol dimethacrylate (EGDMA)
42

 amongst others. By 

crosslinking with DVB, Barbetta et al.
 43

 produced hydrophobic polyHIPEs of glycidyl 

methacrylate (GMA), usually a relatively hydrophilic monomer. By use of stearyl acrylate 

which possesses crystallisable side groups, semi-crystaline polyHIPEs have been 

produced, with the synthesis requiring the initiator to be in the internal phase of the 

HIPE.
44,45

  

PolyHIPEs with magnetic properties have recently been prepared by Kovačič and 

co-workers
46

 by inclusion of maghemite/magnetite nanoparticles in the external phase of a 

styrene/DVB HIPE. Magnetic poluHIPEs were also prepared by Kovačič and co-

workers,
47

 by inclusion of the same magnetic nanoparticles into polyHIPEs of 

poly(dicyclopentadiene), prepared by ring opening metathesis polymerisation. Deleuze et 

al. used ring opening metathesis polymerisation of a norbornene derivative using a Grubbs 

catalyst to produce polyHIPEs. The reaction allowed the metal-carbene chain of the 

catalyst to remain active at the end of preparation, meaning that further modification could 

potentially be possible.
48

 Ring opening has also been used to prepare polyHIPEs of 

poly(dicyclopentadiene).
49

 

 Conducting polyHIPEs have also been prepared by the coating the surface of a 

poly(styrene-co-DVB) polyHIPE support with a thin film of polypyrole.
50

 

 

3.1.2.2 Hydrophilic Polymers 

 Until recently, little work had been done on the production of hydrophilic 

polyHIPEs from hydrophilic monomers. Production of hydrophilic polyHIPEs usually 
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involved the use of polymers with polar or ionic groups
51

 or the functionalisation of an 

already synthesised hydrophobic polyHIPE e.g., nitration
52

 or sulphonation
53

 of 

styrene/DVB polyHIPEs. Hydrophilic polyHIPEs have also been produced by the grafting 

of poly(N-isopropylacrylamide)
54

 and polypepetides
55

 

Recently the range of monomers from which HIPEs have been produced has been 

expanded considerably, with many of these new monomers being applicable to the 

production of hydrophilic polymers. GMA cross-linked with EGDMA polyHIPEs were 

prepared from w/o HIPEs.
56,57

 Use of a monomer with non-trivial hydrophilicity required 

the use of a tri-block copolymer of poly(ethylene oxide) and poly(propylene oxide) 

surfactant with a low hydrophilic-lipophillic balance (HLB) to stabilise the o/w HIPE. 

 As hydrophilic polymers usually require hydrophilic monomers, oil-in-water (o/w) 

HIPEs are often required to produce hydrophilic polyHIPEs. Poly(2-hydroxethyl 

methacrylate) (polyHEMA) polyHIPEs were synthesised from o/w HIPEs by Kulygin and 

co-workers
58

 as well as separately by Kovačič et al.
 59

 (who used w/o HIPEs as well). In 

both cases the water soluble cross-linker methylene bisacrylamide (MBA) was used and 

the HIPEs required a high HLB number surfactant for stabilisation, Triton X-405 (HLB = 

17.6)
58

 and Pluronic F68 (HLB = >24) respectively. Interestingly the walls of the cages in 

the polyHIPEs prepared with Trion X-405 displayed an unusual nanoscale porous structure  

 Kulygin and co-workers initiated polymerisation by means of the redox pair 

ammonium persulphate (APS) and N,N,N',N'-tetramethylethylenediamine (TMEDA) 

which produces a rapid polymerisation process at ambient temperature. By allowing 

controlled coalescence before initiation it was possible to tune the average cage diameter 

(scheme 2 in reference 59). 
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 Recently Paljevac and co-workers
11

 prepared polyHIPEs form HEMA and by use 

of different cross-linkers were able to alter the morphology and cage and window size of 

the polyHIPE.  

 Poly(N-isopropylacrylamide) polyHIPEs were prepared from an o/w HIPE,
60

 also 

using the initiation system of ammonium persulphate and tetramethylethylenediamine at 60 

o
C. By using poly(N-isopropyacrylamide), a thermoresponsive polymer which undergoes a 

lower critical solution temperature transition in water at around 31 
o
C, it was possible to 

produce a stimuli responsive polyHIPE. With removal of the internal phase, oil red 

nanoparticles dispersed within would adhere to the polyHIPE surface. Then by altering the 

temperature of the immediate aqueous environment from 18 to 45 
o
C it was possible to 

'pump' the nanoparticles into the surroundings.
61

  

 Hydrophilic polyHIPEs have also been prepared from gelatin and dextran via o/w 

HIPEs. Polymerisation was performed by radical initiation of vinyl moieties which had 

been grafted onto the gelatin and dextran.
62

 It was also possible to prepare gelatin 

polyHIPEs without the need for functionalisation by use of enzymatic cross-linking of 

unfunctionalised gelatin with microbial tranglutaminase.
63

 PolyHIPEs based on 

poly(ethyleneglycol methacrylate) have also been prepared from o/w HIPEs using 

ammonium persulphate as an initiator and sodium dodecyl sulphate as a surfactant. 

Tetramethylethylenediamine was added as secondary initiator once the oil phase had been 

added.
64

 

 One of the main disadvantages to the formation of hydrophilic polyHIPEs is that 

since an o/w HIPE is usually used, large amounts of organic solvents are required. Butler 

and co-workers
65

 removed the need for this by the development of HIPEs of supercritical 

CO2-in-water, which they termed c/w emulsions. They used a perfluoropolyether 

ammonium carboxylate surfactant and poly(vinyl alcohol) as a co-surfactant to form 
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polyHIPEs of polyacrylamide (cross-linked with MBA). The CO2 internal phase was 

simple to remove by pressure reduction. Later development of this technique allowed for a 

far cheaper surfactant (Tween 40) to be used as well as lowered pressure (20 bar compared 

to 300 bar). Additionally, poly(hydroxyethyl acrylate) and polyHEMA polyHIPEs were 

also synthesised.
66

  

 Recently Forgacz and co-workers
67

 used a wood pulp by-product to produce porous 

materials from waste organic biomass. The external phase consisted of a cellulosic 

chemical pulp from wood and lignin as a cross-linker. This was emulsified with castor oil 

using a hydrophilic surfactant to form a HIPE, which was then thermally cross-linked to 

form a solid monolith. 

 

3.1.2.3 PolyHIPE Beads 

 PolyHIPEs are mainly synthesised in the monolithic form and take the shape of the 

reaction vessel in which the polymerisation took place. However, there have been various 

reported syntheses in the literature of polyHIPE beads. Zhang and Cooper
68

 reported the 

production of monodisperse hydrophilic polyHIPE beads (~ 2 mm diameter) of 

polyacrylamide (PAM) by sedimentation polymerisation. A conventional o/w or w/o HIPE 

was formed and droplets of the HIPE are then injected into the top of a column of hot 

aqueous or hot oil phase as appropriate, forming either a w/o/w or o/w/o double emulsion. 

Provided the hot medium had density of less than the HIPE, the droplets will sediment to 

the bottom and the temperature of the medium would initiate polymerisation during the 

sedimentation process. 

 Another method that utilises a double emulsion is suspension polymerisation. As 

before, a conventional HIPE (either w/o or o/w) is prepared and then dispersed in an oil 

phase or aqueous phase after which polymerisation is then initiated. This allows the 
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production of much smaller beads than the sedimentation method (diameters as low as 60 

µm) but with a high polydispersity. The method, originally disclosed in series of patents
69

 

and subsequently commercialized by Biopore, has been used to prepare poly(4-nitrophenyl 

acrylate) and poly(2,4,6-trichlorophenyl acrylate),
70

 beads as well as polyVBC
71

 and 

poly(styrene/DVB)
72

 polyHIPE beads.  

 Gokmen et al.
73

 developed a technique that allows the formation of small 

monodisperse beads (down to 400 µm in diameter) of poly(2-ethylhexyl acrylate). This 

was achieved by using a microfluidic setup, droplets of a w/o HIPE were generated within 

a narrow channel experiencing flow, creating a w/o/w emulsion within the narrow channel. 

This was done by means of two syringe pumps set at vastly different flows. The HIPE 

droplets were polymerised in the channel via photopolymerisation. By variation of the flow 

rates it was possible to alter the size and morphology of the beads (Figure 2 and Figure 3 in 

reference 73). This method also had the further advantage of producing beads without the 

non-porous skin that is commonly observed on beads prepared by multiple emulsion 

techniques. 

 

3.2 Experimental 

3.2.1 Synthesis 

3.2.1.1 Chemicals 

Styrene (Sigma-Aldrich) and divinyl benzene (DVB; Aldrich) were distilled under 

reduced pressure to remove inhibitors and then stored at ‒20 
o
C until use. N,N’-

methylenebisacrylamide (MBA; Sigma-Aldrich) was re-crystallised from methanol and 

stored at 5 
o
C before use. Benzyl methacrylate (BMA; Aldrich), butyl acrylate (BuA; 

Aldrich), butyl methacrylate (BuMA; Aldrich), 2-(dimethylamino) ethyl methacrylate 

(DMAEMA; Acros Organics), ethyleneglycol dimethacrylate (EGDMA; Alfa Aesar) 
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glycidyl methacrylate (GMA; Aldrich), 2-hydroxyethyl methacrylate (HEMA; Aldrich), 2-

hydroxypropyl methacrylate (HPMA; Acros Organics), methyl methacrylate (MMA; 

Aldrich) were all passed through an alumina column (Brockmann activity I), to remove 

inhibitors, and then through a 0.45 μm HDPE filter (Millipore) and used immediately. 

Bisphenol A diglycidyl ether (BADE; Sigma), calcium chloride (anhydrous; Fisher), 

cyclohexane (Fisher), 1,4-dioxane (Acros Organics), ethanol (Sigma-Aldrich), methacrylic 

acid (Aldirch), Pluronic
®
 F-68 (Poly(ethyleneglycol)-block-poly(propylene glycol)-block-

poly(ethyleneglycol) average Mn ~8,350; Sigma), Pluronic
®
 L-121 (Poly(ethyleneglycol)-

block-poly(propylene glycol)-block-poly(ethyleneglycol), average M, ~4,400; Aldrich), 

potassium persulphate (KPS; Fisher), sodium azide (Aldrich), SPAN
TM

 80 (sorbitane 

monooleate; Fluka), tetrabutylammonium bromide (Fluka), and N,N,N’,N’-

tetramethylethylenediamine (TMEDA; Sigma-Aldrich) were all used as received.   

 

3.2.1.2 Synthesis of the VE Resin. 

The vinyl ester (VE) resin was prepared via a method previously detailed in the 

literature
74,75 

as follows; BADE (10 g) and tetrabutylammonium bromide (0.20 g) were 

dissolved in 1,4-dioxane (10 ml) in a round-bottomed flask. The flask was then heated to 

90 
o
C and methacrylic acid (2.30 ml) was added. The reaction was then left to proceed (4.5 

hours at 90 
o
C). The reaction scheme is displayed Figure 3.2 and a mechanism is proposed 

in Figure 3.3. Once the reaction was complete the flask was allowed to cool and the VE-

resin was used as produced for the synthesis of polyHIPEs by the procedure outlined in 

section 2.2.1.3. 
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Figure 3.2: Equation for the synthesis of the vinyl ester resin  

 

 

 

Figure 3.3: Proposed mechanism for the synthesis of the vinyl ester resin, based upon a 

mechanism Proposed by Fogassey et al.
76

 for the of the reaction of an epoxide with acetic 

anhydride, catalysed by a quaternary ammonium salt. N.b. only half of bisphenyl A 

diglycidyl ether is shown in the reaction mechanism. 

 

3.2.1.3 Polymerisations 

Table 3.1 lists the emulsion compositions and conditions of polymerisation of the 

HIPE systems discussed in this chapter. The HEMA/MBA polyHIPEs were produced 

following a method detailed in the literature by Kovačič et al.
77

 whereas VE-resin 

polymerisation and polyHIPE formation was adapted from that of Yang et al.
78

.  

The general polyHIPE synthesis procedure was as follows: Monomer, cross-linker, 

surfactant and any other components that made up the external phase were placed together 

in a three-neck round-bottom flask. The flask was then fitted with an overhead paddle 
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stirrer (IKA RW20.n), through the central neck, which was used to mix together the 

components of the external phase. An addition funnel was then fitted to one of the side 

necks of the round-bottom flask into which were placed the components of the internal 

phase. The addition funnel and the remaining side neck of the round-bottom flask where 

then sealed, by use of a Suba seal, and both phases where purged with nitrogen (30 

minutes) by means of a stainless steel needle through the Suba seal. Once purging was 

complete the needles were removed from the two phases but the nitrogen flow was left 

active to create a nitrogen atmosphere. The internal phase was then added drop-wise to the 

monomer phase under constant stirring (450 rpm). Once addition was complete, stirring 

was continued (30 minutes) to ensure complete mixing of the HIPE. At this point, 

depending on the method of initiation used, the HIPE was either: 

A. For the styrene/DVB, styrene/HEMA/DVB and VE-resin/EGDMA HIPEs. 

Removed from the round-bottom flask and transferred to either a glass or high 

density polypropylene (HDPE) mould if a freestanding monolith was being 

produced, or into an empty stainless steel HPLC column (Supelco, Germany) if a 

monolithic column was being produced (column length and i.d. are detailed in 

Table 3.1). It was then placed in an oven at a temperature of ≥ 55 
o
C. This 

generates a sulphate radical by homolytic thermolysis of the KPS, initiating 

polymerisation (Figure 3.7). Precise conditions are defined in Table 3.1. Or, 

B. For all other HIPEs. TMEDA (0.08 ml) was introduced to the HIPE through the 

Suba seal and stirring continued for a further 3 minutes. This leads to the redox 

generation of a sulphate radical at ambient temperatures initiating polymerisation 

(Figure 3.8). After this, the HIPE was removed from the round-bottom flask and 

transferred to either a glass or HDPE mould, if a freestanding monolith was being  
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produced, or, if a monolithic column was being produced the HIPE was transferred into an 

empty stainless steel HPLC column (Supelco, Germany) (column length and i.d. are 

detailed in Table 3.1). The glass moulds were then sealed air tight with a small amount of 

external phase at the surface (to prevent monomer evaporation). The columns were sealed 

tightly with the supplied end fittings.
i
 Once the moulds/columns had been sealed 

polyHIPEs were allowed to polymerise under the conditions detailed in Table 3.1.
 
Once 

polymerisation was complete, if a free standing monolith was being produced, the resulting 

polyHIPE was removed from the mould and washed via Soxhlet extraction with ethanol 

(24 hours) and then dried under vacuum at 50 
o
C. If a monolithic column was produced, 

the column was opened up and a thin slice of the polyHIPE was cut from each end of the 

column with a razor blade to open up the internal pore structure. Columns were then re-

sealed with the supplied end fittings and connected to a pump (Model 305, Gilson UK) and 

manometric module (Model 805, Gilson UK). The back pressure limit of the pump was set 

at 15 MPa and a 50:50 mixture of ethanol and water was then pumped through the column 

at a flow rate of 0.10 ml min
-1

 for a minimum of 4 hours. If flow was possible with the 

ethanol/water mixture, the eluent was changed to deionised water (with 0.01 % w/v sodium 

azide as a biocide) which was pumped at 0.10 ml min
-1

 for a further 2 hours.  

 

3.2.2 Structural Characterisation of PolyHIPE Monoliths 

3.2.2.1 Shrinkage of PolyHIPEs upon Washing/Drying. 

 The amount of shrinkage from the original dimensions was determined as follows; 

the average diameter of the polyHIPE monolith was calculated from five measurements at 

different points along its length. This was then subtracted from the original diameter, 

                                                 
i
 Columns were sealed without the supplied frits to avoid the larger particles, which were 

separated in chapter 4, being retained on the column. The end fittingness supplied with the 

column were described as zero dead volume so it was believed that omitting the frits would 

not negatively influence the dead volume of the column. 
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which was assumed to be the internal diameter of the mould, to determine the diameter 

change. This change in diameter was then expressed as a percentage of the original 

diameter. 

 

3.2.2.2 Porosity With Respect To Water 

To establish the porosity with respect to water, the mass and volume of a dry 

section of polyHIPE monolith were measured. This was then submerged in deionised water 

for approximately 36 hours at room temperature (≈ 20
 o

C), after which the wet mass and 

wet volume were established. The porosity was then calculated from the following 

equations: 

   
(  

 ⁄ )   

  
                                                                                                            (Eq. 3.1) 

 

                                                                                                                               (Eq. 3.2) 

 

where: ε is porosity (%)  

Δm is the mass difference between the wet and dry samples 

Vw the volume of the wet monolith  

Vd the volume of the wet monolith  

ρ density of the wetting liquid which = 1.00 g ml
-3

 for deionised water (at 20 
o
C). 

 

3.2.2.3 Determination of polyHIPE Cages and Windows Size 

Samples were first sputter coated with gold/palladium and scanning electron 

microscopy (SEM) was carried out on a Phillips XL30 FEG SEM or a Zeiss EVO 60 

ESEM at the School of Materials at the University of Manchester.  

The cage and window diameters were measured manually with software designed 

for the measurement of nanoparticles. This procedure involved an element of judgement 
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upon the author’s part, but by taking a large number of measurements (between 250 and 

300 in each case) from several regions of a sample comparative data could be obtained. 

Once the various average diameters (number, area and volume for the cages and number 

and area averages for the windows) had been determined, a statistical correction was 

applied by multiplying the average value measured from SEM by 2/(3
1/2

). (The explanation 

for the statistical correction is given in reference 79 and in section A1.1 of the appendix 1) 

 The measurements from SEM were also used to calculate the openness of the 

PolyHIPEs by the calculation proposed by Pulko and Krajnc6 which is detailed in the 

section A1.2 of appendix 1.  

 

3.3 Results and Discussion 

3.3.1 Formation and Polymerisation of HIPEs  

As with most classes of emulsion, HIPEs are thermodynamically unstable (micro-

emulsions, see chapter 5, are an exception to this rule). Therefore, if they are to exist for 

any extended lifetime they require stabilisation, which is usually is in the form of a 

surfactant. The majority of polyHIPE materials in the literature utilise highly hydrophobic 

monomers to form w/o HIPEs which can readily be stabilised by surfactants with a HLB 

(see Chapter 1 section 1.3.2.1 for an explanation of the HLB concept) of around 4. This 

was the case with the styrene/DVB HIPEs (the water solubilities of styrene and DVB are 

0.031 %
80

 and 0.0052 %
81

 at 25 
o
C respectively) reported in this work, which were 

efficiently stabilised by Span 80 (HLB=4.3). However, when monomers with a greater 

hydrophilicity were used, i.e., MMA (1.5% at 25 
o
C)

82
 and GMA (2.3 %),

83
 greater 

stabilisation was necessary and a surfactant with a lower HLB was required. To stabilise 

these HIPEs, following the work of Krajnc et al.,
9
 Pluronic L121 (HLB=2-5) was used. As 

Pluronic L121 also proved to be appropriate for stabilisation of w/o HIPEs of the 
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hydrophobic acrylates, BuMA, BuA, BMA and EGDMA, as well HIPEs formed from VE-

resin/EGDMA it was used for the stabilisation of all the w/o HIPEs described in this 

chapter, with the exception of the styrene/DVB systems. 

Examples in the literature of o/w HIPEs containing HEMA required a surfactant 

with a high HLB such as Pluronic F68 (HLB > 24)
59

 or Triton X-405 (HLB = 17.6)
84

 for 

stabilisation. The polyHIPEs produced by Kovacic et al.
59

 using Pluronic F68 visually had 

a more open structure with a greater number of windows than those produced using Triton 

X-405 by Kluygin et al..
84

 It is believed that a more open pore structure will produce a 

more effective chromatographic stationary phase. Therefore, Pluronic F68 was chosen as 

the surfactant for the production of the polyHEMA polyHIPEs produced in this work. 

All systems, with the exception of DEAMA/EGDMA, formed stable HIPEs which 

presented as highly viscous white liquids with an oily appearance. While an emulsion did 

form from DEAMA/EGDMA with a similar appearance to the other systems, the HIPE 

would rapidly collapse when mixing was ceased. This instability can probably be attributed 

to the relatively high solubility of DEAMA in water (10.6 %)
85

 which, even in the presence 

of the surfactant, would still diffuse across the o/w interface collapsing the emulsion.  

 
Figure 3.4: Images of the washed and dried polyHIPE monoliths showing (a) PS-3, (b) 

HEMA75, (c) HEMA85, (d) BuA1, (d) MMA1, (e) HPMA1, (f) EGDMA1, (g) StHE, (h) 

GMA3, (i) BMA3 and (j) BuMA1 and (m) VE-1 

(a) (b) (c) (d) (e) (f) (g) 

(h) (i) (j) (k) (l) 
(m) 
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Table 3.2: Post synthesis textural appearance of polyHIPE monoliths 

Sample Texture (Brittle or Crumbly) 

PS-3 Crumbly 

VE1 Crumbly 

HEMA75 Brittle 

HEMA85 Brittle 

HEMA90 Brittle 

StHE Crumbly 

BuA1 Brittle 

MMA1 Crumbly 

HPMA1 Brittle 

EGDMA1 Brittle 

GMA3 Brittle 

BMA3 Brittle 

BuMA1 Brittle 

 

Table 3.3: Summary of the measured physical properties of the polyHIPEs produced in this 

chapter. Full data sets can be found in appendix 2. 

Sample 

Internal 

Phase 

Volume (%) 

Porosity To 

Water (%) 

Mean Cage 

Diameter
a
 

(μm) 

Mean Window 

Diameter
b
  

(μm) 

Openness
c
 

(%) 

PS-3 90 67 13.0 2.0 37 

VE1 82 34 ─ ─ ─ 

HEMA75 75 80 3.3 0.9 14 

HEMA85 85 93 3.1 1.3 57 

HEMA90 90 ─ ─ 1.1 ─ 

StHE 90 52 ─ ─ ─ 

BuA1 90 5 9.1 1.1 8 

MMA1 90 86 ─ 0.2 ─ 

HPMA1 90 58 2.1 0.5 34 

EGDMA1 90 61 2.2 0.3 35 

GMA3 90 85 ─ 0.4 ─ 

BMA3 90 9 4.3 0.4 ─ 

BuMA1 90 25 3.6 0.5 24 
a
 Number average cage diameter,   

̅̅̅̅ .  
b
 Number average window diameter,   

̅̅ ̅. 
c
 Calculated from the respective area average diameters, listed in Table 3.5. 

 

Systems that formed stable HIPEs were all successfully polymerised, producing 

solid polyHIPE monoliths with low densities (Figure 3.4). The textures of monoliths could 

qualitatively be divided visually into two groups; brittle or crumbly (Table 3.2). Crumbly 

monoliths were very delicate and would easily disintegrate if not handled with care and 

chalky residue would also be left behind when touching or placed on most surfaces. Brittle 
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samples were far more mechanically robust and would snap with a clean fracture when 

broken, instead of crumbling.  

 

3.3.2 Characterisation of PolyHIPE Monoliths 

The polyHIPEs produced were characterised by a variety of methods, the results of 

which are summarised in Table 3.3. 

 

3.3.2.1 Shrinkage of the PolyHIPEs 

Table 3.4, below, shows the degree to which the polyHIPE monoliths shrunk upon 

drying. For polyHIPEs produced from HEMA the final shrinkage was related to the 

internal phase volume fraction of the original HIPE, higher volume fractions producing a 

greater shrinkage. This was particularly noticeable for HEMA85 and HEMA90 (Figure 3.4 

c and d) both of which, due the extent of the shrinkage, resulted in highly deformed 

monoliths (this deformation likely makes the value calculated for shrinkage unreliable). 

The significant level of shrinkage of the polyHEMA/MBA polyHIPEs can probably be 

attributed to the presence of the water in the external phase of the HIPE. During 

polymerisation this extra solvent would have become trapped within the polymer matrix, 

resulting in a swollen monolith. Drying the polyHIPE under vacuum will remove the 

trapped water, resulting in shrinkage of the monolith. Deformation may have resulted from 

local areas of anisotropy within the polyHIPE structure which would direct the contraction 

of the polyHIPE. This would explain why HEMA 90 deformed and shrunk to a greater 

extent than HEMA 85, which itself deformed more than HEMA 75. This could also 

potentially explain the shrinkage of the VE-1 monolith, which also contained a significant 

volume of dioxane in the external phase of the HIPE.  
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Table 3.4: Shrinkage of the polyHIPE monoliths after post synthesis washing and drying. 

The diameter of the mould was taken to be the original the diameter mould as the original 

diameter. 

Monolith 
Shrinkage 

(%) 

PS-3 7 

VE1 12 

HEMA75 11 

HEMA85 28 

HEMA90 45 

StHE 47 

BuA1 0 

MMA1 28 

HPMA1 9 

EGDMA1 0 

GMA3 17 

BMA3 4 

BuMA1 0 

 

With the exception of VE-1 all the w/o systems had an external phase wholly 

composed of monomer. For these polyHIPEs as no non-polymerisable solvent was present 

to form a swollen polymer matrix minimal shrinkage of the bulk monolith was expected. 

However, some of the polyHIPE systems did display non-trivial shrinkage which is greater 

than the error of the measurements i.e., MMA1 (28 %) and GMA3 (17 %) and PS-3 (7 %). 

The reasons for this may be different depending on the monolith. As mentioned earlier PS-

3 was a chalky monolith which would easily crumble and left a residue behind of surfaces. 

The shrinkage could easily be as a result of physical loss of polymer which was observed 

during handling and washing. The monoliths GMA3 and MMA1 as well as nontrivial 

shrinkage both also displayed a poorly defined final internal polyHIPE structure (Figure 

3.5). This lack of definition in the internal structure may have been caused by significant 

shrinkage distorting the final structure. A speculative explanation may be; because of the 

higher hydrophilicity of GMA and MMA compared to the other monomers (octanol/water 

partition coefficients, log Pow, of 0.96 and 0.73 respectively) some small amount of the 

aqueous internal phase was able to diffuse across the oil water interface (and vice versa). 
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This will partially destabilise the HIPE resulting in a less continuous polymer structure 

which would be less rigid to contraction upon drying.  

 
Figure 3.5: SEM images of the internal structures of the PolyHIPEs GMA3 and MMA1 

showing a polyHIPE structure but one which is distorted and poorly defined.  

 

3.3.2.2 Porosity With Respect To Water 

 Figure 3.6 shows an apparent correlation between the openness of the 

polyHIPEs and their porosity to water. While all polyHIPEs would in theory take up the 

volume of water corresponding to the internal volume due to capillary forces, in reality not 

all volume will be equally accessible to water. A greater degree of openness would permit 

a greater uptake as less volume would be excluded to the water. The presence of air 

bubbles in the polyHIPE will prevent water uptake particularly in small closed cages. 

Ideally the water uptake would have been performed with degassed water and performed 

under vacuum which would remove air from the polyHIPE and dissolved gasses from the 

water. Under such conditions each polyHIPE would be expected to take up a volume close 

to the nominal porosity of the polyHIPE.  

The ability of polyHEMA to form a hydrogel with water, resulting in a significant 

swelling of the polymer matrix, explains why both HEMA75 and HEMA85 were able to 

take up a greater volume of water than the internal phase volume of the precursor HIPE. It 

also explains why HEMA75 had a significant porosity to water despite a low openness 

(14 %). 

5 μm 
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Figure 3.6: Plot of the openness of the polyHIPEs vs. porosity to water as a % of the total 

monolith volume. The points represented by  correspond to polyHIPEs produced from 

hydrophobic monomers from w/o HIPEs, whereas the points represented by  correspond 

to the hydrophilic polyHEMA monoliths produced from o/w HIPEs. 

 

3.3.2.3 SEM Characterisation of PolyHIPEs 

Typically porous materials are characterised by either N2 sorption or by mercury 

intrusion porosimetry (MIP), both of which allow the production of a pore size 

distributions. However for the polyHIPE materials discussed in this chapter, neither 

method was considered appropriate. N2 sorption performs best for smaller pores in the 

micro- to meso-pore range (<50 nm) which a polyHIPE material will only have minimal 

amounts.
 86

 MIP, while useful for characterising the windows, does not return information 

on the cages. Instead SEM was employed to determine the cage and window sizes and the 

respective size distributions. Though the results produced from SEM will be of a smaller 

data set which can increase the random error of the measurements compared to MIP, it 

gave information on both the cages and the windows. SEM also allowed for the calculation 

of various metrics such as the number average (Dn and dn respectively) and surface area 

average (Da and da respectively) diameters of the cages and windows, as well as the 

volume average diameter (Dv) of the cages. These values allow for a more accurate 

determination of the openness of the polyHIPE. It has also previously been shown by 
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Wang et al.
53

 that SEM and mercury intrusion porosimetry produce a good agreement for 

the window size distribution.
  

Table 3.5 contains the calculated average cage and average window diameters as 

well as openness of the polyHIPEs. SEM images and size distributions of both the cages 

and windows (determined from SEM) are displayed in Figure 3.9 through Figure 3.16.  

Table 3.5: Average diameters of the cages and windows in the PolyHIPEs, determined by 

SEM.A complete data set can be found in Appendix 2 Section A2.1 

Sample 

Average Cage Diameter  

(µm) 

Average Window Diameter 

(µm) 
Openness 

(%) 
Dn Da Dv dn da 

PS-3 13.0 13.1 14.2 2.0 2.3 37 

HEMA75 3.3 3.4 3.5 0.9 1.1 14 

HEMA85 3.1 3.2 3.3 1.3 1.5 57 

HEMA90 ─
a
 ─

a
 ─

a
 1.1 1.4 ─

b
 

BuA1 9.1 9.5 9.9 1.1 1.4 8 

MMA1 ─
a
 ─

a
 ─

a
 0.2 0.2 ─

b
 

HPMA1 2.1 2.3 2.4 0.5 0.6 34 

EGDMA1 2.2 2.3 2.4 0.3 0.4 35 

GMA3 ─
a
 ─

a
 ─

a
 0.4 0.5 ─

b
 

BMA3 4.3 4.4 5.0 0.4 0.6 ─
b
 

BuMA1 3.6 3.7 3.8 0.5 0.6 24 
a 
cages were to0 poorly defined for an average value to be calculated 

b
 The windows of BuMA were not discrete and ran into each other. It was still possible to 

determine an average size and distribution, but, due to the interconnected nature of the 

windows, openness would be inaccurate. 

 

As can been seen from Table 3.5 and Figure 3.9, both the cages and windows of 

PS-3 were significantly larger than those of the other polyHIPEs. This can most likely be 

attributed to the difference in the method of polymerisation. PS-3 was initiated by 

homolytic thermolysis of the persulphate into two sulphate radicals (Figure 3.7), which 

happens above 50 
o
C. This resulted in a much slower polymerisation than the 

TEMEDA/KPS redox-couple (Figure 3.8) employed for initiation in the other HIPE 

systems
87

 (except for VE-1 but it was not possible to characterise the internal pore 

structure of that monolith as is discussed later). The slower polymerisation of PS-3 will 

have allowed coalescence of the HIPE resulting in larger droplets which will template 

larger cages.  
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Figure 3.7: Homolytic fission of potassium persulphate by thermolysis under nitrogen at 

temperatures ≥ 55 
o
C 

 

 

Figure 3.8: Redox generation of the sulphate radical and TMEDA radical, as proposed by 

Feng et al.
88

 

 

 

 

 
Figure 3.9: (a) SEM micrograph of the polyHIPE monolith PS-3, along with (b) the cage 

and (c) window size distributions calculated from SEM. 
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Figure 3.10: (a) SEM micrograph of the polyHIPE monolith HEMA75, along with (b) the 

cage and (c) window size distributions calculated from SEM. 

 

 
Figure 3.11: (a) SEM micrograph of the polyHIPE monolith HEMA85, along with (b) the 

cage and (c) window size distributions calculated from SEM. 
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Figure 3.12: (a) SEM micrograph of the polyHIPE monolith BuA1, along with (b) the cage 

and (c) window size distributions calculated from SEM. 

 

  
Figure 3.13: (a) SEM micrograph of the polyHIPE monolith HPMA1, along with (b) the 

cage and (c) window size distributions calculated from SEM. 
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Figure 3.14: (a) SEM micrograph of the polyHIPE monolith EGDMA1, along with (b) the 

cage and (c) window size distributions calculated from SEM. 
 

 
Figure 3.15: (a) SEM micrograph of the polyHIPE monolith BMA3, along with (b) the 

cage and (c) window size distributions calculated from SEM. 
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Figure 3.16: (a) SEM micrograph of the polyHIPE monolith BuMA1, along with (b) the 

cage and (c) window size distributions calculated from SEM. 

 

The SEM also revealed that several of the polyHIPEs, EGDMA1 (Figure 3.14), 

BMA3 ( 

Figure 3.15) and GMA3 (Figure 3.17), in this work possess irregular windows, 

which further supports that theory of Cameron et al.
7
 that the windows are formed during 

polymerisation.  

For three of the polyHIPEs, GMA3, MMA1 and HEMA90, it was only possible to 

determine the window size distribution, and not the cage sizes (Figure 3.17 to Figure 3.19). 

This was due to the poorly defined internal structure of the polyHIPEs. While cages were 
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water solubility (MMA 1.5% and GMA 2.3 %). This will have resulted in lower stability of 

the HIPE compared to those produced with highly hydrophobic monomers. This may have 

`   
Figure 3.17: (a) SEM micrograph of the polyHIPE GMA3 with the outline of the cages 

emphasized and (b) the widow size distribution determined from SEM. 

 

  
Figure 3.18: (a) SEM micrograph of the polyHIPE MMA1 with the outline of one of the 

cages emphasized and (b) the widow size distribution determined from SEM. 

 
 

   
Figure 3.19: (a) SEM micrograph of the polyHIPE HEMA90, with the outline of one of the 

poorly defined cages outlined and (b) the widow size distribution determined from SEM. 
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resulted in some degradation of the HIPE structure before the polymerisation was 

complete, which resulted in a less defined structure in the final polyHIPE.  

HEMA 90 was the polyHIPE monolith with the second greatest amount of 

shrinkage upon polymerisation/drying, which resulted in considerable macroscopic 

deformation of the resulting monolith. SEM indicates that the deformation also distorted 

the internal structure on the microscopic level, resulting in a poorly defined cage structure. 

 
Figure 3.20: (a) SEM image of the sample StHE and (b) the sample VE-1 In image (a) two 

of the features which may have been templated by the emulsion droplets but did not result 

in interconnected cages are indicated in the red squares. 

 

SEM of StHE, Figure 3.20 (a), and VE-1, Figure 3.20 (b), revealed that neither 

monolith possessed the desired open pore structure typical of polyHIPEs. StHE had an 

almost completely closed internal structure and VE-1 displayed an apparent nodular 

aggregate structure. The structure of VE-1 is similar to that of a monolithic column 

prepared from the same vinyl ester resin, but without HIPE templating.
75

 This suggests that 

the HIPE may have collapsed before polymerisation. Visually the HIPE appeared stable 

and may have collapsed un-observed in the oven due the high temperature of 

polymerisation. In the work of Yang et al.,
78 

which acted as an inspiration for this work, a 

vinyl-ester resin was produced by the same method. From this it was possible to produce a 

polyHIPE with the expected hierarchical pore structure. However in their work the choice 

of surfactant, PF 127 (HLB = 22), was different to the work described here.  

(a) (b) 
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There were features of the StHE structure that appear to have been templated by 

emulsion droplets, but with no interconnecting pores present. As mentioned previously, 

StHE was the monolith which shrunk the most upon polymerisation; this shrinkage could 

have prevented rupture of the inter-droplet film resulting in the closed structure.  

 

3.3.2.4 Chromatographic Flow Properties of PolyHIPEs.  

Before investigation into whether it was possible to produce separation with a 

polyHIPE stationary phase, it was necessary that they could fulfil two criteria; 

1. The polyHIPE monolith had to allow a pumped flow of aqueous eluent, as the 

overall aim of this work was the separation of aqueous dispersions of particles.  

2. If eluent flow is forthcoming, the flow must be steady and the polyHIPE must be 

mechanically robust enough to withstand the back pressures it will experience. 

Monolithic polyHIPE stationary phases prepared in columns were produced from 

the same HIPE as the corresponding monolith (e.g., MMA1 and MMA1c were produced 

from the same HIPE). This allowed association of the physical properties determined 

previously in the chapter with the polyHIPE in the column. Eluent was pumped through in 

two stages, firstly an ethanol/water mix (50:50) to remove any the internal phase as well as 

any unreacted monomer/surfactant and secondly deionised water. Table 3.6 summarises 

the results of each of the polyHIPE monolithic columns.  

For polyHIPEs that would permit flow, the initial eluent (ethanol:water) would first 

elute cloudy but after a few hours would appear clear. PolyHIPEs which would not permit 

flow were extruding out of the end of the column as the backpressure increased. It had 

been expected that the polyHIPEs which had a greater porosity to water such as those 

produced from GMA, MMA or HEMA, would be more liable to permit flow, and 

polyHIPEs with low porosity to water (hydrophobicity) would be more likely to have 
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restricted flow. However, this was not the case as MMA1c, (the corresponding polyHIPE 

monolith MMA1 had a porosity to water of 86 %) collapsed readily under flow whereas 

BMA3c (the corresponding polyHIPE monolith BMA3 had a porosity to water of 9 %) 

would permit an eluent flow of both ethanol/water and water. So it would appear that the 

principal factor in determining flow through the polyHIPE columns is the robustness of the 

polyHIPE to the pressures of flow.  

Table 3.6: Results of eluent flow testing, showing if eluent flow was possible through 

columns containing polyHIPE monolithic stationary phases. All had previously formed 

freestanding monoliths. 

PolyHIPE 

Eluent 

Flow 

(yes/no) 

Additional Comments 

PS-2C yes  

PS-3C yes  

VE1c yes 
Only with water/ethanol; column collapsed with water 

alone 

HEMA1-75c no  

HEMA1-85c no  

HEMA1-90c no  

BuAc no  

MMA1c no  

EGDMA1c yes 
A low flow rate of 0.25 ml min

-1
 was necessary to keep 

back pressure below 10 MPa 

GMA1c yes  

GMA3c yes  

BMA1c yes  

BMA3c yes  

BuMA1c yes 
A low flow rate of 0.25 ml min

-1
 was necessary to keep 

back pressure below 10 MPa 

HPMA1c no  

HPMA2c no  

  

It had been expected that HEMA polyHIPE columns due to their high 

hydrophilicity would be able to produce flow, and initially there did appear to be flow with 

the ethanol:water eluent, however after a while flow would cease and the backpressure on 

the column would increase until the polyHIPE was extruded out of the column. It may be 

that as the cyclohexane internal phase was removed and replaced by water containing 
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eluent the water would be absorbed by the polyHEMA. This would swell the polyHIPE 

compressing the cages resulting in a closed pore structure blocking the column. 

The polyHIPE columns that permitted eluent flow were then investigated further as 

potential stationary phases for separation of polystyrene latexes, detailed in chapter 4, and 

lanthanides doped polystyrene particles as well as gold nanoparticles, detailed in chapter 6. 

 

3.4 Conclusions 

 Several polyHIPE materials were successfully prepared and characterised, with 

Pluronic L121 proving to be a versatile surfactant for the production of polyHIPEs from 

acrylate monomers, even if the monomer displayed non-trivial water solubility. As far as 

the author is aware, there are no reported cases of polyHIPEs prepared from benzyl 

methacrylate, butyl methacrylate or hydroxypropyl methacrylate in the literature. If this is 

the case then this represents an expansion of the catalogue of monomers from which 

polyHIPEs can be prepared. 

 Several of the polyHIPEs, including two of the systems so far not reported in the 

literature (BuMA1c and BMA3c), could be prepared as monolith columns which would 

permit an aqueous eluent flow. These materials will be further investigated in chapter 4 

and chapter 6 for potential chromatographic size separation of nanoparticles. Even if this is 

not forthcoming, the fact that several polyHIPEs could be prepared as columns and allow 

an eluent flow presents the opportunity to investigate then for other types of aqueous 

chromatography, not just size based. 

Porosity to water of the final polyHIPE was appeared to be related to the openness. 

with a greater openness resulting in a greater uptake of water. The exceptions to this were 

the polyHEMA polyHIPE materials which took up larger volumes of water due to the 

ability of polyHEMA to form a hydrogel with water. However, there was no apparent 



Chapter 3                                          Synthesis and Characterisation of PolyHIPE Monoliths  

 

152 

correlation between the porosity to water and the ability of the polyHIPE to permit eluent 

flow. The ability of the polyHIPE to withstand the pressures associated with 

chromatographic flow appeared to be the determining factor in permitting eluent flow. 
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Chapter 4 

Application of PolyHIPE Chromatography with UV 

detection for the Separation of Polystyrene Latexes. 

 

 

 

4.1 Introduction 

As was known from chapter 3, the five polyHIPE columns BMA3c, BuMA1c, 

EGDMA1c, GMA3c and PS-3c would all allow a pumped eluent flow of deionised water 

to transit through. To investigate if these polyHIPE monolithic columns could be employed 

for size separation they were incorporated into a high pressure liquid chromatography 

(HPLC) system and different sized analytes injected into the flow. 

 

4.1.1 Aims and Objectives 

 The aim of the work undertaken in this chapter was to use polyHIPE 

chromatography to separate commercially obtained polystyrene latexes.  

A HPLC system was constructed and polyHIPE columns were fitted into the 

system. To give the best chance of a resolution of the individual particles the latexes were 

selected covering a wide size range (latex particles with advertised diameters of 100 nm, 

460 nm and 800 nm were used) and detection was by means of a UV-VIS detector.  

In an effort to minimise electrostatic interactions between the particles and the 

column, the mobile phase was based on one previously described in the literature, which 
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had been developed to minimise the electrostatic interactions between latex particles and 

the column bed in hydrodynamic chromatography (HDC).
1
   

 

4.1.2 List of relevant abbreviations from Chapter 3 

BMA – benzyl methacrylate 

BuMA – butyl methacrylate 

EGDMA – ethyleneglycol dimethacrylate 

GMA – glycidyl methacrylate 

KPS – Potassium persulphate 

PS – polystyrene 

TEMDA – N,N,N’,N’-tetramethylethylenediamine 

 

 

4.1.3 Size Separation  

As mentioned in Chapter 1, the chromatographic methods of size exclusion 

chromatography (SEC) and hydrodynamic chromatography (HDC) have been used 

successfully in the size separation of nanoparticles. As with all analytical techniques they 

both have advantages and disadvantages. While SEC has good separation efficiency the 

operating size range is poor,
2
 and unwanted column interactions can sometimes occur.

3
 

While HDC has a very good operational size range (5-1200 nm)
2
 the separating efficiency 

is currently comparatively poor, although this can be improved by the use of narrower 

diameter capillaries and smaller packing materials. Though polyHIPEs as monolithic 

separation media are a relatively new concept, there are several reports in the literature of 

successful separations using a polyHIPE as a stationary phase (see section 4.1.4). 
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However, as far as the author is aware, there have, to date, been no reported instances of 

size-based separation using polyHIPEs. 

Conceptually the interconnected pores of a polyHIPE can be viewed as an inverse 

packed HDC column (Figure 4.1), in which flow will occur in the cages. In HDC flow can 

only occur in the interstitial volume between beads; this would mean that flow in 

polyHIPEs would have the advantage of less redundant volume which is inactive during 

separation. It is hoped that by using analytes of similar chemical identity but different 

sizes, i.e., polystyrene latex particles, that a size separation, can be achieved with 

polyHIPE columns. 

 

Figure 4.1: Representations of the possible particle path through a HDC column packed 

with solid beads (a) and through a polyHIPE structure (b). 

 

 

4.1.4 Use of HIPE Templated Materials for Separation and Filtration 

 Due to the very high porosity of polyHIPEs they have attracted some interest as a 

potential medium for separation and chromatography. As well as patents disclosing 

methods of separation with polyHIPEs,
4,5

 there are also several cases documented in the 

literature where researchers have used polyHIPEs for a variety of separations. 

Benicewicz and co-workers
6
 produced poly(styrene-co-vinylbenzylchloride) 

polyHIPE monoliths which had been functionalised by graft polymerisation of 

vinylpyridine creating ion exchange properties. These were then used for the separation of 

(a) (b) 
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heavy metals, displaying good uptake of both iron and plutonium from aqueous solutions. 

Tripp and co-workers
7
 prepared poly(styrene-co-DVB) polyHIPEs to which they grafted 

the polymer poly(N-vinylacetamide). Amide cleavage of the poly(N-vinylacetamide) 

produced a polyHIPE monolithic column containing primary amine groups. This column 

was then utilised for efficient continuous-flow scavenging of isocyanates.  

 Bhumgara
8
 created a cross-flow filtration module from a poly(styrene-co-DVB) 

polyHIPE which was then used to completely clean a 1 % (by volume) aqueous suspension 

of aragonite (mean particle diameter 11 µm). The system proved less successful for the 

filtration of a solution of cationic surfactant, which was attributed to the formation of a gel 

on the polyHIPE surface leading to higher rejection. This was partially resolved by use of a 

sulphonated polyHIPE, but this led to a decrease in permeate flow rate. 

 Tunç and co-workers have used both poly(isodecylacrylate-co-DVB)
9
 and 

poly(styrene-co-DVB)
10

 polyHIPE columns for the separation of alkylbenzenes by 

capillary electrochromatography obtaining good resolution. In both cases the polyHIPE 

columns showed strong electroosmotic flow without the need for an electroosmotic flow 

generating monomer.  

Junkar and co-workers
11

 have done work into investigating the pressure drop 

characteristics of polyHIPE monoliths, which suggests that from a hydrodynamic 

viewpoint polyHIPEs have some similarities to foam structures, though the results are far 

from conclusive.  

 The most common use for polyHIPEs as separation media has been in the 

separation of proteins and recent years have seen a fair amount of work published on this 

topic. Yang and co-workers
12

 prepared polyHIPE from a novel vinylester resin cross-

linked with EDGMA. The polymerisation of the HIPE was performed within a HPLC 

column and, after washing the polyHIPE with a flow of methanol, they were able to 
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separate immunoglobulin from an aqueous solution of human plasma and chicken egg 

yolk, as well as separating interleukin-18 and lysine. The column showed a low back 

pressure and high column efficiency. Yao and co-workers
13

 converted poly(GMA-co-

EDGMA) monolithic columns into polyHIPEs with weak anion-exchange properties by 

ring-opening of the epoxy groups present on GMA. These columns were then used in the 

separation of a protein mixture of lysozyme, BSA, ovalbumin and pepsin A, with an 

almost complete separation being achieved at a flow rate of 6 ml min
-1

. Krajnc and co-

workers
14

 also functionalised the epoxy groups of poly(GMA-co-EDGMA) monolithic 

polyHIPE columns. These were used for the separation of moyoglobin, conalbumine and 

trypsin inhibitor, with good separation being achieved over a short time scale. Pulko and 

co-workers
15

 cast polyHIPE membranes of poly(GMA-co-EDGMA-co-ethylhexyl 

methacrylate) which they then modified to form ion-exchange membranes which were then 

used for the purification of bovine serum albumin. 

 

4.2 Experimental 

The synthesis of the polyHIPE columns investigated in this chapter is detailed in 

section 3.2 of chapter 3. Of all the polyHIPEs produced in chapter 3, only those which 

would permit a flow of water were further investigated in this chapter. A brief summary of 

the columns is provided here and in Table 4.1 for convenience. All polyHIPE columns 

were prepared from w/o oil HIPEs of 90 % internal phase volume. Once formed, the 

HIPEs were injected into blank stainless steel HPLC columns (column length and internal 

diameter (i.d.) 150 mm x 4.6 mm) and polymerised under the appropriate conditions. 

Columns were first washed with an eluent flow of ethanol and water (50:50 mixture). After 

washing was complete the flow was replaced with one of deionised water. 
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Table 4.1: Summary of the synthesis conditions of the polyHIPE columns discussed in this 

chapter. For full synthetic details see chapter 3.2 

Column Monomers Surfactant Initiator 
Polymerisation 

Conditions 

BMA3 BMA/EGDMA Pluronic L121 KPS/TMEDA 2 hrs @ 50 
o
C 

BuMA1c BuMA/EGDMA Pluronic L121 KPS/TMEDA 2 hrs @ 50 
o
C 

PS-3c Styrene/DVB Span 80 KPS 72 hrs @ 65 
o
C 

EGDMA1c EGDMA Pluronic L121 KPS/TMEDA 2 hrs @ 50 
o
C 

GMA3c GMA/EGDMA Pluronic L121 KPS/TMEDA 2 hrs @ 50 
o
C 

 

4.2.1 Equipment 

Chromatography experiments were performed on a HPLC system built from a 

constant flow pump (model 305 Gilson, USA), a manometric module (model 805 Gilson, 

USA), a manually driven injector valve with an appropriate sample loop (Table 4.2) 

(model 7125 Rheodyne, USA). Detection was by means of a UV/Vis detector (model 151 

Gilson, USA) set at 280 nm, with a sensitivity of 0.005 aufs and a peak width of 10 

seconds. Data was acquired by means of a data logger (ADC-11 Pico Technologies, UK) 

and plotted using PicoLog recorder software (Pico Technologies, UK). 

Table 4.2: Parameters of the chromatography set-up specific to the individual the 

polyHIPE monolithic columns investigated in this chapter. 

Column 
Injection Loop  

(μl) 

Flow Rate 

(ml min
-1

) 

Latex Concentration 

(% w/v) 

BMA3 50 1.00 0.01 

BuMA1c 1000 0.25 0.05 

PS-3c 50 1.00 0.1 

EGDMA1c 1000 0.25 0.1 

GMA3c 50 0.10 0.1 

 

4.2.2 Chemicals 

Actetone (Sigma-Aldrich), sodium azide (Aldrich), sodium dodecyl sulphate (SDS, 

≥ 99 %; Sigma-Aldrich), sodium hydrogen phosphate (Alfa Aesar) and TWEEN
®
 80 

(sorbitan monooleate; Fluka) were all used as received.  
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4.2.3 Preparation of the Mobile Phase 

The mobile phase was based on one described in the literature by McGowan and 

Langhorst,
1
 which had been previously used for the separation of polystyrene latexes in a 

HDC column. In a large conical flask sodium azide (0.2 g), Tween 80 (2 g), SDS (0.5 g) 

and sodium hydrogen phosphate, as a buffer, (0.02 g) were all dissolved in deionised water 

(1 l) which had previously been degassed under vacuum. The flask was then sealed and 

before each use a low flow of nitrogen was bubbled through the mobile phase for 30 

minutes.  

 

4.2.4 Separations 

Separations were performed on commercial latexes of three sizes, 100 nm, 460 nm 

and 800 nm (solid content 10 % w/v; Aldrich). The latexes were diluted with mobile phase 

before use (see Table 4.2 for details of the dilutions used with each column) and then 

sonicated for 10 minutes to ensure the highest possible monodispersity. Acetone was 

diluted to 1 % v/v in mobile phase and used as a low molecular weight marker. The flow 

rate of the pump was tailored for each column to keep the back pressure below 10 MPa 

(Table 4.2). Injection was undertaken manually and data acquisition was also started 

manually as rapidly as possible after injection (≈ 1 second). Injections were repeated in 

duplicate or triplicate. Data and chromatographs reported are averages of triplicate 

injections. 

 

Table 4.3: Comparison of the advertised with the measured diameter of the latex particles 

with the diameter measured by DLS. All samples were diluted in mobile phase before 

measurement. 

Advertised Latex Diameter 

(nm) 

Dz 

(nm) 
PDI 

100 105 0.03 

460 489 0.03 

800 830 0.01 



Chapter 4                                                       Application of PolyHIPE-UV Chromatography 

163 

The sizes of the latex particles were confirmed by diluting the particles in mobile 

phase and measuring the hydrodynamic diameter (the relevant size for chromatography) by 

dynamic light scattering (DLS) (Table 4.3 and Figure 4.2). DLS was performed on a 

Zetasizer Nano ZS (Malvern Instruments, UK) with a maximum 5 mW He-Ne laser, of 633 

nm wavelength, at 25 
o
C. 

 

 

Figure 4.2: Intensity size distributions, measured by DLS, of the commercial polystyrene 

latex particles used to test the chromatographic properties of the polyHIPE columns 

described in this chapter. 

 

4.2.5 Analysis of the Chromatograms 

Resolution of the column and the peak asymmetry factor was calculated from the 

chromatographs by the equations in sections A1.3 and A1.4 Appendix 1 of this thesis. 

 

4.3 Results and Discussion 

As mention in chapter 3 all of the polyHIPE columns also had a corresponding 

freestanding polyHIPE monolith which had been produced from the same HIPE. Since it 

was not possible to examine the internal pore structure of the polyHIPE columns, SEM 
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analysis of the corresponding polyHIPE monolith allowed an assumption to be made about 

the internal pore structure of the polyHIPE columns (chapter 3 Table 3.5). However this 

assumption is very limited as the monolithic polyHIPE columns were never allowed to dry 

and as it was unknown fully what effect drying, washing and accompanying shrinkage 

would have upon the internal structure of the polyHIPE. Formation of the final polyHIPE 

structure is a complex process with Cameron et. a.l.
16

 haveing shown that the polyHIPE 

structure is primarily developed during polymerisation whereas work by Menner and 

Bismark
17

 have shown that the final polyHIPE structure is also brought about by the drying 

process. 

As well as a flow of water (which was established in chapter 3) all the columns 

permitted flow of the mobile phase, and, when attached to the UV-VIS detector, returned a 

stable baseline. As mentioned the mobile phase was based on one detailed by McGowen 

and Langhorst1 which they used for the separation of polystyrene latexes by HDC. It is 

known that in HDC the effects of electrostatic interactions between the column bed and the 

transiting particles can be limited if the mobile phase has a suitable ionic strength.
18,19,20

 It 

was for this reason, as an attempt to minimise electrostatic interactions between the 

polyHIPE and the particles, that this mobile phase was chosen rather just using deionised 

water. All materials will acquire a surface charge when brought into contact with a polar 

liquid (such as water) by a variety of mechanisms i.e., electron affinity differences of two 

phases, ionisation of surface groups, differential ion adsorption from electrolyte solution, 

differential ion dissolution from a crystal lattice, surface anisotropy, isomorphous 

substitution.
21

 The second of these, ionisation of surface groups, was considered to be 

particularly prevalent for the polyHIPE columns due to the presence of anionic sulphate 

groups on the polyHIPE surface. These would be as a result using potassium persulphate as 

the initiator for the precursor HIPE. Potassium persulphate initiates polymerisation by 
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means of the sulphate radical anion, which leads to the formation of polymer chains 

terminated with the sulphate anion. In HIPE polymerisation where the monomer is located 

in the external phase and the initiator is located in the internal phase, initiation will likely 

happen by reaction of small amounts of dissolved monomer with a sulphate radical in the 

internal phase. This species then reacts with more monomer becoming increasing insoluble 

in the internal aqueous phase. It will then diffuse across the water-oil interface into the 

external phase. At this point it is reasonable to assume the terminal anionic sulphate of the 

propagating polymer chain will locate at the interface leading to a charged surface on 

polymerisation. 

 

4.3.1 BuMA1c, Poly(BuMA-co-EGDMA) PolyHIPE Column 

While all polyHIPE columns permitted flow of the mobile phase this did not 

necessarily translate into passage of all three sizes of latex particle (100 nm, 460 nm, and 

800 nm) through the column. Injection of the 100 nm latex onto BuMA1c (which required 

a low flow rate of 0.25 ml min
-1 

to prevent the back pressure exceeding the 10 MPa) did 

produce a chromatograph (Figure 4.3), however injection of the 460 nm latex resulted in 

the column blocking and the back pressure increasing up to the high pressure limit (10 

MPa). Even by reducing the flow rate the back pressure could not be brought down. In an 

attempt to clear the blockage, acetone was injected onto the column, it was hoped the 

acetone would dissolve the polystyrene particles clearing the blockage. Unfortunately this 

was not successful and no further injections of the latex particles were possible. 

The latex concentration of the only injection that was possible was such that it 

produced a detector response above the maximum the data logger could record, 

manifesting as a plateau at the peak maximum (Figure 4.3). This meant that retention time 

had to be estimated. To do this the equations of the two linear sections of the peak adjacent 



Chapter 4                                                       Application of PolyHIPE-UV Chromatography 

166 

to the plateau were determined and solved as simultaneous equations. This gave an 

estimated retention time of 342 seconds.  

 

 

Figure 4.3: Chromatograph of an injection of the 100 nm polystyrene latex onto the 

polyHIPE columns BuMA1c. As a result of blockage of the column after this injection, no 

further separation experiments could be carried out on this column. 

 

 The cause of the column blockage is unclear. Ideally the column could have been 

investigated by SEM after chromatographic testing, however in an attempt to restore flow 

the high pressure limit on the pump was raised and the column subsequently collapsed. It is 

not believed to be as a result of the size of the polyHIPE windows. SEM of the monolith 

BuMA1 (chapter 3, Figure 3.16), which was produced from the same HIPE as the 

polyHIPE column BuMA1c, revealed an average window diameter of 0.54 μm (or 540 nm) 

which is 80 nm larger than the 460 nm latex particles. The columns EGDMA1c and 

BMA3c did allow flow of the 460 nm particles as well as 800 nm latex particles without 

blockage and SEM of their corresponding monoliths revealed windows of a smaller 

diameter than BuMA (BMA3 windows 0.47 μm and EGDMA1 windows 0.35 μm, chapter 

3 Table 3.5). It should be mentioned here that this is highly speculative as it is not known if 
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the windows are the same size in the processed and unprocessed form of the polyHIPEs, or 

if they are affected by the pressures of flow to the HIPE. 

 

4.3.2 GMA3c, Poly(GMA-co-EDGMA) PolyHIPE column 

Initially GMA3c produced a stable base line with the mobile phase, but after an 

injection of the 100 nm latex the detector response would not stabilise and did not return to 

the baseline after the initial detection. Repeat injections were attempted but the detector 

response was continuously rising, with frequent spikes such that production of a 

meaningful chromatograph was impossible. Several injections of acetone, in an attempt to 

remove any adsorbed latex particles, were unable to restore a stable baseline and it was 

therefore decided that no further injections would be attempted. As a final investigation to 

examine the operating size range potential of the column, the 460 nm and 800 nm latex 

particles were injected on to the column. Both were able to pass through the column 

without affecting the back pressure suggesting that, had a stable signal been established, 

the column could operate over wide size range.  

 

 
Figure 4.4: SEM of the polyHIPE column GMA3c after injection of all three sizes of latex 

particles, showing the apparent adsorption of the polystyrene latex particles onto the 

column surface. 

 

The instability of the baseline, along with the frequent signal spikes, was attributed 

to the adsorption of latex particles onto the surface of the column, which would 
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periodically desorb resulting in the detector spikes. SEM of a small fragment of GMA3c, 

taken after several injections of different sized latex particles, appears to supports this 

hypothesis, revealing what would what appear to be latex particles present on the 

polyHIPE surface (Figure 4.4). 

 

4.3.3 BMA3c, EGDMA1c and PS-3C PolyHIPE Columns  

For three of the polyHIPE columns, BMA3c (poly(BMA-co-EGDMA), EGDMA1c 

(polyEGDMA) and PS-3C (poly(styrene-co-DVB)), all three sizes of latex were able to 

pass through individually, resulting in a separation on each column (Figure 4.5 to Figure 

4.9). With the exception of the 100 nm latexes on EGDMA1c (RSD = 4.7 %) each of the 

columns produced consistent retention times over duplicate or triplicate injections with the 

highest RSD being 1.6 % (Table 4.4). The reason for the variation in the retention times of 

the 100 nm latexes EGDMA1c is unknown, it may be that as these injections where 

preformed first the column was still in the process of equilibrating to the flow pressures.  

Table 4.4: Mean retention times (± 1 s) of 100 nm, 460 nm and 800 nm polystyrene latex 

particles on the various polyHIPE columns. 

Column 

Retention Time (s) 

100 nm 460 nm 800 nm 

Average %RSD Average %RSD Average %RSD 

BMA3c 47 0.0 45 0.0 49 1.0 

EGDMA1c 940 4.7 578 0.2 781 0.6 

PS-3c 

Shoulder 

110 1.5 106 0.0 
a 

n.a. 

Peak 1 

148 0.6 144 0.3 154 1.6 

Peak 2 

161 0.5 156 0.6 161 
b 

a
 Not observed on the peaks produced by the 800 nm latex 

b
 A second peak was only observed on one of the injections. 

As well as the latex particles, injections of acetone (1% v/v dilution in mobile 

phase for BMA3c and PS-3c and 1 drop in 10 ml for EGDMA1c) were also performed 

between each run. The role of the acetone was to act as a low molecular weight marker for 
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the column and also to help keep the columns clean, as it was hoped that any remaining 

latex particles would be dissolved by the acetone (the polystyrene particles were not 

believed to be crosslinked). 

 While all three columns could separate the latex particles, the mechanism, or 

mechanisms, of the separations are not understood. None of the columns produced a linear 

size based separation and the elution order of the particles was not consistent between the 

columns (Table 4.8) 

 

 

 

 

 

 
Figure 4.5: Averaged chromatograph of triplicate injections of 100 nm, 460 nm and 800 

nm polystyrene latexes and an acetone marker through a HPLC column containing benzyl 

methacrylate/EDGMA polyHIPE as a stationary phase. 
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Table 4.5: Mean retention times (± 1 s) of triplicate 

injections of the latex particles injected into the 

polyHIPE column BMA3c. 

Latex Size (nm) 100  460  800  Acetone 

rt (s) 47 45 49 98 
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Figure 4.6: Averaged chromatograph of triplicate injections of 100 nm, 460 nm and 800 

nm polystyrene latexes, as well as an acetone marker, produced by the poly(styrene-co-

DVB) polyHIPE column PS-3C. The insert in the top right shows an enhanced view of the 

800 nm peak profile. 

  
Figure 4.7: Averaged chromatograph of triplicate injection of 100 nm, 460 nm and 800 nm 

polystyrene latexes and a low concentration acetone marker (1 drop in 10 ml) on the 

polyHIPE column EDGMA1c. The 100 nm peak tail continues to approximately 3500 

seconds but is cut off here to make the peak maximum clearer. 
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Table 4.7: Mean retention times (± 1 s) of triplicate 

injections of the latex particles injected into the 

polyHIPE column EGDMA1c. 

Latex Size (nm) 100  460  800  Acetone 

rt (s) 940 578 781 690 

 

Table 4.6: Mean retention times (± 1 s) of 

triplicate injections of the latex particles injected 

into the polyHIPE column PS-3c. Using the first 

peak of the doublet as the retention time 

Latex Size (nm) 100  460  800  Acetone 

rt (s) 148 144 154 170 
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Table 4.8: Elution order of the polystyrene latex particles off each of the three polyHIPE 

columns which produced a separation. 

Column Elution Order 

BMA3c 460 nm – 100 nm – 800 nm – Acetone 

PS-3c 460 nm – 100 nm – 800 nm – Acetone 

EGDMA1c 460 nm – Acetone – 800 nm – 100 nm 

 

Separations on BMA3c and PS-3c both resulted in the same elution order (460 nm 

– 100 nm – 800 nm - Acetone) and as can be seen in Figure 4.5 and Figure 4.6 respectively 

both columns had similarly poor resolution with significant overlap of chromatographic 

peaks. The retention time window of the particles was only 4 seconds on BMA3c and 6 

seconds on PS-3c (taking the first peak of the doublet). The peak overlap was such that if a 

mixture of particles was injected it would be impossible to distinguish the individual peaks. 

Due to the obvious level of peak overlap it was not deemed meaningful to calculate the 

resolution.  

PS-3c also produced a highly unorthodox peak shape characterised by a shoulder 

before the main peak, with the main peak being split into a doublet. The shoulder was 

visible on the chromatograph regardless of the injection identity, though it was not distinct 

enough to determine an associated retention time with injections of the 800 nm latex or 

acetone. Each individual element of the peak displayed separation and, when the retention 

time could be determined, the order of separation was consistent e.g., the first and second 

peak of the doublet both eluted in the order 460 nm – 100 nm – 800 nm. As the peak shape 

was consistent and reproducible it is unlikely that they were caused by a poorly performed 

injection. The three separate elements of the peak could possibly indicate that there was 

more than one distinct path through the column each resulting in a different retention time. 

These different paths could have resulted for several different reasons e.g., poor packing of 

the column, large poorly emulsified water droplets in the HIPE resulting a large void space 

in the polyHIPE column. However, as no characterisation of the polyHIPE monoliths after 
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the separations were performed without further investigation this only speculative at this 

point.  

For both PS-3c and BMA3c the acetone marker eluted last, as would be expected of 

a size based separation based on the greater excluded volume of larger species. This could 

be an indication that there are two mechanisms at work within the column which operate at 

different size ranges, resulting in the 800 nm particles being separated by a different 

mechanism to the one that separated the 100 nm and 460 nm latex particles and acetone. 

However, to establish if this is truly the case would require further work with a wider range 

of particle sizes. 

The peak tailing observed with both BMA3c and PS-3c suggests that there is a 

certain amount of on column interactions. While a degree of peak tailing is unavoidable in 

all forms of chromatography, the asymmetry factors of the peaks (Table 4.9) in the 

chromatograph produced by BMA3c are all > 2 which would be considered poor by 

chromatographic standards, as above this value the resolution becomes compromised.
22

 

The unorthodox peak shapes produced by the column PS-3c prevented a reliable 

calculation of the peak asymmetry factors  

Table 4.9: Peak asymmetry factors (As) in the chromatographs produced by the polyHIPE 

columns BMA3c and EGDMA1c. The chromatographs are displayed in Figure 4.5 

(BMA3c) and Figure 4.7 (EGDMA1c). 

Column 
Peak Asymmetry (As) 

100 nm 460 nm 800 nm Acetone 

BMA3c 5.1 4.5 4.8 4.4 

EGDMA1c 6.2 6.1 1.7 1.9 

 

While only minimal separation was observed with polyHIPE columns BMA3c and 

PS-3c, this was not the case with EGDMA1c which produced significant differences in 

retention time between latex particles (Figure 4.7). The differences in retention times 

meant that a meaningful resolution between the latex peaks could be calculated (Table 

4.10).  
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Table 4.10: Calculated resolution between the peaks of the different latex particles on the 

polyHIPE column EGDMA1c, calculated from elution order.  

Column 
Peak Resolution (Rs) 

460 nm – 800 nm 800 nm – 100 nm 

EGDMA1c 0.52 0.22 

 

Interestingly the peak shape was not consistent, with peaks produced by the 100 nm 

and 460 nm latexes having a different peak shape to the one produced by the 800 nm latex. 

The considerable peak tailing which resulted in high peak asymmetry factors (Table 4.10) 

suggests that a significant amount of column interactions were present for runs of the 100 

nm and 460 nm particles, while the peak profile of the 800 nm particles is much closer to 

an ideal Gaussian function, and therefore has a much lower asymmetry factor. This 

suggests the 800 nm particles interacted far less with the column. This could indicate that 

there may be more than one separation mechanism operating within the column with the on 

column interactions being influenced by the size of the particles.  

It is possible that with further work the peak tailing observed on all of the columns 

could be reduced by a fine tuning of the mobile phase to one more applicable to the 

individual columns, rather than one appropriated from another use. 

As mentioned in the experimental section, in between repeat injections of latex 

particles there was an injection of dilute acetone. As well as acting as a low molecular 

weight marker it was also hoped to remove any particles which absorbed to the column 

surface. If this injection of acetone was omitted in between repeat injections of latex 

particles there was an accompanying decrease in the peak maxima (Figure 4.8). This is 

further evidence of on column interactions, with the decrease in peak maxima being 

attributed to increasing adsorption of latex particles on the column surface. Peak intensity 

could be restored on injection of acetone on to the column which it is believed dissolved 

the adsorbed polystyrene latex particles, which as mentioned were not believed to be cross-

linked. 
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The presence of on-column interactions between the polyHIPE and the latex 

particles may also be evidenced by the long retention times. Assuming that the 90% 

internal phase HIPE formed a monolithic stationary phase with 90% internal free volume, a 

column with an i.d. of 4.6 mm and a length of 150 mm would give a volume, accessible to 

eluent and latex, of 2.24 cm
3
. At a flow rate of 0.25 ml min

-1
, an analyte injected onto the 

column would take 539 seconds to transit it, or less, if there were size-exclusion effects. 

For the polyHIPE monolithic column 'EGDMA1c', all values for retention time were 

greater than this, indicating the possibility of on-column interactions. 

  

Figure 4.8: Peaks produced by repeat injections of the 460 nm polystyrene latex onto the 

polyHIPE column EGDMA1c without an injection of acetone in between injections. The 

repeat injections (green), (a) injection 1, (b) injection 2 and (c) injection 3, display a 

decrease in absorption intensity which was restored when the column was flushed with an 

injection of acetone prior to a (d) further fourth injection of latex particles (orange).  

 

4.3.4 Effect of Aging on the PS-3c PolyHIPE column. 

The column PS-3c was aged for 61 days and the latexes were injected again in 

triplicate. As before, peaks displayed a consistent shape and retention time and the three 
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injections were averaged to produce the chromatogram in Figure 4.9. However while 

consistent with each other, both the peak shape and retention times were different from the 

initial injections producing a chromatogram which appeared considerably different from 

the one shown in Figure 4.6. As with the previous injections, multiple peaks were present 

with each latex, as well as the acetone marker. The shoulder which had previously been 

observed was no longer present and a third peak appeared with a much longer retention 

time. There was now no separation observed between the main peaks (retentions times 

were within 1 second which is within the error of the measurements) though there was a 

separation between the third peaks with a different separation order than before (Table 

4.11). 

 

Table 4.11: Retention times of the various peaks associated with the chromatograph 

produced by the polyHIPE column PS-3c after aging for 61 days. 

Column 
Retention Time (s) 

100 nm 460 nm 800 nm Acetone 

PS-3c 

Aged 61 Days 

Peak 1 

97 96 97 113 

Peak 2 

None 109 106 None 

Peak 3 

299 275 264 192 

 

 

The cause of this change in chromatographic performance with age is unknown. It 

may have arisen from reaction of the polyHIPE with the components of the mobile phase 

within the column over the aging period, or, if the seal on the column was poor, from 

drying effects which would change the polyHIPE morphology and diameter over the aging 

time.  
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Figure 4.9: The average chromatograph of triplicate injections of 100 nm, 460 nm and 800 

nm polystyrene latexes, as well as an acetone marker, onto the styrene/DVB polyHIPE 

column PS-3C 61 days after the initial experiments with the same latexes. 

 

 

4.4 Conclusions 

 PolyHIPE columns produced from three different polymers (Poly(BuMA-co-

EGDMA), poly(styrene-co-DVB) and polyEGDMA) have all been able to separate 

polymer latex particles over a wide size range (100 nm to 800 nm). However, resolution 

was not particularly good for the polyHIPE columns BuMA3c and PS-3c. While the 

resolution was somewhat better for the polyHIPE column EGDAM1c, it was compromised 

by significant peak tailing, which was present with all of the columns. Tailing could likely 

be reduced by using a mobile phase more suited to the columns.  

The mechanism of separation is not understood and it is possible, particularly with 

EGDMA1c, that there is more than one mechanism at operation within the columns.  
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The polyHIPE column PS-3c column was shown to be unstable to aging, producing 

a very different chromatogram the original experiments after 61 days after of aging with 

significant differences in retention time and peak shape.  

As none of the particles separated in this chapter were below 100 nm (the current 

European definition of a nanoparticle)
23

 it was decided that further work, which is detailed 

in chapter 6 of this thesis, would be carried out. A new set of columns (one polyEGDMA 

and one poly(styrene-co-DVB)) was to be produced and they would be investigated to see 

if it was possible to separate engineered nanoparticles with diameters of less than 100 nm.  
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Chapter 5 

Synthesis and Characterisation of Lanthanide Containing 

Polystyrene Nanoparticles by  icro-Emulsion 

Polymerisation for Use as Analytical Standards to be Used 

with Hydrodynamic and PolyHIPE Chromatography 

 

 

 

5.1 Introduction 

 As with all areas of nano-science, interest in polymeric nanoparticles (PNPs) has 

expanded considerably over the last 20 years. This is due in part to their increased use in a 

wide variety of practical applications, such as electronics,
1
 photonics,

2
 adhesives,

3
 

coatings,
4
 sensors,

5
 drug delivery

6,7
 and environmental technologies.

8
 Due to the ease and 

reproducibility with which they can be manufactured and their relative stability and 

chemical inertness, PNPs (often referred to as latexes when present as an aqueous 

dispersion) are also regularly used as calibration standards for a variety of different 

analytical techniques [e.g., Field Flow Fractionation (FFF),
9
 optical particle counting,

10
 

Hydrodynamic Chromatography (HDC)].
11

 However, because of the high ionisation 

energy of carbon (11.2030 eV, compared to sodium at 5.1391 eV), the main component in 

the particle matrix, PNPs cannot be used with separation techniques that utilise the 
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element-specific detection capability of Inductively-Coupled Plasma Mass Spectrometry 

(ICP-MS), as the element is virtually undetectable.  

 

5.1.1 Aims and Objectives  

The aim of the work carried out in this chapter was the development, production 

and characterisation of a range of well-defined, lanthanide-doped spherical PNPs. The 

particles were specifically intended for use analytical standards for use with HDC- and 

polyHIPE-ICP-MS chromatography (which is described in chapter 6), although they will 

retain their applicability for use with other detection techniques. Particles were to be 

prepared over the size range 40 – 160 nm, containing several different metals and 

stabilised by different surfactants (three particle sizes, three metals and two surfactant 

systems). 

The choice of metal was based on two criteria:  

1. Ionisability in an ICP-MS – the lower the ionisation energy; the greater the 

instrument response; the less of the element required in the particle. 

2. Environmental abundance of the element – the lower the likely concentration of the 

element in environmental samples, the smaller the number of doped particles 

required for extraction efficiency experiments, etc 

For these reasons, three elements were chosen from the Lanthanide section of the 

periodic table; dysprosium (Dy), gadolinium (Gd) and neodymium (Nd) the relevant 

properties of which are displayed in Table 5.1. 

Table 5.1: Earth’s crust abundance and ionisation energy of the three chosen lanthanides 

displayed, along with sodium for comparison to a highly abundant and readily ionisable 

metal 

Metal Earth's Crust Abundance (p.p.m) Ionisation energy (eV) 

Neodymium 38 5.5250 

Gadolinium 7.7 6.1498 

Dysprosium 6 5.9390 

Sodium 23,000 5.1391 
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Regarding the choice of stabilising surfactant; Sodium dodecyl sulphate (anionic) 

and Pluronic-F68 (non-ionic) were chosen to allow control over the surface charge of the 

particles enabling the potential different charge interactions to be investigated.  

Particle sizes were controlled by tailoring the amounts of surfactant and initiator to 

produce particles sets containing three sizes of particle (~ 160, ~80 and ~40 nm). The need 

for three sizes of particles was based on having a range of potential calibrants above and 

below the 100 nm value defined as being ‘nano’.
12 

 

 

5.1.2 Polymer Nanoparticles: Synthesis Methods 

Polymer nanoparticles are commonly defined as colloidal systems with a lower size 

range of 5-10 nm and an upper size range of 1000 nm, although the majority of preparation 

methods yield particles of 100 to 500 nm.
13,14

 The term ‘polymer nanoparticle’ can be used 

to refer to any polymer nanomaterial, although it is most often used to refer specifically to 

polymer nanomaterials with a spherical morphology. The work detailed in this chapter 

only focused on the production of nano-spheres. As such, other morphologies (e.g., 

polymer nano rods,
15

 nano fibres
16

 and nano cubes
17

) will not be covered in this 

introduction. 

Spherical PNP production can be broadly separated into two methodological 

approaches:  

1. Preparation from pre-formed polymers. 

2. Polymerisation of monomers in-situ.  

 

5.1.2.1 Polymer Nanoparticles: Synthesis by using pre-formed polymers 

Common methods of PNP production using ‘pre-formed polymers’ include: solvent 

evaporation,
18

 emulsification-diffusion,
19,20

 salting out,
21

 nanoprecipitation,
22,23

 dialysis 
24
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and supercritical fluid technology.
25,26

 These methods typically produce particles larger 

than 100 nm in diameter. As one of the aims of this work was to produce particle systems 

well below this size (~40 nm), these techniques were not used in any of the work presented 

in this chapter. They are only mentioned for completeness, if greater detail is required, the 

reader is recommended to read the reviews by Nagavarma et al.,
27

 Rao and Geckeler,
28

 

Vauthier and Bouchemal
29

 and Allouche.
30

 

 

5.1.2.2 Polymer Nanoparticles: Synthesis by using in-situ polymerisation 

For the purposes of this project, the PNPs needed to meet the following criteria:  

1. To easily accommodate the incorporation of ICP-MS detectable elements. 

2. To cover a range of sizes below 100 nm, in order to meet the European 

definition of ‘nano.’
12

 

3. Have a zero (or as low as possible) surface charge, to minimise charge 

interactions within the HDC column and with other particles.  

The three general approaches which can be used to produce ‘tailored’ PNPs from 

in-situ polymerisation are, (1) emulsion-based techniques, (2) interfacial 

polymerisation,
31,32

 and (3) controlled/living radical interfacial polymerisation.
33,34,35

 As 

initial work focused on the former approach, and was found to produce particles with the 

desired attributes, the remainder of this chapter will focus on the use of emulsion-based 

techniques. 

 

5.1.2.2.1 Emulsion Polymerisation 

 In-situ polymerisation within emulsion systems allows the formation of PNPs with 

well-defined and specifically tailored properties, and is the subject of the majority of the 

literature on PNPs. Different emulsion polymerisation techniques are compared in Table 
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5.2, and can be classified as macro-emulsion polymerisation (often referred to as 

‘conventional emulsion’ or ‘emulsion polymerisation’), mini-emulsion polymerisation, and 

micro-emulsion polymerisation. The latter is the technique utilised for the synthesis of the 

PNPs described in this chapter. 

 

Table 5.2: Comparison of the different emulsion systems used for the polymerisation of 

monomers to produce PNPs. Data from refs. 28, 30 & 52. 

Property Macro-Emulsion 
a
 Mini-Emulsion Micro-Emulsion 

Thermodynamic Stability Un-Stable Meta-Stable Stable 

Stability Period 
b
 Seconds-Months Hours-Months Indefinite 

Typical PNP Diameter 50-300 nm 50-500 nm 30-100 nm 

Polydispersity Low Very Low Very Low 

Typical Droplet Size 1-10 μm 40-300 nm 5-50 nm 
a
 Includes surfactant-free emulsion polymerisation 

b
 Assuming consistent storage conditions  

 

5.1.2.2.2 Macro-Emulsion Polymerisation 

 Macro-emulsion polymerisation is often considered the traditional method to 

generate PNPs, and, despite the emergence of new emulsion techniques, is still widely 

used. A monomer is emulsified in an aqueous/surfactant phase, forming large monomer 

droplets. The surfactant acts to suppresses coalescence of the monomer droplets, 

preventing emulsion degradation. The excess surfactant forms micelles within the aqueous 

phase, and small amounts of monomer diffuse from the larger droplets into them, forming 

monomer swollen micelles. After emulsification an initiator, usually a water soluble 

radical or ionic species (although radiation has been used),
36

 is introduced into the system. 

The polymerisation mechanism and rate kinetics can be described by the Smith-Ewart-

Harkins theory (Figure 5.1)
37,38

 and are divided into three stages. Stage I: Due to the 

surface area of the monomer swollen micelles being much greater than that of the 

monomer droplets, initiation will typically begin within them. The rate of polymerisation 

increases as more and more micelles are initiated. Stage II: Monomer contained within the 
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micelles polymerises, and the growing chain quickly terminates, resulting in a polymer 

particle. At this stage the emulsion contains both monomer droplets and polymer particles. 

Continued polymerisation within the micelles is fed by monomer diffusing through the 

water phase from the large monomer droplets into the micelles. During this stage the rate 

of polymerisation is constant and particle growth is exclusively by micellar nucleation. 

Stage III: continued diffusion of monomer, from the droplets to the micelles, causes the 

monomer droplets to shrink. The rate of polymerisation decreases as the monomer droplets 

are depleted and disappear, leaving behind only polymer particles. 

 

 

 

 

 

 

 

 

 
Figure 5.1: Top: Schematic diagram of the three stages of emulsion polymerisation 

described the Smith-Ewart-Harkins model. Bottom: rate profile of a typical emulsion 

polymerisation. 

 

If the monomer has moderate water solubility, such as methyl methacrylate, or the 

polymerisation takes place below the critical micelle concentration of the surfactant, 

homogeneous nucleation of particles within the aqueous phase will also be observed.
39

 The 

resulting particles will then originate from both homogeneous and micellar nucleation 

mechanisms.
40

 Emulsion polymerisation has been used to synthesise many different PNPs, 
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such as polystyrene,
41,42

 poly(methyl methacrylate)
43

 and poly(alkylcyanoacrylate), 

amongst others.
44

 

A sub-set of macro-emulsion polymerisation is ‘Surfactant-Free Emulsion 

Polymerisation’, where particles are formed without use of a surfactant. This has the 

advantage that it negates the often difficult, and time consuming, stage of surfactant 

removal. However limitations exist with respect to particle size control and production of 

monodisperse particles. 
45

 

The typical components of this method are an aqueous continuous phase, a water 

soluble initiator and monomers, usually vinyl or acrylic. To maintain emulsion stability, 

non-surfactant stabilisers are used e.g., oleic acid
46

 or poly(vinyl alcohol).
47

 Co-solvents, 

such as ethanol
48

 and acetone,
49

 are also frequently employed. In surfactant-free systems, 

stabilisation of the resultant PNPs is often achieved through the use of ionisable initiators 

or ionic co-monomers.
28

 Homogenous nucleation
50

 and micellar-like nucleation
51

 have 

both been proposed as mechanisms for particle growth in surfactant-free emulsion 

polymerisation.  

 

5.1.2.2.3 Mini-Emulsion Polymerisation 

 Emulsions can degrade by two processes:  

1. Coalescence, in which dispersed droplets merge.  

2. Ostwald ripening (or diffusion degradation), in which the contents of a 

monomer droplet gradually diffuse, through the aqueous phase, into another 

droplet, causing the first droplet to shrink.  

In macro-emulsions the surfactant suppresses the effect of coalescence, but the 

emulsion can still degrade by Ostwald ripening. In mini-emulsions Ostwald ripening is 

reduced by the addition of a co-stabiliser (sometimes referred to as a co-surfactant), 
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typically a highly hydrophobic long chain alkane or alcohol, to the monomer phase.
52

 To 

operate effectively the co-stabiliser must be highly insoluble in the continuous phase so 

that it cannot diffuse from one droplet to the other. This provides an osmotic pressure in 

the droplet counteracting the Laplace pressure which would normally drive Ostwald 

ripening.
53

 A typical formulation for an oil-in-water (o/w) mini-emulsion polymerisation 

consists of an aqueous phase, containing a surfactant and the initiator, and a monomer 

phase, containing the hydrophobic monomer and co-stabiliser.  

A further difference between macro- and mini-emulsion polymerisation is the 

method of mixing; whereas macro-emulsions are emulsified by mechanical mixing, mini-

emulsions require high energy emulsification techniques, such as a high power ultrasound 

or a high pressure homogeniser. Once emulsified, polymerisation is initiated within the 

emulsion droplets by addition of an initiator to the aqueous phase. Though radical 

polymerisation is most frequently employed, other methods, such as polyaddition
54

 and 

ionic polymerisation
55

 have been used. 

 

 

Figure 5.2: Schematic representation of an o/w mini-emulsion polymerisation. 

 

As both Ostwald ripening and coalescence are suppressed, polymerisation is not 

kinetically dependent upon the diffusion of the monomer through the aqueous phase as it is 
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with macro-emulsion polymerisation. This means that with respect to Smith-Ewart-Harkins 

kinetics no stage II is present, and polymerisation is exclusively through droplet 

nucleation.
52

 The number and size of droplets/particles remains constant throughout 

polymerisation, radicals enter the droplets and initiate polymerisation within, allowing 

each droplet to be considered an individual reactor (Figure 5.2).
30

 

 

5.1.2.2.4 Micro-Emulsion Polymerisation 

Micro-emulsions are a class of thermodynamically-stable emulsions. They form 

spontaneously, are optically transparent and possess a near zero interfacial tension at the 

oil-water interface. They typically are composed of four components; a water phase, an oil 

phase, a surfactant and a co-surfactant (though this is not always present). The diameter of 

the micro-emulsion droplets is significantly less than observed in macro-emulsions, and 

can be as small as 5 nm. This leads to a very large interfacial area; hence micro-emulsions 

require large volumes of surfactant, typically 5-10% w/w.
56

 However, by using a semi-

continuous, or starved feed method, in which the monomer phase is added slowly or in 

multiple additions, it has been possible for surfactant concentrations as low as 1% w/w to 

be employed.
57,58,59

  

For o/w micro-emulsions the co-surfactant is typically a medium chain length 

alcohol and in micro-emulsions stabilised with an ionic surfactant, with a single aliphatic 

tail (e.g., CTAB), a co-surfactant is almost always utilised. However, for double-tailed 

ionics and some non-ionics, co-surfactants may not be required. Because the co-surfactant 

penetrates between the surfactant molecules at the interface, altering the packing and 

allowing optimum interfacial curvature thereby lowering the interfacial tension to near 

zero, it is often critical in dictating the micro-emulsion stability and droplet size.
60
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Micro-emulsion polymerisation is a relatively new, and still developing, approach 

to the production of PNPs and allows the production of PNPs of less than 50 nm (not 

attainable with macro-emulsion polymerisation).
56

 The first reported polymerisation (of 

methyl methacrylate, in a globular o/w micro-emulsion system) was in 1980 by Stoffer and 

Bone.
61,62

 With the first described micro-emulsion polymerisation of styrene reported, soon 

afterwards, by Atik and Thomas in 1981.
63

 It is these two systems, styrene and methyl 

methacrylate, which are the most represented in the literature. Inverse micro-emulsion 

polymerisation has also been reported, first by Leong and Candau in1982,
64

 however, this 

chapter will only focus on o/w systems.  

Despite the apparent similarities of the micro- and macro-emulsion polymerisation 

process i.e., both methods produce colloidal particles with a high molar mass, they differ 

kinetically. With relation to Smith-Ewart-Harkins kinetics, the stage of constant rate 

(corresponding to particle growth) is not present in micro-emulsion polymerisation, 

because particles are constantly being created throughout the process. In micro-emulsion 

polymerisation there are only two distinct kinetic stages: 

Stage 1: Rate increases, until around 20-25% of monomer conversion, when 

maximum rate is reached. 

Stage 2: Rate decreases with further polymerisation.  

These kinetic stages are generally interpreted as particle nucleation primarily happening 

within stage 1 and further particle growth during stage 2.
65

  

Polymerisation is, typically, initiated by a water-soluble radical species and is 

believed to take place by the following mechanism: Primary radicals, generated from the 

initiator, react with some dissolved monomer creating radical oligomers. These have an 

even greater hydrophobicity and are then harvested by the micro-emulsion droplets, at 

which point the monomer within the droplet is then initiated, beginning the formation of 
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particles. The newly formed latex particles continue to grow from a supply of monomer 

from other ‘feeder’ droplets until terminated by chain transfer to monomer (Figure 5.3: 

Schematic representation of micro-emulsion polymerisation of a monomer with a low 

solubility in the continuous phase. (a) Shows the un- initiated micro-emulsion, (b) shows 

the diffusion of monomer from monomer swollen micelles to growing particles (monomer 

can also be exchanged by collisions)
56

 and (c) shows the final polymer latex.Figure 

5.3).
66,67,68 

 
 
Figure 5.3: Schematic representation of micro-emulsion polymerisation of a monomer with 

a low solubility in the continuous phase. (a) Shows the un- initiated micro-emulsion, (b) 

shows the diffusion of monomer from monomer swollen micelles to growing particles 

(monomer can also be exchanged by collisions)
56

 and (c) shows the final polymer latex. 

 

The mechanism of polymerisation and particle formation is highly dependent upon 

the solubility of the monomer in the aqueous phase. For monomers with low water 

solubility, such as styrene, (0.031% at 25 
o
C),

69
 particle nuclei are generated within the 

emulsion droplets by capture of radicals. Particle growth then proceeds by droplet 

nucleation, throughout polymerisation, whereby growing particles acquire surfactant and 

monomer from uninitiated droplets. As the amount of monomer present in the aqueous 

phase is insufficient for particle nucleation homogenous nucleation is insignificant, and 

radicals generated in the aqueous phase are harvested by excess droplets. For systems 

using a monomer of non-trivial water solubility, such as methyl methacrylate (1.5% at 25 

(a) (b) (c) 
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o
C),

70
 there will be sufficient monomer in the aqueous phase for homogenous nucleation to 

occur.
71

 

Micro-emulsion polymerisation will generally produce polymers with a much 

higher Mw than conventional radical polymerisation, frequently of the order of 10
6 

Da
72,73

 

with molecular weights as high as 3.3 x 10
7
 Da being reported.

74
 Final particle size can be 

controlled by the initial micro-emulsion formulation. Should a range of particle sizes be 

required, it is possible to achieve this by tailoring initial micro-emulsion formulation. 

Keeping the identity of all components the same, but varying their relative amounts, allows 

for the production of particles with a designed size e.g., a decrease in relative initiator
75

 or 

surfactant
76

 amounts results in an increase in final particle size.  

 

5.1.3 Homogenous Encapsulation of Metal Complexes within PNPs 

Encapsulation of molecules within polymer nanocapsules is widely reported in the 

literature.
77,78

 It is most commonly used in the pharmaceutical sciences for the 

encapsulation and delivery of drugs,
79,80

 with cases of encapsulation of metal containing 

species such as metal oxides
81

 and metal complexes
82

 also reported. Homogeneous 

encapsulation (or dispersion) of metal complexes within the matrix of the PNPs is less 

common than within hollow particles; however this can be achieved with macro- and mini-

emulsion polymerisation (homogenous encapsulation is less common for all materials but 

this chapter is only focusing on metal complexes). For the metal complex to be 

homogeneously encapsulated it must be soluble in the monomer phase but insoluble in the 

continuous phase. Therefore, when an emulsion is formed the metal complex will be 

located within the monomer droplets and monomer swollen micelles. Upon 

polymerisation, the resulting polymer particle contains the homogeneously dispersed 
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complex.
83

 This technique has been utilised by several researchers to incorporate metal 

complexes in a variety of particle systems examples of which are shown in Table 5.3. 

Inverse micro-emulsions have been used to encapsulate metals with inorganic 

nanoparticles (NPs). Cerium, europium, manganese and neodymium were encapsulated 

within BaMgF4
84

 NPs, and neodymium has been encapsulated in barium fluoride NPs
85

  

However, there are, as far as the author is aware, no reported cases of micro-emulsion 

polymerisation being applied for the homogeneous dispersion of metal complexes within 

PNP’s. 

Table 5.3: Literature examples of the use of emulsion polymerisation techniques for the 

homogeneous dispersion of metal complexes within PNP’s. Abbreviations: PSt; 

Polystyrene, PMMA; Poly(methyl methacrylate), PBA; Poly(butyl acrylate), PLMA; 

Poly(lauryl methacrylate), PHEMA; Poly(2-hydroxyethyl methacrylate), PAA; Poly(acryl 

amide), PMPC; Poly(2-methacryloyloxyethyl phosphorylcholine), DVB; Divinylbenzene 

Emulsion Type Particle Type 
Metals 

Incorporated 

Particle Size 

Range 
Reference 

Mini-emulsion PSt & PMMA Pt, Fe, Eu 107-148
a
 

86
 

Macro- & 

mini-emulsion 
PSt Pt, In, Fe, Cr, Zn 102-374

a
 

87
 

Mini-emulsion 
PSt, PBA, PLMA & 

PMMA 

Eu, Nd, Y, Pr, Sm, 

Nd 
62-167

b
 

88 

Inverse 

mini-emulsion 
PHEMA Co 68-188

a
 

89 

Inverse 

mini-emulsion 
PAA Zn 149-333

a
 

90 

Inverse 

mini-emulsion 
PHEMA & PMPC Ag 132-161

a
 

91 

Mini-emulsion PSt, PBA, PLMA 
Gd, Al, Sm, Eu, 

La, Nd, Ho 
164-363

a
 

92 

Mini-emulsion P(St/DVB/LMA) Ho, Tb, Eu, Pr 36-88
a
 

93 

Mini-emulsion P(St/DVB) Eu 19-97
a
 

94 

Macro-

emulsion 
PSt Eu, Tb, Ho 162-1466

c
 

95 

Sizing by a: by dynamic light scattering,  

                b: photon cross-correlation spectroscopy  

    c: scanning electron microscopy. 
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5.2 Experimental 

5.2.1 Materials 

 Styrene (Sigma-Aldrich) was distilled under reduced pressure to remove inhibitors, 

and stored at 20 
o
C before use. Sodium dodecyl sulphate (SDS; Fisher) and potassium 

persulphate (KPS; Fisher) were re-crystallised from ethanol and water, respectively, before 

use. Neodymium chloride hexahydrate (NdCl3·6H2O 99.9%; Aldrich), dysprosium 

chloride hexahydrate (DyCl3·6H2O, 99.9%; Alfa Aesar), gadolinium chloride hexahydrate 

(GdCl3·6H2O 99.9%; Aldrich), neodymium acetylacetonate hydrate (Nd(acac)3·xH2O; 

Aldrich) chromium (III) acetylacetonate (Cr(acac)3; Acros Organics), n-dodecane (Alfa 

Aesar), Pluronic
®
 F-68 (Poly(ethyleneglycol)-block-poly(propylene glycol)-block-

poly(ethyleneglycol) average Mn ≈ 8,400; Sigma), Tween 80 (polysorbate 80; Fluka), Span 

80 (sorbitan monoolate; Fluka), 1-(2-Naphthoyl)-3,3,3-trifluoroacetone (NTFA, 99%; Alfa 

Aesar), magnesium sulphate (Fisher), ammonia solution (35 %; Fisher), dichloromethane 

(DCM; Sigma-Aldrich) and 2-propanol (Sigma-Aldrich) were all used as received. De-

ionised water was for all polymerisations and syntheses. 

 

5.2.2 Preparation of the Lanthanide Complexes. 

 As preparation of the lanthanide (rare earth) complexes is already documented in 

the literature,
96,97

 only a brief description is provided here. The amounts of lanthanide 

chloride and the ligand, NTFA (structure in shown in Figure 5.4), used for each complex 

are listed in Table 5.4. NTFA was dissolved by sonication (15 min), in a mixture of ethanol 

(50 ml) and ammonia solution (19 ml). The desired lanthanide chloride hexahydrate was 

dissolved in deionised water (10 ml) and then added, drop-wise, with stirring, to the NTFA 

solution. This resulted in instantaneous precipitation of the complex. The mixture was kept 

stirring for 24 hours in a sealed vessel. 
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Figure 5.4: Structure of the diketone 1-(2-naphthoyl)-3,3,3-trifluoroacetone, which acts as 

the ligand in the described synthesis. 

 

The product was extracted into dichloromethane (50 ml), and then washed with 

four aliquots (50 ml) of deionised water. The DCM layer was then dried with magnesium 

sulphate, and Buchner filtered. DCM was removed on a rotary evaporator to collect the 

final product. The resulting solid was dried overnight under vacuum at 60 
o
C. The yields of 

each complex are reported in Table 5.4. To confirm the identity of each complex, 

elemental analysis was performed at the School of Chemistry, The University of 

Manchester, and the data is presented in Table 5.5. 

Table 5.4: Yields of the Lanthanide 1-(2-Naphthoyl)-3,3,3-trifluoroacetone complex 

Rare 

Earth 

Metal Chloride 

Mass 

(g / mmol) 

Ligand Mass 

(g / mmol) 

Complex 

Yield 

(g / mmol) 

Theoretical Yield 

(g / mmol) 

Yield 

(%) 

Gd 0.55 / 1.48 1.18 / 4.54 1.14 / 1.20 1.41 / 1.48 85 

Nd 0.71 / 2.00 1.60 / 6.00 0.85 / 0.90
 a
 1.88 / 2.00 n.a.

a
 

Dy 0.75 / 2.00 1.60 / 6.00 1.76 / 1.84 1.92 / 2.00 92 
a In isolating the product a significant amount of DCM phase was spilt. 

Table 5.5: Expected and found elemental compositions of the lanthanide complexes.  

Metal 

Complex 

Carbon (%) Hydrogen (%) Metal (%) 

Expected Found Expected Found Expected Found 

Gd 52.93 54.24 2.54 2.60 16.50 14.64 
Nd 53.67 54.45 2.58 3.08 15.35 15.75 
Dy 52.64 50.94 2.53 2.99 16.96 17.24 

 

5.2.3 Synthesis of Latex Particles 

5.2.3.1 Synthesis of Metal Containing (Chromium/Lanthanide) Latex Particles 

The exact amounts of the various emulsion components are listed in sections 1 to 4 

of Table 5.6 for the chromium containing particles and in sections 7 to 9 of Table 5.6 for 
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the lanthanide containing particles. The synthesis of the chromium containing particles was 

split into four separate experiments and synthesis of the lanthanide containing particles into 

three batches; however the procedure for all systems was broadly the same. As such a 

typical procedure, taking CrSt5 as the example, is as follows: In a 4 neck round bottom 

flask the surfactant, SDS, (0.5 g) was dissolved in de-ionised water (45 ml)
i
. The flask was 

then fitted with an IKA RW20.n overhead stirrer with a PTFE paddle through the central 

neck. A reflux condenser and an addition funnel were attached to two of the side necks of 

the flask. The remaining neck was sealed with a Suba seal. The solution was then heated 

to70 
o
C. Separately, KPS (0.1 g) was dissolved in de-ionised water (5 ml) and sealed. Both 

solutions where then purged with nitrogen (30 mins). 

N-dodecane (0.05 g) and Cr(acac)3 (0.05 g) were dissolved in styrene (5 g). The 

monomer phase was then placed in the addition funnel and purged with nitrogen (30 min). 

Once the SDS solution reached temperature (70 
o
C), and all solutions had been purged 

with nitrogen, the monomer phase was added drop wise, via the addition funnel. Once 

addition of the monomer phase was complete, the initiator solution was introduced into the 

micro-emulsion, and polymerisation was allowed to continue (3 hours at 70 
o
C). Once 

polymerisation was complete, the reaction mixture was allowed to cool to ambient 

temperature and then passed through filter paper to remove any polymer grist. Latexes 

were then stored at 3 
o
C.  

 

5.2.3.2 Synthesis of Metal Free Latex Particles 

 For the metal free latex particles the exact amounts of the various micro-emulsion 

components are listed in Section 6 of Table 5.6. Despite the differences in emulsion  

                                                 
i For some of the lanthanide containing particle systems (the identity of which are detailed 

in Table 5.6), the total volume of water used in synthesis was 40 ml, not 50 ml. In these 

cases the surfactant solution was made up with 35 ml of water not 45 ml. 
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composition, i.e. the absence of Cr(acac)3, and the varied identity of the surfactant and co-

surfactant, the polymerisation procedure was identical to the one followed for synthesis of 

the chromium containing particles. As such the procedure will not be repeated here, and 

section 5.2.3.1 should be referred to for reference. 

 

5.2.3.3 Varied Monomer Addition Rate Synthesis of Chromium Containing Latex. 

 KPS (0.1 g) and SDS (0.5 g) were dissolved in de-ionised water (50 ml) in a 4 neck 

round-bottom flask. An IKA RW20.n overhead stirrer with a PTFE paddle was fitted 

through the central neck. A reflux condenser was attached to one of the side necks of the 

flask, and the remaining necks were sealed with Suba seals. The solution was heated (70 

o
C) and purged with nitrogen (30 mins). Cr(acac)3 (0.05 g) and n-dodecane (0.05 g) were 

dissolved in styrene (5 g) and then purged with nitrogen (30 min). The solution was then 

introduced into the round-bottom flask, containing the SDS/KPS solution, at addition rates 

from 0.1 ml min
-1

 to 0.5 ml min
-1

, (0.05 ml min
-1

 increments), and one bulk addition. This 

was done by means of a syringe pump ( odel ‘22’, Harvard Apparatus) through one of the 

side necks, with slow stirring (100 rpm).  

Once addition was complete the final emulsion composition was supposed to be the 

same in all cases, and identical to CrSt5. However, the syringe pump would often not fully 

inject the monomer phase and on average 0.3 g of solution remained within the syringe. 

This resulted in an average styrene addition of 4.706 g, an average n-dodecane addition of 

0.047 g and an average Cr(acac)3 addition of 0.047 g. Theses quantities were used for the 

bulk the addition to allow comparison of results.  

After the last of the monomer phase was added, polymerisation was left to proceed 

under nitrogen atmosphere (3 hours at 70 
o
C). Once polymerisation was complete the 
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reaction mixture was allowed to cool to ambient temperature and then passed through filter 

paper to remove any polymer grist. Latexes were then stored at 3 
o
C.  

 

5.2.4 Dialysis 

Prior to final characterisation, the lanthanide containing batches of latex particles 

were ‘cleaned’ of excess surfactant and KPS by dialysis. A sample of latex (10 ml) was 

placed in a regenerated cellulose membrane (molecular weight cut off 12000-14000) 

(Scientific Laboratory Supplies, UK) and dialysed against deionised water (1000 ml for 48 

hours). Dialysis water was changed seven times with the first change being made after 2 

hours.  

ICP-MS analysis of the potassium content of the dialysis water showed that by 50 

hours and six changes, the levels of potassium in the water were the same as in a control 

sample of fresh de-ionised water (Figure 5.5), meaning that dialysis had ‘cleaned’ the 

latexes to maximum possible level. 

  
Figure 5.5: ICP-MS analysis of potassium content of the dialysis water used to ‘clean’ 

latex particles with each change, expressed as a % of total potassium recovered 
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5.2.5 Particle Characterisation 

5.2.5.1 Dynamic Light Scattering 

For all particle systems produced, the z-average (Dz), intensity-average (DI), 

number-average (Dn) and volume-average (Dv) diameters were determined by Dynamic 

light scattering (DLS), performed with a Zetasizer Nano ZS (Malvern Instruments, UK) 

with a maximum 5mW He-Ne laser, of 633nm wavelength, at 25 
o
C. Latex samples were 

diluted to at least 10 % v/v with deionised water before analysis. This was necessary to 

ensure that any remaining surfactant was below its critical micelle concentration (cmc) 

preventing a secondary peak, corresponding to surfactant micelles, appearing in the 

measurement data. Measurements were performed a minimum of three times with the 

value reported corresponding to the average of the measurements. 

It is important to note here that it was unknown what effect the complex would 

have upon the final refractive index (RI) of the latex particles. While this will not influence 

the values of Dz and DI, values of Dv and Dn, generated by DLS, require knowledge of the 

material (RI). It was hoped that the low complex content, below 1 % w/w. would only have 

a minimal effect upon the final particle RI. Therefore the RI of polystyrene (1.59) was used 

The dispersity of the particles was also determined by DLS, and was expressed in 

two ways. Firstly, the polydispersity index (PDI) elucidated by the Malvern software. This 

is determined from Dz and can be expressed by equation 5.1: 

    
  

  
                                                                                                                     (Eq. 5.1) 

where σ is the standard deviation of Dz.  

PDI is a dimensionless value between 0 and 1, which is scaled such that values ≥ 

0.07 are considered highly monodisperse and values > of 0.05 are rarely seen.
98
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Secondly, dispersity was also expressed by Dv/Dn (Dv=Dw assuming the particles 

have an equal density regardless of size)
75

 in which values close to 1 are highly 

monodisperse. 

 

5.2.5.2 Transmission electron microscopy  

Transmission electron microscopy (TEM) was performed at the Institute for 

Materials Research at the University of Leeds with a Tecnai TF20 field emission gun 

(FEG)-TEM (TEI, USA) operating at 200 kV. Samples were prepared by placing a drop of 

latex (diluted to 50 % v/v in deionised water) onto copper grids coated in a holey carbon 

film (Agar Scientific). The Dw was also calculated for the particles using the density of 

polystyrene (1.05 g cm
-3

) as the density of the particles (again assuming that the complex 

would only have a minimal effect of particles mass). This allowed a calculation of particle 

dispersity from Dw/Dn. This metric however was only used to complement the dispersity 

obtained from other methods as due to the low number of measurements compared the 

other analytical techniques it will be of less accuracy.  

 

5.2.5.3 Differential Centrifugal Sedimentation  

Differential Centrifugal Sedimentation (DCS) measurements were carried out at the 

Food and Environment Agency (fera), York, using a CPS DC24000-UHR instrument 

(AnalytikLtd, UK). Instrument settings were outlined in user manual but with the 

following gradient; 8%-2%; 1.6 ml per gradient step; and 24,000 rpm spin speed. For 

particles <60 nm, a sedimentation path with a lower thickness was created by injecting 1.4 

ml per gradient step. Sample injection volume was 50 μl, with sample dilution between 0.5 

and 5%
 
v/v, dependent on individual sample turbidity. The instrument was calibrated using 
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522 nm latex particles (AnalytikLtd), with an injection volume of 100 μl. As with DLS and 

TEM the density of the particles was taken as that of polystyrene (1.05 g cm
-3

) 

 

5.2.5.4 HDC-ICP-MS 

Details for setting-up the HDC-ICP-MS for NP analysis is described elsewhere,
99

 

but in the work presented here, the samples were diluted to 1%
 
v/v in mobile phase. 

Injection volume was 20 μl, with the ICP-MS monitoring 157, 158, 160, 161, 162, 163, 

164 and 197 isotopes. Size calibration was performed using gold nanoparticle standard 

(BBI, UK) at 5, 20, 50 and 150 nm. It is important to note that uncertainty in the values 

quoted for the smaller particles is significant, as a slight shift in column conditions would 

result in a significant shift in the ‘measured’ size. Also the 150nm gold-NP standard was 

very polydisperse, making the upper end of the calibration slightly dubious. 

 

5.2.5.5 Zeta Potential 

The zeta potentials (ζ) of the particles were measured with a Zetasizer Nano ZS 

(Malvern Instruments, UK) at 25 
o
C. A sample of latex (0.1 ml) was diluted in deionised 

water (0.9 ml), and injected into a disposable zeta cell. Analysis was repeated three times, 

at constant voltage, the reported value corresponding to the average of the measurements. 

 

5.2.5.6 Solids Content of the Latexes 

Solid content of the latexes was determined by gravimetric analysis after dialysis 

(which was assumed to have removed any residual species from the latex dispersion). A 

latex sample of known mass was dried in air for 72 hours. The mass of the residue was 

then measured and converted to percentage of the original sample mass. 
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5.2.5.7 Lanthanide Content of Latexes 

The lanthanide content of the latex particles was determined at fera by the 

following method: 100µl of latex was mixed with 2ml of 4:1 nitric:hydrochloric acid in a 

TFM tube. The sample was then microwave digested (20 minutes at 240°C and 80 bar) in 

an UltraWAVE microwave digester (Milestone, USA). The sample was then diluted and 

analysed using a 7700 series ICP-MS (Agilent, UK) in ‘no gas’ mode. Results were 

calculated against a set of standards covering three orders of magnitude and recovery was 

determined by using a spiked reagent blank and a spiked sample. Rhodium was used as an 

internal standard and the limit of detection was calculated from the standard deviation of 

three reagent blanks. 

 

5.3 Results and Discussion 

Before embarking on the synthesis of the lanthanide-containing particles, a set of 

polystyrene latex particles containing Cr(acac)3 were synthesised to demonstrate proof-of-

principle that metals could be encapsulated within latex particles, using micro-emulsion 

polymerisation. These initial experiments also provided data which was used to determine 

the conditions for production of the lanthanide containing particles over the desired (40 nm 

to 160 nm) size range. In addition to this, chromium complexes are more readily available 

and, also, less expensive than lanthanides, representing a cheaper option for investigating 

various procedures.  

 

5.3.1 Cr(acac)3 Containing Polystyrene Particles  

Initially the emulsions appeared translucent with a purple hue, which can be 

attributed to the Cr(acac)3. As the polymerisation progressed the micro-emulsions became 
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increasingly turbid, due to particle formation, until the end of the reaction when stable 

opaque latexes was formed, with the purple hue still present (Figure 5.6). 

 

 
Figure 5.6: Polystyrene particles synthesised with varying initiator concentrations; (a) 

0.5 % (CrKPS0.5), (b) 1 % (CrKPS1), (c) 3 % (CrKPS3), and (d) 4 % (CrKPS4) w/w with 

respect to styrene. The purple hue results from the Cr(acac)3 dispersed throughout the 

particles 

 

5.3.1.1 Effects of Emulsion Composition.  

To study the effect of emulsion composition upon final particle size, and 

polydispersity, the synthesis of the chromium containing particles was divided into four 

separate experiments. Each experiment saw the concentration of one of the emulsion 

components varied with respect to styrene, with all other components’ relative 

concentrations remaining constant:  

Experiment 1: water content from 500 % to 4000 % v/w with respect to styrene. 

Experiment 2: n-dodecane content from 0% to 4 % w/w with respect to styrene.  

Experiment 3: KPS concentration from 0.5 % to 4 % w/w with respect to styrene.  

Experiment 4: SDS concentration from 1 % to 20 % w/w with respect to styrene.  

 

To aid clarity, sections 5.3.1.1.1 to 5.3.1.1.4 present the results of each experiment, 

followed by a discussion of these results in section 5.3.1.1.5. 

(a) (b) (c) (d) 
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5.3.1.1.1 Experiment 1: Effect of Relative Water Content upon Final Particle Size  

As the 4-neck round-bottom flask, used as the reaction vessel, had to be made 

bespoke, it was not possible to increase the physical volume of water in the reaction over 

the required range. Therefore, to vary the relative water concentration by the appropriate 

amounts the water volume was kept at 50 ml and the quantities of the other components 

were varied accordingly (see section 1of Table 5.6 for exact compositions).  

The data presented in Table 5.7 and in Figure 5.7(a) shows that the relative water 

content of the micro-emulsion has no discernible upon the final particles size. The mean Dz 

of the particle systems was 41 nm, with a relative standard deviation (RSD) of 1.3 %. This 

non-dependence of particle size on water concentration is further borne out by the values 

of DI, Dv and Dn, all of which have < 3 nm spread, with an RSD 1.2 %, 1.9 % and 3.4 % 

respectively. 

 

Table 5.7: The effect of the relative water concentration (with respect to styrene) in the 

micro-emulsion formulation on final particle size, and PDI, measured by DLS. Water 

volume was kept constant, at 50 ml and other components where varied, keeping their 

concentration, with respect to styrene, constant; SDS 10% w/w, KPS 2% w/w, n-dodecane 

1% w/w and Cr(acac)3 1% w/w. 

Sample 
Styrene 

Mass (g) 

Water 

Concentration 

(% wrt. styrene) 

Dz 

(nm) 

DI 

(nm) 

Dv 

(nm) 

Dn 

(nm) 
PDI Dv/Dn 

CrSt2.5 1.25 4000 41 43 38 35 0.05 1.11 

CrSt5 2.50 2000 40 42 36 32 0.06 1.15 

CrSt7.5 5.00 1000 41 44 37 32 0.07 1.15 

CrSt10 7.50 667 41 42 38 34 0.07 1.11 

CrSt20 10.00 500 41 43 37 33 0.08 1.12 

 

The values of PDI and Dv/Dn, (highest PDI value, displayed by CrSt20, was only 

0.08) indicated that highly monodisperse particles had been produced. The data in Table 

5.7 and Figure 5.7(b) shows that a decrease in relative water concentration was 

accompanied by an increase in the PDI. It is, however, not clear if this is a genuine 
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relationship or a coincidental trend as the change is small and is not mirrored in the Dv/Dn 

values.  

 

5.3.1.1.2 Experiment 2: Effect of n-Dodecane Content upon Final Particle Size.  

The data presented in Table 5.8 and in plots (c) and (d) of Figure 5.7, show that the 

concentration of n-dodecane in the micro-emulsion has no apparent effect upon the final 

particle size or dispersity. All formulations produced particles of similar size (average 

diameter was 42 nm with an RSD of 3.2 %), with similarly high levels of monodispersity 

(all values of PDI were ≥ 0.08) 

Table 5.8: The effect of n-dodecane concentration (with respect to styrene) in the micro-

emulsion formulation on final particle size, and PDI, measured by DLS. All other 

components were constant; styrene 5 g, water 50 ml, SDS 0.5 g, KPS 0.1 g and Cr(acac)3 

0.05 g. 

Sample 
n-dodecane 

mass (g) 

n-dodecane 

Conc. (%) 

Dz 

(nm) 

DI 

(nm) 

Dv 

(nm) 

Dn 

(nm) 
PDI Dv/Dn 

CrDo0% 0.00 0 41 44 38 33 0.06 1.17 

CrSt10% 0.05 1 41 44 37 32 0.07 1.15 

CrDo2% 0.10 2 44 46 41 36 0.06 1.13 

CrDo3% 0.15 3 41 44 37 32 0.08 1.16 

CrDo4% 0.20 4 40 44 36 31 0.08 1.17 

 

 

5.3.1.1.3 Experiment 3: Effect of Initiator (KPS) Content upon Final Particle Size.  

Table 5.9 and Figure 5.7(e), shows the final particle size is influenced by the KPS 

concentration in the micro-emulsion. An eight fold increase in KPS concentration resulted 

in a 10 nm reduction in Dz. Table 5.9 and Figure 5.7(f) shows KPS content in the micro-

emulsion had no discernible effect upon the monodispersity. All particle systems displayed 

high levels of mono-dispersity with values of PDI and Dv/Dn all ≥ 0.09 and ≥ 1.15 

respectively. 
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Table 5.9: The effect of the KPS concentration (wrt. styrene) in the initial micro-emulsion 

formulation on final particle size and PDI, measured by DLS. All other components were 

constant; Styrene 5 g, water 50 ml, SDS 0.5 g, n-dodecane 0.05 g and Cr(acac)3 0.05 g 

Sample 
KPS Mass 

(g) 

KPS conc. 

(%) 

Dz 

(nm) 

DI 

(nm) 

Dv 

(nm) 

Dn 

(nm) 
PDI Dv/Dn 

CrKPS0.5 0.025 0.5 48 50 44 40 0.09 1.11 

CrKPS1 0.05 1 44 47 41 37 0.07 1.12 

CrSt5 0.10 2 41 44 37 32 0.07 1.15 

CrKPS3 0.15 3 39 41 36 31 0.06 1.14 

CrKPS4 0.20 4 38 40 35 31 0.07 1.12 

 

 

5.3.1.1.4 Experiment 4: Effect of SDS Content upon Final Particle Size.  

Table 5.10 and Figure 5.7 (g) show an inverse relationship between the SDS 

concentration and the final particle size. An eight fold increase in SDS concentration 

resulted in a decrease in Dz of 22 nm. This relationship was also evident in the DI, Dv and 

Dn values.   

Low PDI (≥ 0.09), and Dv/Dn (≥ 1.20) indicated that highly monodisperse particles 

were formed, irrespective of the SDS concentration.  

Table 5.10: Effect of the SDS concentration (wrt. styrene) in the micro-emulsion 

formulation on final particle size and PDI, measured by DLS. Styrene, 5 g, and all other 

components were constant; water, 50 ml, KPS, 0.1 g, n-dodecane, 0.05 g, and Cr(acac)3, 

0.05 g. 

Sample 
SDS Mass 

(g) 

SDS conc. 

w/w (%) 

Dz 

(nm) 

DI 

(nm) 

Dv 

(nm) 

Dn 

(nm) 
PDI Dv/Dn 

CrSDS1% 0.05 1 Micro-emulsion did not form 

CrSDS2.5% 0.125 2.5 56 59 52 46 0.07 1.13 

CrSDS5% 0.25 5 47 49 45 41 0.09 1.10 

CrSt5 0.50 10 41 44 37 32 0.07 1.15 

CrSDS15% 0.75 15 34 37 30 26 0.08 1.17 

CrSDS20% 1.00 20 34 37 30 25 0.08 1.20 

 

5.3.1.1.5 Discussion of Experiments 1-4.
 
 

Experiment 1 (section 5.3.1.1.1) revealed that an increase in the relative water 

concentration was accompanied by a corresponding decrease in the PDI of the particles. 

However as the decrease was small (easily being accounted for by the error inherent in the 
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Figure 5.7: The effects of varying (a) and (b): the water concentration v/w, (c) and (d): the 

n-dodecane w/w concentration, (e) and (f): the KPS w/w concentration, and (g) and (h): the 

SDS w/v concentration (in all cases wrt. Styrene) of the micro-emulsion on the Dz (), Dn 

(), PDI () (all measured by DLS) and Dv/Dn (X) of Cr(acac)3 containing polystyrene 

particles produced by micro-emulsion polymerisation. In all cases, with the exception of 

the varied component, other factors i.e. SDS, KPS, n-dodecane and Cr(acac)3 

concentrations with respect to styrene were kept constant. 
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measurements), and the same trend was not observed for the values of Dv/Dn, it is most 

likely that the trend in coincidental rather than genuine. If it is a genuine relationship it 

may be as result of dilution of the micro-emulsion reducing droplet/droplet interactions 

however it would not be reasonable to speculate further at this time.  

Experiment 1 also showed no apparent relationship between final particle size and 

the relative water concentration of the micro-emulsion. This may be explained by the near 

insolubility of styrene in water (0.031 % at 25 
o
C).

69
 Styrene, unlike monomers, such as 

methyl methacrylate, with a non-negligible solubility in water (1.5 % at 25 
o
C),

82
 will only 

lose a trivial amount of monomer to dissolution in the aqueous phase. Therefore, even in 

micro-emulsion systems formed with large volumes of water there was no significant 

decrease in the amount of monomer requiring solubilisation by the surfactant. As the 

styrene to SDS ratio was maintained in all systems the monomer droplet size was likely 

unchanged by variation in relative water concentration. While there are several 

mechanisms that define the final particle size it is known that the initial droplet size of the 

micro-emulsion has a significant effect on the particle size.
100,101,102

 The low solubility of 

styrene also means that even with high water content in the micro-emulsion homogenous 

nucleation is never likely to be a significant, and competing, process of particle formation. 

While medium-chain alcohols are typically used as co-surfactants in micro-

emulsion polymerisation they do have some disadvantages; they can negatively affect the 

stability of the micro-emulsion during polymerisation, as they are non-solvents for the 

resulting polymer.
56

 In partitioning between the interfacial film and the continuous phase 

they complicate the dilution process when determining particle size.
66

 Alcohols can also 

act as chain-transfer agents, affecting the final polymer molecular weight.
103

 Initially, it 

was hoped that n-dodecane (which has previously been used in micro-emulsion 

polymerisation
75

) could act as a co-surfactant without exhibiting the drawbacks of 
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alcohols. However, with retrospective consideration it is likely that due to the high 

hydrophobicity of n-dodecane it will not act as a co-surfactant (0.0037 mg l
-1

 water 

solubility at 25
o
C).

104
 Rather it will locate wholly within the styrene phase and not interact 

with the interface having little effect on droplet/particle formation. This is evidenced by the 

results from experiment 2 (section 5.3.1.1.2.) which revealed no correlation between the 

concentration of n-dodecane in the micro-emulsion and the final particles size (even when 

no n-dodecane was present, CrDo0%). While n-dodecane has been used as an osmotic 

agent (countering the Laplace pressure of the droplet)
105,106

 to aid stabilisation of certain 

emulsion systems, it is unlikely that it will act in such a way in here as micro-emulsions 

will have a very low Laplace pressure due the near zero interfacial tension of the droplets 

As can be seen in plots (e) and (g) of Figure 5.7, the concentration of both KPS 

(experiment 3; section 5.3.1.1.3) and SDS (experiment 4; section 5.3.1.1.4) in the micro-

emulsion have a similar effect upon the final particle size. Due to the similarity it was 

possible to express the relation of both by equation 5.2: 

    
 

    
                                                                                                                  (Eq. 5.2) 

where [C] represents the concentration of either SDS or KPS, a and x are constants which 

are specific to either SDS or KPS. From the collected data, a=22.3 and x=0.12 for KPS 

concentration, and for SDS concentration a=26.6 and x=0.25. This shows that though both 

have a similar effect on particle size, the effect of the SDS concentration is more 

significant. 

The dependence of final particle size upon the KPS concentration in the initial 

micro-emulsion formulation has previously been observed by Kong and co-workers
75

 

among many others. There are several potential mechanisms operating during 

polymerisation which can be used to explain this behaviour. Firstly, the persulphate portion 

of KPS thermally decomposes into two ionic radicals, S2O8
2+
→ SO4

•-
. It is these radicals 
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which are responsible for initiation by reacting with the small amounts of styrene in the 

aqueous phase. This forms a sulphate terminated styrene radical which will react with other 

styrene molecules forming oligomers with even greater insolubility in water. These 

oligomers, which will diffuse into the styrene droplets, can be considered as having a 

structure analogous to a single tail (the styrene units) anionic (the sulphate anion) 

surfactant. Once in the droplet they will most likely locate with the sulphate anion at the 

interface acting as an additional stabiliser for droplets.
102

An increase in the amount of KPS 

will lead to a corresponding increase in sulphate radical anions. This then will produce 

more of these stabiliser oligomers allowing for the formation of smaller droplets and, as 

mentioned earlier, smaller droplets can lead to smaller final particles.
100,101

 Secondly, 

during stage 1, or the nucleation period, of polymerisation, the increased radical content of 

the micro-emulsion leads to a larger number of droplets being initiated in turn leading to a 

greater number of particle nucleation sites.
107

 In stage 2 the remaining monomer contained 

in the uninitiated droplets will more readily diffuse through the aqueous phase into the 

initiated droplets to feed particle growth, rather than generate new particles.
75

 Therefore, 

the remaining monomer has to be distributed over a greater number of initiated droplets, 

which will yield a smaller average particle size.  

Regarding the decreasing final particle size with increasing SDS concentration in 

the micro-emulsion, the greater the amount of SDS present in the micro-emulsion, the 

larger the interfacial area that can be stabilised. This allows for the formation of smaller 

droplets, which, as discussed, can lead to smaller particles.
100,101,102

 

The effect of both KPS and SDS concentration in the micro-emulsion on final 

particle size is shown by plots (e) and (g) in Figure 5.7 to be non-liner. Moraes and co-

workers have also noted this relationship for SDS, as well as for the surfactant Dowfax 

2A1.
76

 In their work they propose that as surfactant concentration is increased droplets will 
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initially become smaller, however, due to physical limits on surfactant packing droplet size 

cannot decrease continuously. At high surfactant concentrations the surfactant can no 

longer form spherical micelles and will instead form rod like-structures.
108

 This limits the 

number of micelles as well as reducing the surface area for a given number of micelles 

preventing smaller particles being formed. 

 

5.3.1.2 Effect of Monomer Addition Rate on Final Particle Size 

It has been reported that by utilising a gradual monomer feed into the aqueous 

phase during polymerisation, in what is termed semi-continuous micro-emulsion 

polymerisation, that the final particle size can be influenced.
109,110

 To investigate if the 

monomer feed rate could be used for particle size control, another batch of test particles 

containing Cr(acac)3 was produced. 

 
Figure 5.8: Effect of the monomer addition rate into the micro-emulsion on the z-average 

diameter () the number-average diameter (), as well as dispersity, both from DLS () 

and as expressed as Dv/Dn (X). 

 

It had been expected that the rate of monomer addition would have influenced the 

final particle size. However, the particles sizes measured by DLS and displayed in Table 

5.11 and Figure 5.8, show that this was not the case with particles of a similar size being 

produced irrespective of monomer phase addition rate. With even the bulk addition 

producing similar sized particles. Put simply, the principal of semi-continuous, micro-

emulsion polymerisation is to starve the system of monomer creating a significant excess 
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of initiator and allowing the formation of smaller particles.
111

 At the slowest addition rate 

of 0.1 ml min
-1

 all the monomer phase would have been added within 46 minutes.
i
 KPS has 

a dissociation rate constant of 9.23 x 10
‒6

 s
‒1 

at 70 
o
C,

112
 and this can be related to the half-

life of an initiator by  

  
 ⁄

                                                                                                                   (Eq. 5.2) 

where   
 ⁄
 is the initiator half-life and    is the dissociation rate constant of the initiator. 

This gives a half-life of ≈ 29 hours 50 minutes at 70 
o
C. As addition of the monomer phase 

was completed in considerably less time than one half-life of KPS the polymerisation was 

never under monomer starved conditions and was always in monomer excess. As such the 

addition rates used here would not be expected to influence final particle size. 

 

Table 5.11: Effect of monomer addition rate upon the final particle size and polydispersity. 

Sample Addition Rate (ml min
-1

) 
Dz 

(nm) 

DI 

(nm) 

Dv 

(nm) 

Dn 

(nm) 
PDI Dv/Dn 

Cr-0.10 0.10 33 37 29 24 0.11 1.21 

Cr-0.15 0.15 35 37 30 26 0.09 1.15 

Cr-0.20 0.20 36 39 32 27 0.09 1.17 

Cr-0.25 0.25 32 35 28 23 0.10 1.19 

Cr-0.30 0.30 33 37 27 22 0.11 1.22 

Cr-0.35 0.35 37 38 33 29 0.08 1.14 

Cr0.40 0.40 33 35 28 24 0.09 1.19 

Cr-0.45 0.45 34 38 31 26 0.10 1.18 

Cr-0.50 0.50 34 36 30 26 0.09 1.14 

Cr-Bulk Bulk 36 38 33 29 0.08 1.11 

        

Average N/A 34 37 30 26 0.09 1.17 

%RSD N/A 4.9 3.6 7.2 9.8 13.1 2.9 

 

However, the particles had an average Dz of 34 nm, which is 7 nm smaller than 

CrSt5 (Dz = 41 nm). The difference can be attributed to the problems encountered with the 

syringe pump. On average, 0.3 g of monomer solution was found to remain in the syringe 

post injection. This means that on average only 4.71 g of styrene was added the aqueous 

                                                 
i Styrene has a density on 0.91 g cm

-3
 meaning that the 5 g of monomer phase had a 

volume of 4.46 ml meaning at 0.1 ml min
-1

 addition would have taken 45.5 min.  
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phase compared to the 5 g used in the production of CrSt5. This would have led to an 

increased SDS/styrene and KPS/styrene ratio which, as shown in sections 5.3.1.1.3 and 

5.3.1.1.4, results in a decreased particle size. This is supported by the fact that Cr-Bulk 

displays a Dz value of 36 nm, similar to the samples produced with a controlled rate of 

monomer feed, not CtSt5. For Cr-Bulk, the monomer phase was introduced to the reaction 

in a single addition and the incomplete addition was accounted for by reducing the 

amounts of styrene, n-dodecane and Cr(acac)3.  

The values for PDI, between 0.7 and 0.11, indicate high levels of monodispersity, 

comparable to the particles from section 5.3.1.1 

 

5.3.1.3 Synthesis of Polystyrene Latex Particles Using Non-Ionic Surfactants 

As has been shown in the preceding sections, particle size can be tailored by 

variation of the SDS concentration in the micro-emulsion. However, the use of SDS was 

only able to produce particles over a 22 nm size range, from Dz 34 nm to 56 nm, which 

barely covers any of the 40 nm to 160 nm size range desired for analytical calibrants. In an 

attempt to increase the particle size range, two other surfactants, Tween 80 and Pluronic 

F68, were investigated. A further advantage to using these surfactants is that, because both 

are non-ionic, unlike SDS, stabilisation of the resulting particles is by steric forces instead 

of electrostatic. The outcome of this is that neither surfactant will contribute to particle 

surface charge, which is particularly relevant for the particles intended use for HDC-ICP-

MS analytical standards. Particle velocity through the HDC column bed has been shown to 

be sensitive to electrostatic interactions between the particle and the column packing, as 

well as physical size.
11,113,114

 This effect can be negated by use of a mobile phase with a 

low ionic strength, which effectively renders these interactions inconsequential.
115
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However, ideal calibrants would still possess a near zero surface charge, to minimise even 

small charge-based effects and to allow use in a variety of mobile phases. 

Particles were produced over a range of surfactant concentrations (5 % to 30 % 

w/w with respect to styrene), and did not contain Cr(acac)3. The sizes and polydispersity 

were measured by DLS and are displayed in Table 5.12 and Table 5.13. 

As can be seen in Figure 5.9 (a) and (c), both Tween 80 and Pluronic F68 

demonstrate the expected inverse relationship between particle size and surfactant 

concentration. As explained in section 5.3.1.1.4, this is due to the larger volume of 

surfactant being able to stabilise a greater interfacial area, allowing more monomer 

droplets. The linear decrease in size is attributed to the limits of surfactant packing, causing 

non-spherical micellar structures to form at high surfactant concentrations.
76  

Both surfactants were able to produce particles over a greater size range than SDS. 

The Dz range using Tween 80 was 71 nm (from 127to 198 nm) and 63 nm (from 62 to 125 

nm) using Pluronic F68.  

Pluronic F68 was also able to produce particles with a greater degree of mono-

dispersity than Tween 80 with PDI values between 0.04 and 0.02, (Dv/Dn between 1.10 and 

1.05). This compared favourably to the dispersity of the chromium containing particles 

produced using SDS discussed in the previous sections.  

Both Tween 80 and Pluronic F68 particle systems initially seemed stable, however 

after aging for 7 months Tween10% and Tween5% displayed clearly visible aggregates, 

forming a thick layer of solids on the bottom of the container which would not re-disperse 

with manual agitation. The equivalent Pluronic F68 particle systems, Plu10% and Plu5% 

showed some signs of aggregation but they would easily re-disperse (Figure 5.10). 
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Table 5.12: The effect of Tween 80 concentration (with respect to styrene) in the micro-

emulsion formulation, on the final particle size and dispersity, measured by DLS. 

Sample 
Tween 80 

(g) 

Tween 80 conc. 

w/w (%) 

Dz 

(nm) 

DI 

(nm) 

Dv 

(nm) 

Dn 

(nm) 
PDI Dv/Dn 

Tween5% 0.25 5 198 211 211 174 0.06 1.21 

Tween10% 0.50 10 173 184 181 145 0.07 1.25 

Tween20% 1.00 15 131 150 126 84 0.14 1.49 

Tween30% 1.50 20 127 137 126 103 0.09 1.23 

 

Table 5.13: The effect of Pluronic F68 concentration (with respect to styrene) in the micro-

emulsion formulation upon the final particle size and dispersity, measured by DLS. 

Sample 
Pluronic 

F68 (g) 

Pluronic F68 

conc. w/w (%) 

Dz 

(nm) 

DI 

(nm) 

Dv 

(nm) 

Dn 

(nm) 
PDI Dv/Dn 

Plu5% 0.25 5 125 128 123 112 0.04 1.10 

Plu10% 0.50 10 78 81 76 71 0.03 1.07 

Plu20% 1.00 15 66 67 64 60 0.02 1.06 

Plu30% 1.50 20 62 63 60 57 0.02 1.05 

 

 

 

Figure 5.9: Effect of Tween 80 concentration (wrt. styrene) in the micro-emulsion on (a) 

the particle Dz () and Dn () and (b) the particle PDI () and Dv/Dn (X). Also shown is 

the effect of Pluronic F68 concentration (wrt. styrene) in the micro-emulsion on (c) the 

particle Dz () and Dn () and (b) the particle PDI () and Dv/Dn (X). All measured by 

DLS. 
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Figure 5.10: Contrasting stability of the latex particles stabilised with (a) Tween 80 and (b) 

Pluronic F68. (a) Shows Tween5% displaying the thick layer of aggregates formed at the 

bottom of the container, and on the sides after approximately 7 months whereas none can 

be seen in Plu5% (b).  

 

Table 5.14: Size and dispersity of polystyrene particles produced by micro-emulsion 

polymerisation using different surfactants. Aside from surfactant identity all other 

components of the micro-emulsion were identical. 

Sample 
Surfactant Dz 

(nm) 

DI 

(nm) 

Dv 

(nm) 

Dn 

(nm) 
PDI Dv/Dn 

 HLB
a
 cmc 

b
 

La11 SDS 40 7-10 41 44 39 35 0.07 1.11 

Plu10% Pluronic F68 29 0.04 78 81 76 71 0.03 1.07 

Tween10% Tween 80 15 0.012 173 184 181 145 0.07 1.25 
a 
In mM l

-1
, with values taken from reference 

116
 

b
 In water at 20 – 25 

o
C  

To allow a comparison with of Tween 80 and Pluronic F68 and latex particles were 

produced using SDS as the surfactant and omitting Cr(acac)3. Aside from surfactant 

identity the composition of La11, Plu10% and Tween10% was identical and the 

comparative data is displayed in Table 5.14. 

As all surfactants were at concentrations above their respective cmc a possible 

explanation for the difference in sizes can be rationalised via application of the 

hydrophilic-lipophilic balance (HLB) concept (outlined in chapter 1). When the HLB 

number of a surfactant ≈ 10 the o/w interface has zero curvature, as the HLB number of the 

surfactant increases o/w emulsions can from with increased curvature at the interface.
117

 

(a) (b) 
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Increased interfacial curvature allows smaller oil droplets to form, and though several 

competing mechanisms influence the final particle size it is known that smaller droplets 

can result in smaller particles.
118,119,120,121

 Therefore, since a surfactant with a higher HLB 

will result in smaller droplets it would be expected to yield smaller particles,
122

 and this is 

what was observed with the three surfactants used. The surfactant with the highest HLB 

number, SDS (HLB=40), produces the smallest particles and the lowest, Tween 80 

(HLB=15), produces the largest particles 

Comparison of La11 and CrSt5 (detailed in Table 5.14 and Table 5.10 respectively) 

shows similar particles size (difference in Dz = 1.4 nm) with both systems also displaying 

high monodispersity. This implies that Cr(acac)3, does not affect the emulsion and 

subsequent particle nucleation. This could be due to hydrophobicity of Cr(acac)3 which 

will likely locate in the styrene rich phase of the micro-emulsion, at the centre of the 

droplets, and not interact with the interfacial region.
123

 

The greater stability and monodispersity of particles produced using Pluronic F68, 

as well the fact that the size range over which particles could be produced was wholly 

within the desired 40 – 160 nm size range it was decided that Pluronic F68 would be used 

as the surfactant for the synthesis of the lanthanide containing particles.  

The particles produced using Tween 80 all had particle sizes over 100 nm, this is 

larger than would normally be expected by micro-emulsion polymerisation.
28

 It is possible 

that instead of a micro-emulsion polymerisation particles were in fact produced by 

conventional macro-emulsion polymerisation. It had been considered that this may have 

potentially happened in emulsions with low surfactant contents i.e., Plu5% and 

CrSDS2.5% and, as such, low mechanical stirring was continued throughout 

polymerisation. This may have facilitated the formation of a macro-emulsion allowing the 

formation of particles. As the aim of the work was the production of latex particles of 
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certain sizes, and the experimental procedures achieved this, it was decided that to better 

make use of time, this would not be investigated further. Though, outside the confines of 

this project, it would be of interest for further work. 

It is worth mentioning here that the emulsion itself was never investigated. As the 

experimental methods were similar to other procedures with a restricted monomer feed 

reported in the literature
75,76 

it was assumed that micro-emulsion polymerisation was being 

used. An attempt was made to investigate the emulsion structure by DLS but the data 

returned was poor meaning the no inferences could be made. There was some visual 

evidence observed during the polymerisation that the system may have been a Winsor type 

I emulsion but further investigation would be required. However as the synthetic procedure 

resulted in particles of the desired sizes it was decided that to better make use to time that it 

would not be investigated further and attention would be focused on the aims of the 

project.  

 

5.3.2 Lanthanide (Nd, Dy and Gd) Containing Polystyrene Particles 

Initially lanthanide acetylacetonate hexahydrates, were used as the lanthanide 

source to mirror Cr(acac)2. However poor solubility in styrene, even after dehydrating at 

100 
o
C under vacuum, discounted these. Therefore complexes of dysprosium, neodymium 

and gadolinium, which had been shown to have solubility in styrene
93

 were synthesised, 

using NTFA as the ligand. The generic structure of the resulting lanthanide complexes is 

displayed in Figure 5.11. 
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Figure 5.11: Structure of the lanthanide containing complex, where M represents the 

lanthanide metal centre (neodymium, dysprosium or gadolinium). 

 

 

Three batches of particles were synthesised named batch one, batch two and batch 

three. The particles of batch one and batch two were stabilised by Pluronic F68 and 

particles of batch three were stabilised by SDS. Each batch contained several sets of 

particles with each set containing a different metal, as well as a set of non-doped particles 

in batch two. Within each set they were particles three different sizes, which were termed 

small, medium and large. This range of sizes was achieved by tailoring surfactant and KPS 

concentration of the micro-emulsion to produce the particle of the desired size sizes. While 

both batch one and batch three particles were produced using 0.05g of the lanthanide 

complex the particles of batch two were different in that they contained 0.1 g of the 

lanthanide complex. The exact compositions of the emulsions are given in sections 7 – 9 of 

Table 5.6. The size and dispersity of the particles was measured by DLS and the data is 

displayed in Table 5.15 (batch 1), Table 5.16 (batch 2) and Table 5.17 (batch 3). Surfactant 

concentrations of 30 %, 10 % and 2.5 % (all w/w with respect to styrene) and KPS 

concentrations of 4 %, 2% and 0.5 % (all w/w with respect to styrene) were used for the 

small, medium and large particles respectively (the exact micro-emulsion compositions are 

listed in Table 5.6). The reasons for the effect of surfactant and KPS concentration on 

particle size have already been discussed in previous sections. 
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The final latexes displayed a yellow/green hue, which, like the purple hue observed 

in the Cr(acac)3 containing particles, can be attributed to the lanthanide complex, all of 

which were coloured on the yellow/green spectrum.  

As was to be expected from section 5.3.1.3 the Pluronic F68 systems displayed 

higher levels of mono-dispersity (no PDI value of greater than 0.04) than the SDS 

stabilised systems. The SDS systems themselves, however, also displayed high mono-

dispersity (greatest PDI value was 0.08). The intensity particle size distribution (measured 

by DLS), in Figure 5.12 to Figure 5.14, highlights the narrow size distribution of the 

particles.  

Also as expected Pluronic F68 produced larger particles that covered a greater size 

range than the SDS stabilised equivalents. The greatest size difference amongst any of the 

Pluronic F68 set was 163 nm (58 nm to 221 nm) between NdPlu-21 and NdPlu-23, 

whereas the greatest size difference observed in any of the SDS stabilised set was 43 nm 

(from 35 nm to 79 nm) between GdSDS-1 and GdSDS-2. All the Pluronic F68 systems 

particle sets (batch 1 and batch 2) all covered, or were close to covering, the desired 40-

160 nm range (Table 5.15 to Table 5.17). 

Table 5.15: Size, and dispersity, of the lanthanide containing polystyrene particles of batch 

one
a
 before dialysis. 

Sample Metal Complex Dz (nm) DI (nm) Dv (nm) Dn (nm) PDI Dv/Dn 

NdPlu-1
 

Nd 178 181 182 172 0.01 1.06 

NdPlu-2
 

Nd 65 67 63 59 0.03 1.06 

NdPlu-3
 

Nd 61 63 59 56 0.02 1.06 

GdPlu-1
 

Gd 164 169 169 153 0.03 1.10 

GdPlu-2
 

Gd 80 81 79 75 0.02 1.04 

GdPlu-3
 

Gd 56 57 55 52 0.02 1.05 

DyPlu-1
 

Dy 154 155 155 149 0.02 1.04 

DyPlu-2
 

Dy 54 56 52 49 0.02 1.07 

DyPlu-3
 

Dy 40 41 38 36 0.04 1.07 
a 

Batch one particles were produced using Pluronic F68 as the surfactant and 0.05 g of 

lanthanide complex dissolved in the styrene phase. Other components were the same as the 

batch two and three particle systems, exact compositions can be found in Table 5.6. 
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Table 5.16: Size, and dispersity, of the lanthanide containing polystyrene particles of batch 

two
a
 before dialysis. 

Sample Metal Complex Dz (nm) DI (nm) Dv (nm) Dn (nm) PDI Dv/Dn 

NdPlu-21 Nd 221 225 226 212 0.01 1.04 

NdPlu-22 Nd 71 73 69 65 0.02 1.08 

NdPlu-23 Nd 58 59 55 52 0.04 1.08 

GdPlu-21 Gd 142 142 141 137 0.02 1.03 

GdPlu-22 Gd 77 79 76 72 0.01 1.05 

GdPlu-23 Gd 57 58 55 52 0.02 1.06 

DyPlu-21 Dy 162 164 164 158 0.03 1.06 

DyPlu-22 Dy 78 80 75 70 0.02 1.06 

DyPlu-23 Dy 52 54 50 46 0.04 1.07 

Plu-21 None 144 146 145 138 0.01 1.05 

Plu-22 None 75 76 72 68 0.03 1.06 

Plu-23 None 49 50 47 43 0.04 1.08 
a 

Batch one particles were produced using Pluronic F68 as the surfactant and, when used, 

0.1 g of lanthanide complex dissolved in the styrene phase. Other components were the 

same as the batch one and three particle systems, exact compositions can be found in Table 

5.6 

 

 

 

 

 

 

Table 5.17: Size, and dispersity, of the lanthanide containing polystyrene particles of batch 

three
a
 before dialysis. 

Sample Metal Complex Dz (nm) DI (nm) Dv (nm) Dn (nm) PDI Dv/Dn 

NdSDS-1
 

Nd 60 63 55 49 0.05 1.13 

NdSDS-2
 

Nd 48 49 45 41 0.04 1.09 

NdSDS-3
 

Nd 34 36 32 29 0.06 1.12 

GdSDS-1
 

Gd 78 84 68 54 0.08 1.28 

GdSDS-2
 

Gd 48 50 46 42 0.04 1.09 

GdSDS-3
 

Gd 35 37 32 28 0.06 1.14 

DySDS-1
 

Dy 68 71 63 57 0.05 1.12 

DySDS-2
 

Dy 49 50 46 42 0.05 1.08 

DySDS-3
 

Dy 33 36 30 26 0.06 1.15 
a 

Batch three particles were produced using SDS as the surfactant and 0.05 g of lanthanide 

complex dissolved in the styrene phase. Other components were the same as the batch one 

and two particle systems, exact compositions can be found in Table 5.6 
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Figure 5.12: Intensity particle size distributions measured by DLS of the batch one 

(Pluronic F68 stabilised) particle sets.  
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Figure 5.13: Intensity particle size distribution measured by DLS of the batch two 

(Pluronic F68 stabilised) lanthanide containing particle sets.  
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Figure 5.14: Intensity particle size distribution measured by DLS of batch three (SDS 

stabilised) particle sets.  

 

In all particle sets, the large particles were > 100 nm in diameter. As mentioned 

earlier, this is greater than would be expected with micro-emulsion polymerisation. It is 

possible that due to the low surfactant concentrations used for the production of the large 

particles, they were instead produced by macro - rather than micro - emulsion 

polymerisation. However, since particles of the desired size had ultimately been produced, 

attention was turned to the characterisation of the particles rather than investigation to the 

emulsion properties. 

Curiously, the presence, and identity of the lanthanide complex appears to have 

some influence on the final particle size. The three different particle sizes – small, medium 
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and large – each had their own corresponding micro-emulsion composition (compositions 

are defined in sections 7 to 9 of Table 5.6). Therefore, within a batch, the only difference 

in micro-emulsion formulation between the particles sets was the identity, or presence, of 

the lanthanide complex. As it was the only difference in synthesis it must be this which 

caused size variation between the sets the containing different lanthanides within batches. 

Further evidence for this comes from comparison of the batch 1 and batch 2 particles sizes. 

To aid detection by ICP-MS the amount of lanthanide complex in the monomer phase of 

the batch 2 particles was doubled (from 0.05 g to 0.1 g) from the corresponding batch 1 

formulations. If the lanthanide complex did not influence the final particle size, then 

similar sizes would be expected between comparable particle sets in batch 1 and batch 2. 

However, as can be seen by comparison of Table 5.15 and Table 5.16, this is not the case. 

The explanation for the influence of the lanthanide complex on particle size is unclear and 

would benefit from further investigation. 

 

5.3.2.1 Dialysis and Further Analysis of Pluronic F68 Stabilised Particle Systems. 

As the batch 1 and batch 2 particles better covered the desired size range and the 

SDS stabilised particles of batch 3 did not, it was decided that only they would be 

investigated further. Before further investigation however they were dialysed against de-

ionised water to ‘clean’ them of KPS and any excess surfactant and unreacted styrene. 

After dialysis the particle sizes and dispersity were re-measured by DLS (see 

Figure 5.15 and Figure 5.16). A comparison of the Dz pre-dialysis with the Dz post-dialysis 

(displayed in Table 5.18, for batch 1, and in Table 5.19, for batch 2) shows that, apart from 

NdPlu-21 which saw a 13.3 % change in Dz, dialysis appears to have had little effect upon 

the particle sizes. Aside from the aforementioned NdPlu-21, the change in Dz post- dialysis 

was ≤ 5.9%. There were some increases observed in PDI after dialysis but, aside from 
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DyPlu-23, all values remained ≥ 0.1 indicating high levels of monodispersity, as can be 

seen in the intensity particle size distributions in Figure 5.15 (batch 1) and Figure 5.16 

(batch 2). 

 

Table 5.18: Comparison of the z-average diameter and polydispersity index, obtained by 

DLS, of the batch 1 polystyrene latex particles before and after dialysis 

Batch 1  

Particle Systems 

Lanthanide 

Present 

Before Dialysis After Dialysis 
Dz % Change 

Dz (nm) PDI Dz (nm) PDI 

NdPlu-1 Nd 178 0.01 175 0.02 3.1 

NdPlu-2 Nd 65 0.03 63 0.09 2.1 

NdPlu-3 Nd 61 0.02 57 0.07 4.5 

GdPlu-1 Gd 164 0.03 159 0.02 5.0 

GdPlu-2 Gd 80 0.02 81 0.01 1.2 

GdPlu-3 Gd 56 0.02 56 0.09 0.2 

DyPlu-1 Dy 154 0.02 152 0.01 1.4 

DyPlu-2 DY 54 0.03 54 0.15 1.3 

DyPlu-3 Dy 40 0.04 40 0.15 1.7 

 

 

 

Table 5.19: Comparison of the z-average diameter and the polydispersity index, obtained 

by DLS, before and after dialysis against de-ionised water for 50 hours of all batch 2 

polystyrene latex particle systems. 

Batch 2 

Particle System 

Lanthanide 

Present 

Before Dialysis After Dialysis 
Dz % Change 

Dz (nm) PDI Dz (nm) PDI 

NdPlu-21 Nd 220 0.03 193 0.03 13.3 

NdPlu-22 Nd 71 0.02 69 0.09 2.8 

NdPlu-23 Nd 58 0.04 57 0.04 1.4 

GdPlu-21 Gd 142 0.02 144 0.02 1.8 

GdPlu-22 Gd 77 0.01 79 0.06 1.9 

GdPlu-23 Gd 57 0.02 58 0.06 2.3 

DyPlu-21 Dy 162 0.01 155 0.02 4.3 

DyPlu-22 Dy 78 0.02 79 0.05 0.5 

DyPlu-23 Dy 52 0.04 52 0.09 0.0 

Plu-21 None 144 0.01 148 0.01 2.8 

Plu-22 None 75 0.03 79 0.09 5.9 

Plu-23 None 49 0.04 49 0.10 0.7 
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Figure 5.15: Intensity particle size distribution measured by DLS of the batch 2 particle 

sets after dialysis against distilled water for 50 hours. 
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Figure 5.16: Intensity particle size distribution measured by DLS for batch 2 particle sets 

systems after dialysis against distilled water for 50 hours 
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Figure 5.17: Weight particle size distributions (measured by DSC) of; (a) the dysprosium 

continuing particles and (b) the gadolinium containing particles of batch 1 The small 

dysprosium containing particles (DyPlu-3) were below than the detection limit of the 

centrifuge, which is why they are not displayed. 

 

 
Figure 5.18: Weight diameter size distributions (measured by DSC) of; (a) dysprosium 

containing particles, (b) the gadolinium containing particles and (c) the non-doped particles 

from batch 2. The small non-doped particles (Plu-23) were below than the detection limit 

of the centrifuge which is why they are not shown. 
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Figure 5.19: TEM images of the batch 1 latex particles. On the top row are the dysprosium 

containing latex particles; (a) DyPlu-1, (b) DyPlu-2 and (c) DyPlu-3. On the middle are the 

gadolinium containing particles; (d) GdPlu-1, (e) GdPlu-2 and (f) GdPlu-3.  
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Figure 5.20: TEM images of the batch 2 latex particles. On the top row are the dysprosium 

containing latex particles; (a) DyPlu-21, (b) DyPlu-22 and (c) DyPlu-23. On the middle 

row are the gadolinium containing particles; (d) GdPlu-21, (e) GdPlu-22 and (f) GdPlu-23. 

On the bottom row are the non-doped latex particles; (g) Plu-21, (h) Plu-22 and (i) Plu-23.  

 

(b) (c) 

(d) (e) (f) 

(g) (h) (i) 

(a) 



Chapter 5                              Synthesis of Lanthanide Containing Polystyrene Nanoparticles 

 

234 

 
Figure 5.21: Representative HDC-ICP-MS chromatogram of the batch 2 gadolinium 

containing latex particles 
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confirmed the high monodispersity of the particle systems with no value of Dw/Dn greater 

than 1.04 

As discussed earlier detection of the particles by HDC-ICP-MS was made possible 

by the inclusion of the lanthanide complex. The fact that particle sizes measured by HDC-

ICP-MS agree with the other sizing methodologies (particularly DLS), which would only 

have detected the latex particles, is evidence that the lanthanide complex ended up, as 

desired, within the particles.  

TEM (Batch 1, Figure 5.19 and batch 2, Figure 5.20) showed that particles were of 

the desired spherical morphology. However, the Dn values of particles measured by TEM 

were consistently, and significantly, less than the values obtained by DLS and DCS. For 

example, all values of Dn measured by TEM were 20-30 % less than those measured by 

DLS. This difference was attributed to the inability of TEM to visualise the surfactant 

sheath present at the particle surface, whereas both DLS and DCS (which report the 

hydrodynamic diameter of the particles in dispersion), account for the presence of the 

surfactant. Pluronic F68 is a non-ionic tri-block co-polymer consisting of a central 

hydrophobic block of poly(propylene oxide) attached to a pair poly(ethylene oxide) 

hydrophilic tails. These poly(ethylene oxide) chains each have 76 repeat units (Mr ≈ 3340 

each, total Mr ≈ 6680 approximately 80% of the total  r of Pluronic F68).
124

 These tails 

locate at the particle surface, and extend into the dispersion medium, thereby increasing the 

hydrodynamic diameter. 

As well as control of size another desirable characteristic of the particles was 

control of the surface charge, which was investigated by measurement of their zeta 

potential (ζ). While not identical, zeta potential is closely related to surface charge, with 

larger values for the zeta potential representing a greater surface charge. A value of ±35 

mVis used to separate highly charged surfaces from those with a low surface charge.
125

 As 
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can be seen from Table 5.22, the particle surface charge was significantly influenced by the 

choice of surfactant. Particles stabilised by the anionic surfactant SDS (utilising a charge 

stabilisation mechanism) gave high ζ values (-37 to -39) whereas those stabilised by the 

non-ionic surfactant Pluronic F68 (utilising a steric stabilisation mechanism) gave low ζ 

values (-3 to -6)  

Table 5.22: Comparison of the zeta potentials of the two sets of particles containing 

gadolinium, one of which was charge stabilised by the anionic surfactant SDS and the 

other steric stabilised by the non-ionic surfactant Pluronic F68 

Surfactant Used 
Zeta Potential (mV) 

Large Medium Small 

SDS -38
c 

-37
b 

-39
a 

Pluronic F68 -3
d 

-4
e 

-6
f 

Sample i.d 
a.
 GdSDS-3, 

b.
 GdSDS-2, 

c.
 GdSDS-3, 

         d.
 Gd Plu-21, 

e.
 GdPlu-22, 

f.
 GdPlu-23 

 

The residual surface charge present on the particles stabilised by Pluronic F68 was 

assumed to be a result of the sulphate anions attached to the end of the polymer chains as a 

consequence of initiation by a sulphate radical anion. As mentioned earlier it is reasonable 

to assume that these ionic chain-ends would have located at the droplet/water interface 

during polymerisation resulting in a surface charge to the particles. As can be seen from 

Table 5.22 with for the Pluronic F68 stabilised particles the zeta potential is greater the 

smaller the particle. This change while small fits with the synthetic procedure in which 

larger amounts of KPS were used to produce the smaller particles. A larger amount of KPS 

will result in a larger number sulphate terminated polymer chains meaning a higher surface 

charge on the particles, and therefore a higher zeta potential. 

With the exception of NdPlu-23 the solid content of the latexes was significantly 

lower than expected (Table 5.23), with the lowest solids content being observed in the 

large particles of the set. This can be attributed to formation of a mass of bulk-phase 

polymer, which was observed to have aggregated on the nitrogen purge needle and stirrer 

paddle during polymerisation. This mass appeared larger in the micro-emulsion systems 
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used for the synthesis of the large particles, which were probably more prone to 

aggregation due the low surfactant content of the micro-emulsions. As mentioned NdPlu-3 

was the exception with a solids content of 11.2 % (which was close to the 12.0 % 

maximum expected)
i
 which can be explained by the minimal aggregation of polymer 

which was observed during the synthesis of NdPlu-23. Why this was the case for this 

system and no other is not clear though the solids content of NdPlu-23 does suggest that 

the majority of the surfactant in the micro-emulsion remains attached to the particles and is 

not removed by dialysis. 

The lanthanide content of the particles was found to be inversely related to particle 

size (Table 5.23 and Figure 5.22 (b)) with the large particles of a set having either a similar 

amount to what was expected (PluDy-21), or significantly more (PluGd-21 and PluNd-22). 

As the final location of the complex is unknown, little speculation can be made regarding 

this observation at this time and will likely benefit from further investigation. 

 

Table 5.23: Solid content and lanthanide content of polystyrene latex particles stabilised by 

Pluronic F68. 

Sample 
Measured (% wt.) Lanthanide Content 

(wt.%) Measured Maximum Estimate 

NdPlu-21 1.8 9.6 0.39
c 

NdPlu-22 5.8 10.2 0.20
c 

NdPlu-23 11.2 12.0 0.18
c 

GdPlu-21 3.3 9.6 0.37
b 

GdPlu-22 6.4 10.2 0.23
b 

GdPlu-23 6.7 12.0 0.15
b 

DyPlu-21 1.2 9.6 0.30
a 

DyPlu-22 6.6 10.2 0.12
a 

DyPlu-23 7.3 12.0 0.10
a 

Plu-21 7.1 9.3 n.a. 

Plu-22 6.6 10.1 n.a. 

Plu-23 5.7 11.9 n.a. 
a
 Expected

 
Lanthanide content 0.34 wt %, 

b
 Expected Lanthanide content 0.29 wt % 

c 
Expected Lanthanide content 0.31 wt % 

 

                                                 
i
 The maximum expected solids content assumed 100 % monomer conversion and that all 

the surfactant, lanthanide complex, n-dodecane and sulphate groups of the KPS were 

present either in the particles on the surface.  



Chapter 5                              Synthesis of Lanthanide Containing Polystyrene Nanoparticles 

 

238 

 
Figure 5.22: (a) the solids content of the lanthanide particles as a function of particles size 

(Dz) and the lanthanide content of the polystyrene particles as a function of (b) the solids 

content of the corresponding latex and (c) the particle size (Dz) as measured by DLS. 
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encapsulated within PNPs have utilised mini-emulsion polymerisation or conventional 

macro-emulsion polymerisation.  

Pluronic F68 was found to significantly affect the reported size of the particles by 

different measurement techniques e.g., the 20-30 % discrepancy in diameter between DLS 

and TEM, that can be attributed to the surfactant corona, which is invisible to TEM. 

The Dy(NTFA)3 and Gd(NTFA)3 containing particles were singled out as the most 

promising candidates for use as calibrants on the HDC-ICP-MS system and initial 

investigation showed a good response with that technique. As such, further investigation of 

these particles within a HDC-ICP-MS system is planned separate to the work carried out in 

this thesis. 

Dialysis appeared to be a promising method for ‘cleaning’ the particles; however 

the effect this will have on the stability is unknown; because of this it is recommended that 

particles only be dialysed immediately prior to use and any storage of particles post 

dialysis should be kept to a minimum. 

The larger lanthanide containing particles were found to have significantly lower 

than expected solids contents. This was attributed significant bulk aggregation of polymer 

due to the lower stability of the micro-emulsion because of the low surfactant content. 

Lanthanide content of the particles was found to be dependent of the final particles size the 

reason for which is unknown at this time and my benefit from further investigation.  
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Chapter 6 

Application PolyHIPE Chromatography with ICP- S 

detection for the Separation of Engineered Nanoparticles. 

 

 

 

6.1 Introduction 

 Previously, in chapter 4, polyHIPE columns produced from poly(styrene-co-DVB), 

poly(BMA-co-EGDMA) and polyEGDMA had been shown to be capable of separating 

engineered nanoparticles over the size range 100 nm – 800 nm. However, as the current 

European definition of a nanoparticle is any material of one dimension under 100 nm
1
 none 

of the particles separated in chapter 4 met this criterion. Therefore, in this chapter a new set 

of polyHIPE columns were investigated for the separation of engineered nanoparticles 

below 100 nm. 

 

6.1.1 Aims and Objectives 

 The aim of the work detailed in this chapter was the separation of different sized 

engineered nanoparticles with diameters below 100 nm using polyHIPE-ICP-MS liquid 

chromatography.  

It was postulated that polyHIPEs with smaller cages and windows would have a 

greater chance of separating smaller particles. To that end two new polyHIPE columns 
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were prepared, one poly(styrene-co-DVB) and one poly(EGDMA), with increased shear 

during the mixing stage compared to the polyHIPEs produced in chapter 3. 

 Once the polyHIPE columns had been produced they were attached to an 

inductively coupled plasma mass spectrometer (ICP-MS) to provide element specific 

detection. This required the selection of particles which contained elements with a low 

natural abundance, i.e., gold nanoparticles and the dysprosium containing particles detailed 

in chapter 5 of this thesis.  

 

6.2 Experimental 

6.2.1 Chemicals 

Styrene (Sigma-Aldrich) and divinylbenzene (DVB; Aldrich) were distilled under 

reduced pressure to remove inhibitors and then stored at -20 
o
C until used. Ethyleneglycol 

dimethacrylate (EGDMA; Alfa Aesar) was passed through an alumina column 

(Brockmann activity I), to remove inhibitors, and then through a 0.45 μm HDPE filter 

(Millipore) and used immediately. Calcium chloride (anhydrous; Fisher), Pluronic® L-121 

(Poly(ethyleneglycol)-block-poly(propylene glycol)-block-poly(ethyleneglycol), average 

Mn ~4,400; Aldrich), potassium persulphate (KPS; Fisher), 2-propanol (Aldrich), SPAN
TM

 

80 (sorbitane monooleate; Fluka) and N,N,N’,N’-tetramethylethylenediamine (TMEDA; 

Sigma-Aldrich) were all used as received. 

 

6.2.2 Polymerisations 

The HIPE compositions, initiator system and polymerisation conditions are listed Table 

6.1 below. The general procedure for the production of the polyHIPEs was virtually 

identical to the method used and detailed in chapter 3 section 3.2.1.3 and, as such, it will 

not be repeated here. There where however two differences; washing of the final polyHIPE 
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monoliths was by soxhlet extraction with 2-propanol rather than with ethanol and most 

importantly the mixing was performed at 1200 rpm rather than 460 rpm to generate higher 

shear. 

 

Table 6.1: HIPE compositions and polymerisation conditions used for the synthesis of the 

polyHIPEs descried in this chapter. 

PolyHIPE Monomers Surfactant 
Initiator 

System 

Internal 

Phase 

Volume 

Polymerisation 

Conditions 

EGDMA21c 
a 

& 

EGDMA23M 
b 

EGDMA  

(4 ml) 

Pluronic L121 

(1.2 ml) 

KPS/ 

TMEDA 
c 36 ml 

72 hrs 

@ room temp. 

PS-11c 
a 

& 

PS13M 
b 

Styrene  

(1.4 ml) 

DVB  

(0.6 ml) 

Span 80  

(0.6 g) 
KPS 

d
 18 ml 

48 hrs 

@ 65 
o
C 

a
 Polymerised within an empty stainless steel HPLC column (i.d. 4.6 mm, length 150 mm). 

b
 Polymerised within a glass mould 

c
 KPS/TMEDA acts as a redox initiator system with TMEDA being added just prior to the 

end of mixing 
d 

KPS initiates by thermal degradation of the persulphate hence the need for elevated 

temperatures of polymerisation. 
 

Once the HIPEs had been formed they were split between a glass mould and an empty 

stainless HPLC column (Supleco, Germany). Both vessels were sealed and polymerisation 

undertaken within. HPLC columns were sealed without frits
i
 so as to allow the transit of 

analytes greater the 0.46 µm, though these were not used in this chapter. 

Once polymerisation was complete the monolithic polyHIPE columns to be used for 

chromatography were pumped through with 2-propanol at a flow rate of 0.1 ml min
-1

 

overnight followed by a flow of deionised water, also at a flow rate of 0.1 ml min
-1

 for 

approximately 6 hours using the same HPLC system described in chapter 3 section 3.2.1.3. 

 

                                                 
i
 While columns where prepared without frits the end fittings of the column were described 

as zero dead volume so it was hoped that the absence of frits would not leave a dead 

volume that would adversely influence the column performance. 
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6.2.3 Structural Characterisation of the PolyHIPEs 

Samples were first sputter coated with gold/palladium and scanning electron 

microscopy (SEM) was carried out on a Phillips XL30 FEG SEM at the School of 

Materials at the University of Manchester.  

The average diameters and the size distributions were calculated by manual 

measurement of a large number of entities (≥ 200 measurements) using software designed 

for the measurement of nanoparticles. Once the average diameter of the cages had been 

determined a statistical correction was applied by multiplying the average value measured 

from SEM by 2/(3
1/2

). (The explanation for the statistical correction is given in reference 
2
 

and section A1.1 of appendix 1.) 

 

6.2.4 Chromatography 

6.2.4.1 Equipment 

Chromatography experiments were performed on a HPLC system built from a 

HPLC pump (model 307 Gilson, UK), a manually driven injector valve (model 9125 

Rheodyne, USA) with a 20 μl sample loop. The flow rates of the mobile phase in the 

system were dependent on the column and are displayed in Table 6.2. For the polyHIPE 

column EGDMA21c the flow rate was lower than the natural aspiration rate of the 

nebuliser; to compensate a post column make up flow of mobile phase at 0.1 ml min
-1

 was 

provided by means of a peristaltic pump (Miniplus-2, Gilson, UK).  

 

Table 6.2: Flow rates of mobile used for each of the columns 

Column Flow Rate (ml min
-1

) 

PS-11C 0.30  

EGDMA21C 0.15 
a
 

PL-PSDA Type-1 HDC 1.70 
a
 A peristaltic pump supplied post column make up flow of mobile phase at 0.1 ml 

min
-1

 to compensate for the natural aspiration rate of the nebuliser (0.24 ml min
-1

) 
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Detection was by means of an ICP-MS (model 7500 Agilent, UK), the instrument 

parameters are detailed in Table 6.3. Data was acquired on a PC and processed on the 

ChemStation software (Agilent, USA).  

 

Table 6.3: Instrumental set up of the ICP-MS 

Parameter Setting 

RF Power 1550 W 

Nebuliser Identity Agilent Micromist Nebuliser 

Nebuliser Gas Flow 

Carrier Gas 

Make up Gas 

 

0.75 L min
-1

 

0.34 L min
-1 

Sample Depth 8 mm 

Isotopes Monitored 
109

Ag or 
162

Dy,
 163

Dy,
 164

Dy 

 

 

 
Figure 6.1: Picture of the chromatography ICP-MS system. 

 

6.2.4.2 Separations 

Separations were achieved using the polyHIPE columns described above and, for 

comparison, a commercially obtained HDC column (separation range 5-300 nm) (PL-

PSDA Type-1 Agilent, UK). The mobile phase was a propriety aqueous eluent concentrate 

(Agilent, UK) which was diluted to the manufacturer specifications before use. The exact 

composition of the mobile phase is unknown, however, several components are identified 

in the MSDS; sodium azide (presumably as a biocide), sodium dodecyl sulphate (an 
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anionic surfactant), and ethoxylated dodecane-1-ol (presumably acting as a non-ionic 

surfactant).
3
  

Separations were performed on dysprosium doped polystyrene latexes DyPlu-23 

(Dz 52 nm and PDI 0.09 measured by DLS), DyPlu-22 (Dz 78 nm and PDI 0.05 measured 

by DLS) and DyPlu-21 (Dz 155 nm and PDI 0.02 measured by DLS) (the synthesis and 

characterisation of which is described in chapter 5 of this thesis) and also on commercially 

obtained gold nanoparticles of mean diameters 5 nm, 10 nm and 20 nm (BBI Group, UK). 

Particles were diluted to 1.25 % v/v in mobile phase before injection. 

Peak asymmetry factors and column resolution were calculated for each column 

from the chromatographs by the equations detailed in sections Al.3 and Al.4 of appendix 1. 

 

6.3 Results and Discussion 

As was expected from the work described in chapter 3, both monomer systems 

formed stable HIPEs which presented as white liquids with an oily appearance. The 

viscosity of the HIPEs was markedly increased compared to the HIPEs produced in chapter 

3, instead of vicious liquids they now resembled a thick paste. This was attributed to the 

increased shear during mixing (the HIPE was mixed at 1200 rpm compared to 450 rpm in 

chapter 3) which formed HIPEs with a smaller average droplet size. This will result in 

greater levels of interfacial tension in the HIPEs, causing a corresponding increase in 

viscosity.
4
 The reduced droplet size of the HIPEs compared to those produced in chapter 3 

was evidenced by SEM analysis of the polyHIPEs (discussed in further detail in section 

6.3.3) which showed that the polyHIPEs had significantly smaller cages and windows than 

those produced in chapter 3, indicating that smaller droplets were indeed present in the 

HIPE (Figure 6.5 to Figure 6.9.and Table 6.10 and Table 6.11). 
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When the 2-propanol/water mixture was pumped through the polyHIPE columns it 

initially eluted murky white, which over time became clear. This was taken as an 

indication that the polyHIPE column had been successfully washed. 

 

6.3.1 Chromatographic Performance of PolyHIPE columns 

In the first stage of the work the dysprosium containing polystyrene latex particles 

DyPlu-23, DyPlu-22 and DyPlu-21 (sized by DLS at 52, 78 and 155 nm respectively) were 

separately injected on to the polyHIPE EDGMA21c. Ideally the column would have been 

able to separate the particles DyPlu-23 and DyPlu-22, (which were both under 100 nm, 

matching the European definition of nanoparticles1) but it was unable to produce a 

separation, with no discernable difference in retention times. The column was, however, 

able to produce a separation for DyPlu-23 and DyPlu-21 (Figure 6.2 and Table 6.4) with 

consistent retention times and peak shapes over triplicate injections. The stepped nature of 

the peaks was a result of the discrepancy between the flow rate of the mobile phase (0.15 

ml min
-1

) and the natural aspiration rate of the nebuliser (0.24 ml min
-1

) resulting in a 

pulsing in the flow at the nebuliser. While this was made up post column with a flow of 

mobile phase from a peristaltic pump at 0.1 ml min
-1

 it was not able to completely 

eliminate the effect.  

Despite the separation the calculated resolution (0.06) of the column (Table 6.5) 

was poor which, along with the significant peak overlap in the chromatograph (Figure 6.2), 

indicates that the column would not be able to resolve discrete peaks for a mixture of 

particles with a difference in size of 100 nm or less.  
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Figure 6.2: Chromatograph of the dysprosium doped polystyrene latex particles, DyPlu-21 

(155 nm) and DyPlu-23 (52 nm), on the polyHIPE column EGDMA21c. The hashed lines 

represent the retention times of the analytes. 

 

Further work into elucidating the flow rate which gives the optimum (minimum) 

peak width would help improve the resolution of the column (flow rate onto the column 

was deliberately kept low to minimise the backpressure as the stability of the column was 

unknown). It would not however be a simple case of an increased flow rate resulting in an 

increased resolution. While there should be no contribution from mass transfer of the 

analyte from mobile to stationary phase (the C term in the van Deemter equation (Eq. 6.1)), 

there will still be eddy-diffusion (the A term) and longitudinal diffusion (the B term) 

effects, both of which are to some extent influenced by flow rate. 

     
 ⁄                                                                                                          (Eq. 6.1) 

Where; H = Plate height 

A = The Eddy-diffusion parameter, associated with channeling in non-ideal packing 

in m  
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Retention Time (s) 

DyPlu-21

DyPlu-23

Table 6.4: Mean retention times of the dysprosium 

containing polystyrene latex particles, DyPlu-23 

and DyPlu-21 (52 and 155 nm respectively), on the 

polyHIPE column EGDMA21c 

Particle Mean Retention Time (s) %RSD 

DyPlu-23 105 2.5 

DyPlu-21 113 1.1 
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B = longitudinal diffusion coefficient of the eluting analytes resulting in dispersion 

in m
2
 s

-1
  

C = mass transfer coefficient of the analyte from the mobile to stationary phase in s  

u = linear velocity in m s
-1

 

As well as poor resolution, the significant peak tailing, which resulted in high peak 

asymmetry factors (Table 6.5), suggests the presence of on column interactions. Peak 

asymmetry could almost certainly be reduced by development of a suitable mobile phase 

rather than using one designed for HDC, which may not have been the most effective at 

limiting the on column interactions (particularly electrostatic) between the analytes and the 

stationary phase. Reducing the peak asymmetry would also help improve the resolution of 

column.  

 

Table 6.5: Resolution and peak symmetry factors for the separation of the dysprosium 

containing polystyrene latex particles on the polyHIPE column EGDMA21c. 

Column Resolution 
Peak Asymmetry Factor 

DyPlu-23 (52 nm) DyPlu-21 (155 nm) 

EGDMA21c 0.06 4.1 5.7 

 

  

The second stage of this work was to attempt to repeat the separation of the 

dysprosium containing polystyrene latex particles with the polyHIPE column PS-11c. 

However, after the first injection of the DyPlu-23, the particles were retained on the 

column and the back pressures began to rise. To remove the particle, and allow further 

injections, the column was then gently back-flowed. Removal of the particles was 

established by monitoring the ion Mz 162 (associated with dysprosium) content of the 

eluent back-flow using the ICP-MS until the levels had returned to background. Since it 

had been established that even the smallest dysprosium continuing latex particles were too 

large to transit the column, commercially obtained gold nanoparticles of three sizes (5 nm, 
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10 nm and 20 nm) were injected onto the column to investigate if PS-11c could affect a 

separation. 

 PS-11c was able to successfully separate the 5 nm and 10 nm gold particles, with 

consistent retention times over triplicate injections, (Table 6.6), producing the 

chromatograph displayed in (Figure 6.3). However, after injection of the 20 nm gold 

particles onto the column the particles were retained and the back pressure began to 

increase, indicating that the column had a very narrow operating size range 

 

 
Figure 6.3: Chromatographs of gold nanoparticles (5 nm and 10 nm) produced by the 

polyHIPE column PS-11c. The hashed lines represent the mean retention times of the 

triplicate injections.  

 

 

Table 6.7: Resolution and peak asymmetry factors of the 5 and 10 nm gold particles on the 

polyHIPE column PS-11c 

Column Resolution 
Peak Asymmetry Factor 

5 nm Gold 10 nm Gold 

PS-11c 0.31 3.7 2.2 (est) 

 

200

300

400

500

600

0 100 200 300 400 500 600 700 800

C
o

u
n

ts
 

Retention Time (s) 

5 nm Au

10 nm Au

Table 6.6: Mean Retention times of 5 nm and 10 

nm gold nanoparticles on the polyHIPE column 

PS-11c. 

Particle Mean Retention Time (s) %RSD 

Gold 5 nm  348 1.5 

Gold 10 nm 489 1.4 
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Unlike the polyHIPE column EGDMA21c, there was a significant difference in 

retention times between the particles injected onto PS-11c. However, despite these 

significant differences in the retention time, the considerable peak width which caused 

significant peak overlap resulted in a less than ideal resolution (0.31) (Table 6.7). 

However, as there was no overlap of the peak maxima it is possible that a resolution of 

peaks could be achieved for mixtures of the 5 nm and 10 nm gold particles. The broad 

peaks are likely as a result of the column and not the dispersity of the gold particles which 

have a coefficient of variation of (also known as the %RSD) of < 15%.
5
 

The peak asymmetry factor had to be estimated for the 10 nm gold particles as 

measurement was terminated before the peak had returned to the base line. While less than 

on EGDMA21c, peak asymmetry was still greater than ideal for both peaks, again 

indicating on column interactions. As with EGDMA21c the resolution and peak 

asymmetry of PS-11c could potentially be improved by development of a bespoke mobile 

phase and investigation into optimising flow rates along with other aspects of the 

chromatography set up. 

 While the elution order was the same for both columns the mechanism is unknown 

would require further investigation to be elucidated. As the smaller particles elute before 

the larger particles on both columns is not a mechanism based upon excluded volume, as 

with SEC of HDC, which would see the larger particles elute before the smaller one. 

 

6.3.2 Comparison with HDC 

 To compare how the polyHIPE columns performed against a commercially 

available size separation technique, the gold and dysprosium containing particles were also 

injected onto a commercially available PL-PSDA Type-1 HDC column which was fitted 

into the same chromatography setup as the polyHIPE columns. HDC was able to separate 
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the dysprosium latex particles considerably better than the polyHIPE column EGDMA21c 

(Figure 6.4), with a resolution between DyPlu-23 and DyPlu-21 of 1.21 (which is 

approaching baseline resolution at 1.5)
6
 compared to the resolution of 0.06 on 

EGDMA21c. It was also able to resolve the DyPlu-23 and DyPlu-22 particles (resolution 

0.30); though it is unlikely that for a mixture separate peaks would be obtained. 

 
Figure 6.4: Chromatographs of the dysprosium containing polystyrene particles separated 

on a commercial PL-PSDA HDC column. Particle sizes measured by DLS were DyPlu-21 

Dz = 155 nm, DyPlu-22 Dz = 78 nm and DyPlu-23 Dz =52 nm. 
 

Table 6.9: Resolution of the dysprosium containing polystyrene latex particles, DyPlu-21, 

DyPlu-22 and DyPlu-23 (measured by DLS 155 nm, 78 nm and 155 nm respectively), on a 

PL-PSDA type 1 HDC column. 

Column 
Resolution 

DyPlu-21/ DyPlu-22 DyPlu-22/ DyPlu-23 DyPlu-21/DyPlu23 

HDC 0.77 0.30 1.21 

 

While HDC did outperform EGDMA21c for the separation of the dysprosium 

containing particles the polyHIPE column PS-11c outperformed HDC for the separation of 

the 5 and 10 nm gold particles. HDC was unable to resolve the gold particles, producing 

similar retention times for each particle whereas, as discussed earlier, the polyHIPE 
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Table 6.8: Retention times of the 

dysprosium containing polystyrene latex 

particles on a commercial HDC column. 

Particle Retention Time (s) 

DyPlu-21 486 

DyPlu-22 497 

DyPlu-23 503 
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column PS-11c was able to separate the 5 and 10 nm gold particles with resolution of 0.31 

between the two particles. The polyHIPE column PS-11c was, however, limited in its 

operating size range with the 20 nm gold particles being retained on the column implying 

that it would be unable to separate particles much above 20 nm. 

While the resolution of the particles DyPlu-21 and DyPlu-23 on the polyHIPE 

column EGDMA21c was poorer than on the HDC, the column dimensions were 

significantly smaller. The polyHIPE column EGDMA21c had internal dimensions of 150 

mm x 4.6 mm, whereas the HDC column is comprised of two columns in series each with 

internal dimensions of 400mm x 7.5 mm. Resolution of the polyHIPE column could 

potentially be improved by scale up of the column to a similar size to the HDC column. 

While a theoretical resolution cannot be calculated with any reasonable degree of accuracy 

due to several unknowns about the columns, some comments can be made on the potential 

effects of a column scale up. No significant effects on the resolution would be expected 

from the increase in column i.d. Assuming that the same linear velocity was used (i.e. a 

ratio of (4.6
2
) / (7.5

2
) meaning that 0.15 ml min

-1
 would become 0.40 ml

-1
) the peaks would 

be expected to elute at the same time. There may be some effects from the column wall 

which can be influenced by i.d.; e.g. “tracking” between the stationary phase and the wall 

(resulting in fronting of the peak), or drag (resulting in tailing). The column wall also 

supports the polyHIPE so there will be differences in the stability of the monolith. 

By increasing the column length one would expect to observe an increase in 

retention time corresponding to the increased length, i.e. PluDy-23 which had a retention 

time of 105 s on the 150 mm long column EGDMA21c would have an expected retention 

time of 560 s on an 800 mm long polyHIPE column of the same stationary phase. Also, 

with increased column length the extra volume in the system (tubing, detector cell etc.) 

will be less significant. For two columns of the same stationary phase a longer column will 
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have a greater number of theoretical plates. Since as the greater the number of theoretical 

plates the closer the peak will resemble an ideal Gaussian curve, a longer column would be 

expected to have a greater resolution. However, because in longer columns there will be 

greater diffusion of the analytes, which will result in greater peak broadening, it does not 

necessarily follow that resolution will be increased. 

 

6.3.3 Effect of Chromatography on PolyHIPEs Structure. 

 To assess what effect the separations had had, if any, on the polyHIPE structure, 

SEM was performed on the polyHIPE stationary phase of the monolithic columns after 

separations. As it was not possible to perform SEM on the polyHIPEs used for 

chromatography before the separations, a freestanding monolith which had been prepared 

from the same HIPE and under the same conditions as the polyHIPE monolithic columns 

was also examined by SEM. The assumption being that the internal structure of the 

freestanding monoliths would be equivalent to the internal structure of the polyHIPE 

monolithic columns before the chromatography experiments had taken place.  

Table 6.10: Mean cage diameter and mean window diameter of the polyEGDMA 

polyHIPEs measured by SEM. Both polyHIPEs were prepared from the same HIPE under 

the same conditions. The SEM was performed on the monolithic column EDGMA21c after 

the chromatography experiments had been performed. 

PolyHIPE Type 
Mean Cage Diameter (μm)

 Mean Window Diameter 

(μm)
 

 ̅  %RSD  ̅  %RSD 

EGDMA21c Column 1.1 36 0.2 57 

EGDMA23M Monolith 1.1 50 0.2 50 

 

Table 6.11: Mean window diameter of the poly(styrene-co-DVB) polyHIPEs measured by 

SEM. Both polyHIPEs were prepared from the same HIPE under the same conditions. The 

SEM was performed on the monolithic column PS-11C after the chromatography 

experiments had been performed polyHIPEs. 

PolyHIPE Type 
Window Diameter (μm) 

 ̅  %RSD 

PS-11C Column 0.6 37 

PS13-M Monolith 0.6 42 
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The SEM showed that the internal structure of the polyHIPEs was similar for both 

the monolithic column (post separation) and the freestanding monolith of both the 

polyEGDMA (Figure 6.5) and poly(styrene-co-DVB) (Figure 6.8) polyHIPEs, as were the 

average size of the cages and windows (Table 6.10 and Table 6.11) and the corresponding 

size distributions (Figure 6.6, Figure 6.7 and Figure 6.9). This suggests that, at least in the 

short term, the polyHIPE structure is robust enough to withstand the pressures associated 

with the eluent flow, and chemically inert enough not be affected by the chemical 

composition of the mobile phase or the presence of the particles. 

In both cases the cages of the polyHIPEs were less well defined than the polyHIPEs 

produced from similar HIPE compositions and polymerised under identical conditions 

described in chapter 3 (compare Figure 3.9 and Figure 3.14, chapter 3, to Figure 6.5 and 

Figure 6.8). The consequence of this was that the cages of poly(styrene-co-DVB) poly 

HIPEs were so poorly defined that it was not possible to calculate an average diameter. 

The lack of definition of the cages can be attributed to the more open nature of the 

polyHIPE. This greater openness is likely resulted from a decreased droplet size due to 

increased shear of mixing. In any emulsion for the same volume of internal phase a smaller 

average droplet size will produce a greater interfacial area. In a HIPE this will lead to a 

thinner average thickness of the film interfacial film in-between droplets. Since a thinner 

film will be more likely to rupture a greater number of windows will form will result more 

open cage, which, as a result, will be less well defined.
7
  

SEM of the polyHIPE columns gave no indication of particles on the column 

surfaces. However, they may not have been visible at the magnification used, particularly 

with the 5 and 10 nm gold particles. They would also be further masked by sputter coating 

of the samples.  
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It had been postulated that smaller cages and smaller windows in the polyHIPE structure 

would result in a better chance of particle separation. The rationale was that smaller cages 

will result in less volume inactive in separation and smaller windows will result in greater 

selectivity between analytes of different sizes; in an analogous way to using narrower 

diameter capillaries in capillary HDC will improve separation efficiency and resolution. 

While there are a variety of different ways to produce smaller cages/windows in 

polyHIPEs (increased surfactant concentration etc.)
8
 higher shear mixing was employed 

for this work as it did not require any change to HIPE composition from the work detailed 

in chapter 3. By comparing the SEM images of the polyHIPEs in this chapter (Figure 6.5 

and Figure 6.8) to those of similar polyHIPEs produced in chapter 3 (Figure 3.10 and 

Figure 3.15) it can be seen that the use of higher shear mixing produced polyHIPEs with 

cages/windows that are considerably smaller than those produced in chapter 3 (Table 6.12). 

This can be attributed to the increased shear of mixing (1200 rpm compared to 450 rpm) 

forming smaller droplets in the HIPE, in turn templating smaller cages and windows in the 

resulting polyHIPE. As mentioned earlier, these smaller droplets also result in greater 

interfacial tension in the HIPE systems which leads to the increased viscosity of these 

HIPEs
2
 compared to those described in chapter 3. 

 
Figure 6.5: SEM images of (a) the polyHIPE monolith EGDMA23M which was not 

exposed to a chromatographic flow and prepared in a glass mould and (b) the polyHIPE 

monolith EGDMA21C which had been removed from the chromatographic system after 

separations.  

 

(a) (b) 
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Figure 6.6: Size distributions, determined by SEM, of the (a) cage and (b) window 

diameters of the polyHIPE monolith EGDMA23M. 

 

 
Figure 6.7: Size distributions, determined by SEM, of the (a) cage and (b) window 

diameters of the polyHIPE monolith EGDMA21c after separations. 

 

 
Figure 6.8: SEM images of (a) the polyHIPE monolith PS13-M which was not exposed to 

a chromatographic flow and prepared in a glass mould and (b) the polyHIPE monolith PS-

11c which had been removed from the chromatographic system after separations. 
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Figure 6.9: Size distributions, determined by SEM, of the windows of the polyHIPEs (a) 

PS-11c (after separations) and (b) PS13M . 

 

 

Table 6.12: Comparison of the mean cage diameter and mean windows diameters of the 

polyHIPEs produced in this chapter (mixed at 1200 rpm) to those produced in chapter 3 

(mixed at 450 rpm). 

PolyHIPE Displayed in Figure.. 

Mean Cage Diameter 

(μm) 

Mean Window Diameter 

(μm) 

 ̅  %RSD  ̅  %RSD 

EGDMA21c Figure 6.5 1.1 36 0.2 57 

EGDMA23M Figure 6.5 1.1 50 0.2 50 

EGDMA1 Figure 3.14 2.2 35 0.4 45 

PS-11C
a
 Figure 6.8 n.a n.a 0.6 37 

PS13-M
a 

Figure 6.8 n.a n.a 0.6 42 

PS-3 Figure 3.9 13.0 39 1.7 54 

  

 

6.4 Conclusions 

 Two different polyHIPE columns, one poly(styrene-co-DVB) and one 

polyEGDMA, have been shown to be capable of separating engineered nanoparticles, 

ostensibly based upon size. The poly(styrene-co-DVB) polyHIPE was able to produce a 

resolution with particles of a narrow size range (5 and 10 nm gold particles) and in this 

respect it outperforms HDC which under normal operating conditions cannot resolve 

particles over this size range.  
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The elution order of particles off both columns was the same, with smaller particles 

eluting first. The mechanism behind the separation is unknown and without further work to 

generate more evidence the mechanism cannot be speculated upon at this juncture.  

 Comparison of SEM images of the polyHIPEs after separations to a polyHIPE 

monolith produced from the same HIPE and polymerised under identical conditions shows 

similar micro-scale structures with comparable size distributions for the polyHIPE cages 

and windows. This indicates that, in the short term at least, the polyHIPE columns are 

stable and the internal structure is not altered by chromatography. 

 While resolution of the particles on the column EGDMA21c and the peak 

asymmetry on both columns is not ideal, the author believes that both of these could be 

improved by further work optimising the chromatographic conditions (injection volumes, 

flow rates etc.) as well as developing a bespoke mobile phase for the columns. 
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Chapter 7 

Concussions and Recommendations for Further Work 

 

 

 

7.1 Conclusions  

As stated in the introduction (chapter 1) the two primary aims of this thesis were: 

1. To produce a chromatographic column from high internal phase emulsion (HIPE) 

templated materials capable of size separating engineered nanoparticles in aqueous media. 

2. To produce a series of highly monodisperse polymer nanoparticles, containing a low 

natural abundance element, over a 40 -160 nm size range, with a potential use as analytical 

standards. 

The work carried out it this thesis has successfully met both of these aims. It has been 

shown that polyHIPE monoliths produced from poly(styrene-co-divinylbenzene), 

poly(ethyleneglycol dimethacrylate) have the ability to act as a stationary phase for the 

aqueous chromatography of engineered nanoparticles (chapter 6) as well as submicron 

particles (chapter 4). As mentioned in the introduction to chapter 4, polyHIPE columns 

have previously be used for the separation of proteins however, as far as the author is 

aware, there are no reported cases in the literature of polyHIPE columns being used for a 

size separation.  
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In this work a poly(styrene-co-divinybenzene) polyHIPE column was shown to 

outperform the current separation technique of hydrodynamic chromatography (HDC) 

when it came to the separation of small gold particles of 5 nm and 10 nm. The polyHIPE 

column was able to separate these particles when they cannot normally be resolved by 

HDC.  

The separation mechanism does appear to be based on size, as analytes were all of a 

similar chemical identity and only differed in size. However, the mechanism is as yet not 

understood. It is possible that they may be multiple mechanisms at work can be seen by the 

separations in chapter 4. It appears to have also shown that the effective separation range 

of the polyHIPEs could be influenced by the synthetic procedure (i.e., for a poly(styrene-

co-divinylbenzene) polyHIPE column produced from a HIPE of similar composition and 

polymerised under identical conditions (i.e., styrene/divinylbenzene ratio surfactant 

concentration, internal phase composition and content and polymerisation conditions) by 

increasing the shear during the mixing stage is was possible to produce a polyHIPE column 

that could separate particles with a difference of only 5 nm, which before had produced a 

small separation between 100 and 460 nm particles. 

Micro-emulsion polymerisation was successfully used to encapsulate a lanthanide 

containing complex with polystyrene nano-particles covering a size range of 40 -160 nm 

(however, it is not clear if the larger particles were truly prepared by micro-emulsion 

polymerisation). Characterisation by a variety of techniques (i.e., dynamic light scattering, 

transition election microscopy, differential centrifugal sedimentation and HDC) all 

confirmed that even after dialysis particles had good levels of monodispersity. Analysis by 

HDC coupled to an inductively coupled plasma mass spectrometer (ICP-MS) showed that 

the lanthanides were associated with the particles at levels easily detectable by ICP-MS. 
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The choice of surfactant was also used to control the surface charge of the particles, 

which gives the potential for the particles to be used over a wide range of ionic strengths.  

While SiHIPE materials were not deemed appropriate for investigation as a 

stationary phase due the physical properties (e.g., shrinkage during synthesis and 

brittleness) it has been shown that porosity of these materials can be controlled by both 

surfactant choice and the inclusion of either iron (III) chloride or copper (I) chloride. Use 

of surfactant was able to increase micro-porosity which manifested as a rise in in surface 

area from 132 to 383 m
2
 g

-1
. By a combination both surfactant and iron (III) chloride or 

copper (I) chloride it was possible to increase the surface area further to 745 m
2
 g

-1
 and 767 

m
2
 g

-1
, respectively. The BET isotherms of SiHIPE materials showed some evidence of the 

evolution of mesoporosity.  

 

7.2 Recommendations for Further Work 

The recommendations for further work are split between two aims; the first set of 

recommendations relating to the polyHIPE columns and the second set relate to the 

lanthanide containing particles.  

 

7.2.1 Further Work Recommendations for the PolyHIPE Columns 

While it has been shown that the polyHIPE columns can separate submicron and 

nanoparticles, there is still significant work to be done establishing the mechanism of the 

separation and improving column performance. During this work, a proprietary mobile 

phase was used that had been designed for use with hydrodynamic chromatography. It is 

very probable that column performance could be improved by development of bespoke 

mobile phase which would be appropriate for the individual column. Due to time restraints 

minimal attention was paid to fully investigating the optimal chromatography set-up. It is 
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likely that optimisation of the set up (e.g., flow rates, column lengths, injection volumes 

and on column pressures) would allow improvements in chromatography.   

 It is also likely that the stationary phase would have had a surface charge resulting 

from the presence of the sulphate anionic groups left over from initiation. By use of an oil 

soluble non-ionic initiator, the surface charge could be reduced (surface charge would not 

be eliminated as materials will develop a spontaneous surface charge when in contact with 

water).  

 To this end it would be useful to take the knowledge gained in this work and 

produce a set of columns by a range of synthetic conditions to control their properties 

(controlled pore sizes, surface charge etc.). This set of columns could then be investigated 

with a range of mobile phases under array of chromatographic conditions with particles 

covering a wide size range to establish the optimum chromatographic performance.  

 

7.2.2 Further Work Recommendations for the Polystyrene Latex Particles 

Further work with the latex particles would focus on their intended use as retention 

time markers and internal standards for analytical techniques such as in HDC-ICP-MS for 

analysis of real world samples e.g., soils and sewage sludge [work which is already being 

undertaken by researchers at the food and environment agency (fera)]. 

As mentioned, the final location of the complex was not fully understood, the 

particles had varying amounts of complex encapsulated apparently dependent on size. 

Further investigation determining location and behaviour of the complex during synthesis 

could potentially lead to the ability to control the levels of doping in the particles. This 

could enable use of the particles with elemental techniques with a lower sensitivity than 

ICP-MS e.g., EDX. It could also be possible to produce particles with multi-element 

doping at controlled levels. These multi-element doped particles would have greater 
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potential as internal makers and internal standards and they would be detectable even when 

the samples contained a contaminant which was same as one of the metals in the particle. 

This could also be combined with a more thorough investigation of the emulsion properties 

to accurately establish the method of polymerisation. 
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Appendix 1: Calculations  

  

Calculations used in multiple chapters are included here. 

 

A1.1 Statistical Correction Applied to Poly/SiHIPE cage Measurements 

The explanation for this statistical correction was originally outlined by Barbetta 

and Cameron
1
 and is included here for ease of reference.  

Simple mean average cage diameters determined from SEM micrographs will be an 

underestimation of the real value. This is because sectioning means measurements of the 

cage diameter can be made at any random distance from the cage centre. To account for 

this a statistical correction can be applied to value to provide a more accurate 

measurement. 

This can be achieved by evaluating the average of the ratio R/r where R is the 

equatorial radius of the cage and r is the radius of the cage a distance h from the centre 

(Figure A.1) 

 

Figure A.1 

As h is related to r by 

                                                                                                                   (Eq. A1 1) 

As the probability of sectioning of the cage measurement is the same for all values of h, the 

average probability value for h is R/2. If this is replaced in Eq. A.1 this becomes R/r = 
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(2/3
1/2

) therefore multiplication of the measured average cage diameter by 2/3
1/2

 gives a 

better value for the average diameter of the cages. 

A1.2 Openness of the Poly/SiHIPEs 

 The openness of can be estimated from the following equations propsed by Pulko 

and Krajnc:
 2

 

  
                            

                     
  

  

  
                                                                                (Eq. A1.2) 

  
  (  ⁄ )

 

    
 (  ⁄ )

 

    
   

                                                                                                    (Eq. A1.3) 

  
  

√ 
                                                                                                                                (Eq. A1.4) 

where:  O = openness of the polyHIPEs 

 N= Estimated average number of windows 

n= Average number of visible windows per cage 

 da= area average window diameter 

 Da= area average cage diameter 

As openness is the ratio open surface area to closed surface area the surface area 

average diameter of both the cages and windows was considered to be the most appropriate 

metric for the cage and window diameters.  

 

A1.3 Calculation of Resolution  

 Resolution of the peaks was calculated from the following equation: 

   
 (       )

   (  
 ⁄     

 ⁄  )
                                                                                               (Eq. A1.5) 

Where: Rs = resolution, which is a dimensionless parameter. 

 A and B are the two peaks. 

 rt = retention time in seconds. 

   
 ⁄
 = the width at half height of the peak in seconds. 



Appendix 1 

 

271 

 

A1.4 Calculation of the Peak Asymmetry Factor 

 The peak asymmetry factor was calculated from the following equation: 

      ⁄                                                                                                                 (Eq. A1. 6) 

Where: As = the dimensionless peak symmetry factor. 

 a = the width of the front half of the peak at 10 % height in seconds. 

    b = the width of the back half of the peak at 10 % height in seconds. 

Values of As > 2.0 are considered poor, as above this value the resolution becomes 

compromised, with values of < 1.5 considered ideal.
3
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Appendix 2: PolyHIPE Characterisation Data from 

Chapter 3  
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Table A2.3: Completer Shrinkage Data for the polyHIPE produced in Chapter 3 

Monolith 

Average Diameter 

after drying (mm) (± 

0.5 mm) 

Original 

Diameter (mm) 

Change in Diameter 

(mm) (± 0.5 mm) 

Shrinkage 

(%) 

PS-3 14.0 15.0 1.0 7 

VE1 7.5 8.5 1.0 12 

HEMA75 17.0 19.0 2.0 11 

HEMA85 10.5 14.5 4.0 28 

HEMA90 8.0 14.5 6.5 45 

StHE 4.5 8.5 4.0 47 

BuA1 12.0 12.0 0.0 0 

MMA1 16.5 23.0 6.5 28 

HPMA1 21.0 23.0 2.0 9 

EGDMA1 23.0 23.0 0.0 0 

GMA3 19.0 23.0 4.0 17 

BMA3 22.0 23.0 1.0 4 

BuMA1 23.0 23.0 0.0 0 

 

 

 


