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Abstract 

Sidratul Choudhury 

Investigation of the applicability of polyHIPE materials in 

liquid chromatography 

 Polymer monoliths have gained significant interest as stationary phase materials over 

the last 25 years. More recently, enthusiasm for polymer high internal phase emulsions 

(polyHIPEs) in chromatographic separations has grown, primarily due to their large pore sizes 

(greater than 10 µm), which make polyHIPEs highly permeable and ideal for high flow rate 

separations. In this study, the applicability of polyHIPE materials as stationary phase materials 

was investigated and novel methods to increase their surface area explored. A range of 

different polyHIPEs were prepared using monomers such as Sty, GMA and VBC to impart 

varying surface functionalities. The first instance of an OTCEC polyHIPE column was 

demonstrated and applied in a modest separation of alkylbenzenes.  

 Upon development of various polyHIPE materials, it was found that styrenic polyHIPEs 

gave an ideal morphology and were most appropriate for HPLC separations compared with 

VBC and GMA polyHIPEs. Previously, polyHIPEs have predominantly been utilised in gradient 

separations of protein standards. However, the applicability of these materials as stationary 

phase materials have not yet been investigated in isocratic separations. PS-co-DVB 

polyHIPEs within silcosteel columns (100 mm x 1.02 mm in I.D) were fabricated and 

chromatographic performance characteristics of the columns produced were established. The 

separation efficiency for alkylbenzenes investigated was lower than traditional polymer 

monoliths. However, the polyHIPEs of low surface area demonstrated a high separation 

capacity in comparison to traditional polymer monoliths produced in previous studies and 

presented the novel use of PS-co-DVB polyHIPEs for the separation of alkylbenzenes in 

HPLC. In addition the resolution, peak asymmetry, and high batch-to-batch reproducibility of 

%RSD of up to 3% were established of the polyHIPEs as stationary phases. 

 While separation capacity of the PS-co-DVB polyHIPEs were exceptional for such low 

surface area materials of 20 m2 g-1, surface area would become a major limitation upon 

developing the materials for more complex analytes. Methods such as inclusion of NPs during 

emulsion fabrication, agglomeration of NPs after amination and inclusion of additional 

porogens were utilised to enhance the surface area of the polyHIPEs. The inclusion of 
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additional porogen toluene and agglomeration of gold NPs were investigated; the polyHIPEs 

were unsuitable for downstream applications because of mechanical rigidity and permeability 

issues respectively. The inclusion of GONPs within the PS-co-DVB emulsion was found to 

decrease the surface area of the material by up to 40% (16 m2 g-1). Nonetheless, the GONP 

modified polyHIPEs were utilised in HPLC in their reduced and non-reduced states. The 

GONP modified polyHIPEs showed no difference in selectivity; however were found to give 

similar separation capacities when compared to the unmodified higher surface area polyHIPE. 

The significance of these results was that the GONP modified polyHIPEs demonstrated a 

superior method of adsorption for the RP-HPLC of alkylbenzenes. 

 Finally, the first instance of fabrication of a polyHIPE coated OTCEC column using a 

multiple layer polymerisation technique was investigated in an attempt to increase the 

separation efficiency of the polyHIPE materials. The successfully fabricated coated columns 

had an increased efficiency of up to 3460 plates. However, poor injection-to-injection 

reproducibility was observed with increasing injections resulting in co-eluted peaks and 

greater diffusion effects. In addition, effects on the polyimide coatings in OTCEC in general 

when using organic modifier ACN was also expected to be an attributing factor to the low 

injection-to-injection reproducibility. The latter, however, was deemed an issue in which 

OTCEC polyHIPE columns would not be able to overcome.   

 From this study, it was established that polyHIPE materials have potential as stationary 

phase materials; however, the issue of low surface area, mechanical rigidity and inherent 

concave void structure of polyHIPEs will ultimately need to be addressed to minimise low 

separation capacities and higher diffusion effects. Throughout this thesis, strategies have 

been explored to negate these issues, and additional strategies have been proposed for future 

work. It is certain that if these issues are addressed, polyHIPEs have the potential to not only 

be comparable to traditional polymer monoliths in terms of chromatographic performance, but 

to exceed these traditional formats in terms of fabrication reproducibility, ultimately increasing 

their application in real world applications. 

 

 

 

 

  



 

 

 

 

 

 

 

 

 

 

Chapter One 

Literature review of polyHIPE monolithic materials as stationary phases 

in separation science. 

 

 

 

 

 

 

 

 

 



 

“If I have seen further... it is by standing upon the shoulders of giants.”- Sir Isaac 

Newton. 
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1. Aim 

 The aim of this review examines the success of polyHIPEs applied in 

separations and elucidates the successful strategies to improve their application as 

stationary phases for future chapters. Current applications, such as chelation resins 

demonstrate the diverse interaction modes and applications of polyHIPEs in analytical 

separations are considered in this review. PolyHIPEs have been shown to be ideal 

media for removal of environmental contaminants, separation of crude proteins and 

separation of small molecules. As well as reviewing the success of polyHIPEs in the 

literature, the potential limitations as well as strategies to overcome such limitations 

are explored. 
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1.1 Introduction 

 This literature review discusses the development of polymeric high internal 

phase emulsions (polyHIPEs) as stationary phase materials. The areas in which the 

materials have been shown to be particularly advantageous have been highlighted. 

With their unique supermacroporous architecture, polyHIPEs have huge potential as 

analytical separation stationary phases. Due to their fully interconnected pore 

structure, mass transfer occurs predominantly via convection, potentially allowing for 

enhanced chromatographic performance. Additionally their surface functionalities can 

be tailored by modification of substrates both during and post fabrication. The surface 

area of polyHIPEs are typically lower than comparable particulate stationary phases 

and problems with their rigidity persist. For these reasons, apart from their applications 

for large biomolecule analysis, the potential of polyHIPE materials as stationary 

phases in separation science have not been extensively realised. However, multiple 

strategies exist to overcome these limitations, potentially enabling the application of 

polyHIPEs for a diverse range of separations. The most noted increase in surface area 

has been using additional porogens and hypercrosslinking reactions. In this chapter, 

the limitations of modification techniques are explored, and strategies to overcome 

these limitations and further develop these monolithic phases for analytical 

separations are presented. 
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1.2 Introduction to polymer monoliths as stationary 

phases 

 Since the first instance of using monolithic columns in separations, almost 25 

years ago, there has been a fast incline of research within this area [1]. Monoliths are 

highly porous materials, where the open pores form an interconnected channel 

network [2]. They are used for a wide range of applications from biological scaffolds 

for cell growth [3, 4], DNA purification [5], catalysis [6], separation media [7] and 

sample preparation media for uses such as solid phase extraction [8]. Although 

particulate stationary phases are predominantly used as separation media in modern 

chromatography, monoliths can withstand higher flow rates due to lower 

backpressure, resulting in shorter analysis time. While the resistance to mass transfer 

can be reduced in particulate columns by decreasing particle size, the accompanying 

increase in back pressure presents additional technical hurdles. In contrast to 

particulate stationary phases, monolithic stationary phases exhibit an enhanced mass 

transfer due to fully interconnected pores acting as direct channels where mobile 

phase can flow. Mass transfer in a monolithic column is therefore dominated by 

convection rather than diffusion [9]. Typical silica monolith morphology is 

demonstrated in Figure 1.1 (a) below with macrosized pores (50 nm-1000 nm) and 

nanosized pores (1-100 nm). In contrast, in polymer monoliths a “cauliflower like” 

skeleton is evident, as shown in Figure 1.1 (b).  
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Figure 1.1: Scanning electron microscope (SEM) image of (a) silica monolith 

(Magnification not specified, scale bar 10 µm) [10] and (b) glycerol dimethacrylate 

polymer monolith (Magnification 1,000x, scale bar 50 µm) pore architectures [11]. 

 While chromatographic performance can be improved by using monolithic 

stationary phases, like any other stationary phase, the material has its limitations. 

While silica based monoliths were initially found to be promising separation materials 

due to their high surface area (up to 300 m2 g-1) [12], a major limitation of the material 

is its narrow working pH range, typically pH 2-8. Below pH 2, bonded stationary phase 

ligands can be lost via hydrolysis of the silyl-ether linkage; above pH 8 the silica 

monolith itself dissolves[13]. By contrast, organic polymeric monolithic columns, 

despite having lower surface areas (3-20 m2 g-1) [1], have the advantage of a wider 

working pH range, typically of pH 1-14 [14]. In their mini review, Arrua et al. highlighted 

distinct performance characteristics of polymer monoliths which resulted from their 

morphology [15], polyHIPEs were highlighted as one of the most promising for 

separation science due to their unique morphology as well as their ability to be 

polymerised in standard bore housings [16]. Unlike traditional organic polymer 

monoliths which are known to have a “cauliflower” morphology, polyHIPEs comprise 

of supermacropores (pore sizes from 10-250 µm) resulting in unique pore 

architectures [17], as illustrated in Figure 1.2. In this particular chapter, the application 
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of these materials as chromatographic stationary phases will be explored to highlight 

the increasing potential of these materials in separation science. 

 

Figure 1.2: SEM image of polyHIPE (Scale bar 50 µm) [17].   

1.3 PolyHIPEs 

 PolyHIPE materials, first studied in 1962, consist of an internal phase fraction 

dispersed in droplet form [18]. In a high internal phase emulsion, this internal phase 

constitutes greater than 74% of the total emulsion volume [19]. At this percentage a 

polyhedral structures are formed by the deformation of dispersed droplets, these 

polyhedrons are separated by thin layers of continuous phase [20]. Figure 1.3 (a) 

below demonstrates, where an organic phase in an aqueous phase (O/A) emulsion is 

formed. The organic phase (containing polymerisable monomers, crosslinker and 

surfactant) will act as the porogen and is dispersed within the discontinuous aqueous 

phase, and forms polymer particles upon polymerisation. In an aqueous phase in 

organic phase (A/O) emulsion (Figure 1.3 (b)), the aqueous phase (containing 

electrolyte and initiator) acts as the porogen and is dispersed in the organic phase 

(continuous phase) forming a continuous polymer network with interconnecting pores 

[21-23]. The macropores present due to the removal of porogen are known as voids 
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and the interconnecting pores within these voids are referred to as windows, illustrated 

in Figure 1.3 (c) [19]. Interest and research in these polyHIPE materials has increased 

significantly since the 1980s with terminologies such as porous polymers, open 

microcellular foams, polymer foams and polyHIPEs all being used to describe this 

particular material [24-27]. For clarity, throughout this thesis these fascinating 

materials will be referred to exclusively as polyHIPEs and the morphological features 

will be referred to as voids and windows. 

 

 

Figure 1.3: (a) O/A (oil in water) and (b) A/O (water in oil) high internal phase emulsion 

[12] and (c) SEM image indicating morphological features that represent voids and 

windows in polyHIPE materials (Magnification not specified, scale bar 10 µm)[23]. 

1.3.1  PolyHIPE preparation 

1.3.1.1 Fabrication of polyHIPE materials 

 Emulsions of A/O polyHIPEs comprise functional monomer, crosslinker and 

surfactant within the organic phase. The aqueous phase consists of water, electrolyte 

and free radical initiator. Hydrophobic monomers used to fabricate nonpolar materials 

include styrene (Sty) and divinylbenzene (DVB) [26, 28, 29]. To fabricate more 
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hydrophilic materials monomers such as polyacrylamide (AAm), hydroxy ethyl acrylate 

(HEA), hydroxyethyl methacrylate (HEMA) and glycidyl methacrylate (GMA) are used 

[16, 30]. More complex systems can be achieved where monomers are present in both 

aqueous and organic phases [23]. In these cases, the removal of the internal phase 

will also leave behind a continuous phase consisting of polymerised monomers. 

Recently, hybrid silica-polymer polyHIPEs have also been fabricated, which 

incorporate the mechanical rigidity and surface area of silica monoliths, as well as 

increase permeability, working pH range and modify the general architecture of 

polymer monoliths [31]. However, there are few interconnecting pores present in 

hybrid silica polyHIPEs, which will lead to poor permeability for applications in 

separations. Hydrophobic and hydrophilic polyHIPEs commonly use DVB and 

ethylene glycol dimethacrylate (EGDMA) respectively as crosslinkers [28, 32]. More 

recently however a GMA polyHIPE was crosslinked using DVB illustrating that 

crosslinkers can be used to impart enhanced functionality to the final polyHIPE surface 

chemistry [33].  

 While the monomer and crosslinker mix is important in defining the 

morphological features of the resulting polyHIPE, amphiphilic surfactants (having both 

polar and non-polar components) are used to reduce the interfacial tension allowing 

the distinct voids and windows to form. Migration to the organic-aqueous phase 

interface must result in vertically positioned surfactant molecules packed along the 

interface between the two phases in order for the interfacial tension to be reduced and 

is known as the “condensed interfacial film”. The correct hydrophilic-lipophilic balance 

(HLB) relates to the number of hydrophilic and hydrophobic parts of the surfactant 

(typically between 0-40) to form a stable emulsion [34]. Generally A/O surfactants are 

within 4-8 on the HLB scale [34]. When the correct HLB of a surfactant proves difficult 
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to obtain [35], Pickering emulsions using nanoparticles are used and have also been 

found to impart an improved mechanical rigidity to the resulting polyHIPEs [36-38]. 

More recently, Pickering emulsions have been used to form unique HIPE-organogels 

using polymer latex particles and poly (N-isopropylacrylamide) particles by multiple 

hydrogen bond interactions, a self-assembly technique [39-41].  

 Once the emulsion components to fabricate the polyHIPE have been chosen, 

a free radical initiator is required to initiate the polymerisation reaction and is employed 

in the presence of a water-soluble salt to avoid Ostwald ripening. Ostwald ripening is 

the merging of one droplet into another. This water soluble salt increases the ionic 

strength of the aqueous phase. The initiator selected is dependent on the mode of 

polymerisation of the polyHIPE, typically thermal or photo-initiation. Commonly used 

thermal initiators are persulfates (KPS/APS) [16, 32, 42]. Photo-initiators are typically 

utilised when the emulsion is not stable enough to permit thermal polymerisation. 

Photo-initiation occurs at a much faster rate (order of seconds as opposed to hours) 

than thermal polymerisation. However, using photo-initiators the ability to obtain 

complete polymerisation is limited by the thickness of the polyHIPE that is to be 

produced, as there is only a certain UV penetration depth (µm-mm depending on UV 

source) to which the photo-initiator can function adequately, due to its opacity [43, 44]. 

Furthermore, non-absorbing monomers must be used to avoid self-screening of 

effects that can occur [19]. This chapter focuses on the application of polyHIPEs as a 

stationary phase material; for the sake of brevity, fabrication protocols will not be 

discussed in detail. A comprehensive review on formulation methods of polyHIPEs by 

Kimmins et al. is recommended for further reading of fabrication methods [19]. 



30 
 

1.3.1.1.1  Strategies to tailor and increase surface area  

 The realisation of polyHIPE stationary phase application is largely dependent 

on overcoming their surface area limitations without compromising their structural 

rigidity. The tailoring of these morphological factors can be controlled during 

fabrication.  

 The simplest strategy to tailor pore morphology is to control the volume ratio of 

monomers to porogen. In a formulation where the percentage of aqueous phase is 

increased, the percentage porosity of the resulting polyHIPE is also increased. 

Therefore, a polyHIPE prepared using an 80% internal phase should be more open 

than one which used 75% [25, 42, 45], is illustrated in Figure 1.4. 

 

Figure 1.4: PolyHIPEs fabricated by varying aqueous phase ratios with 

chlorobenzene as additional porogen where percentage aqueous phase is (a) 75% (b) 

80% (c) 85% and (d) 92% (Scale bars 20 µm, magnification not specified) [17]. 

 A second strategy to increase the openness of the polyHIPE is to increase the 

temperature of the aqueous phase. The increased temperature gives rise to larger 
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voids and windows in the polyHIPE structure. Figure 1.5 below the increase of 

temperature to 80°C increased the void size observed [46, 47].  

 

Figure 1.5: PolyHIPEs demonstrating the effect aqueous phase temperature in 

emulsions where Polystyrene (PS)-co-DVB polyHIPEs were prepared at aqueous 

phase temperature (a) room temperature (Scale bar 100 µm, magnification 226x) and 

(b) 80°C (Scale bar 100 µm, magnification 226x [46].  

 The initial concentration of crosslinker also alters the resulting polyHIPE 

morphology. In general, for most polyHIPE emulsions 2 to 4% crosslinker is employed. 

As expected it has been shown that when the percentage crosslinker in the formulation 

is increased, the average void size decreases [23, 28]. When decreasing the 

percentage crosslinker the opposite is true and larger void sizes are present. Smaller 

voids would intuitively indicate a greater surface area; however, the polyHIPEs 

structural rigidity would also be affected. It has been demonstrated that incorporation 

of an excessive percentage crosslinker has resulted in the fabrication of a significantly 

brittle polyHIPE with an elasticity modulus as low as 31 MPa [28, 48]. As commercial 

liquid chromatography (LC) stationary phases typically operate at much higher 

pressures, up to 110 MPa [28], a highly crosslinked polyHIPE is incompatible for high 
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pressure separations. However elasticity may be increased using polybutadiene as an 

additive to increase the mechanical rigidity of the polymer [49]. 

1.3.1.1.2 Increasing polyHIPE surface area 

 PolyHIPEs typically have a low surface area (ranging from 3-20 m2 g-1) [17], 

relative to that of packed bed stationary phases (surface area of 150-400 m2 g-1) [50] 

and silica monoliths (surface area ~300 m2 g-1) [50]. However, there are multiple 

strategies to increase polyHIPEs surface area.  

 In addition to using percentage crosslinkers and aqueous phase ratios to 

control the morphology of polyHIPEs, using additional porogens is also a commonly 

used strategy to increase their surface area. The number of interconnecting windows 

present in a polyHIPE is increased by introducing additional porogens into the 

continuous phase during the polyHIPE fabrication. This also results in the formation of 

micropores (pore less than 2 nm), increasing the surface area of the otherwise non-

porous polyHIPE skeleton. To maintain a polyHIPE’s structural rigidity the correct 

porogen ratio must be chosen for the appropriate formulation. Incorporation of 

porogens such as 1-chloro-3-phenyl-propane, chlorobenzene and 2-

chloroethylbenzene has been reported to increase surface area up to 829 m2 g-1 [17]. 

Higher surface areas have been reported, but structural rigidity has been 

compromised [51-53]. Introducing additional porogens into the organic phase 

increases the number of interconnecting windows present in the resulting polyHIPE, 

with incorporation of monomers such as AAm in the aqueous phase reducing window 

diameter tenfold [45]. While this reduction of window diameter would be expected to 

result in an increase in surface area, the overall structural rigidity would also have to 

be assessed. Indeed porogen incorporation usually impacts structural rigidity, and to 
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date physical inspection of such modified polyHIPEs has resulted in high surface 

areas, but increasingly brittle material. 

 PolyHIPE surface area can also be increased by hypercrosslinking via Friedel-

Crafts alkylation, which allows neighbouring polymer chains to crosslink. This results 

in a microporous pore structure upon the removal of the porogen and increases the 

surface area dramatically, with surface areas ranging from 50-1210 m2 g-1 reported 

[54]. Typically, the polyHIPE is subjected to a multiple alkylation where it becomes 

swollen by internal electrophiles already present in the network or by the introduction 

of external electrophiles. Unfortunately, the Friedel-Crafts catalyst can hinder 

purification of the monolith which could contribute to poor chromatography, as the 

metal cations (especially iron) can interact directly with certain chelating solutes, 

resulting in poor peak shape for these analytes. If purification problems could be 

overcome however, these polyHIPEs could be amenable to chromatography. The 

backpressure measured on a chromatographic system using hypercrosslinked 

monoliths (column length 4.1x260 mm) was 20.5 MPa at a flow rate of 0.5 µL.min-1, 

which is acceptable for a capillary LC instrument [54, 55]. Recently, successful post-

polymerisation without a Friedel-Crafts catalyst has been reported with styrene and 

co-polymer DVB. The formation of micropores ultimately resulted in a 7.2 fold increase 

in surface area in comparison to unmodified polyHIPEs [56]. While the resulting 

surface area was lower than that obtained by the using a Friedel-Crafts catalyst, there 

was no requirement to remove any metal impurities from the final monolith. More 

recently, by coupling the technique of high internal phase emulsion templating with 

lithography [57], additive manufacturing technology (AMT) has been used to decrease 

the size of the pores within polyHIPE materials using an acrylate/thiol based polymer 

network. Here emulsions of over 80% porosity have been achieved. Unfortunately, 
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despite being mechanically stable at 60 MPa, an overall low surface area still resulted 

from these materials (26.7-53.7 m2 g-1). 

 An increase in surface area of polyHIPE materials is most certainly attainable, 

and significant advances by tailoring the polyHIPE morphology have been made to 

improve the specific surface area. However, it is important to realise that a polyHIPE 

exhibiting both high surface area and high mechanical stability remains elusive. 

1.3.2 PolyHIPE application for specific analyte class analysis 

 One of the most attractive features of polyHIPEs and of growing interest for 

specific chromatographic applications is the ability to tailor the morphology and surface 

chemistry of polyHIPEs. The possibilities for application of polyHIPEs for separations 

are both broad and diverse given the extent to which their surface chemistry can be 

varied. These possibilities are only beginning to be explored, with the main areas of 

application to date emerging in the removal of water impurities, [32, 58] and in 

separations of large biomolecules as well as small molecules, [16, 59-62] all of which 

demonstrate the separation capability of these potential stationary phases 

1.3.2.1  Small molecule separations using polyHIPEs 

 Heavy metals are prevalent in groundwater of countries around the world, 

including Bangladesh, Hungary, Finland and Greece [58]. The removal of heavy 

metals by use of polymeric bead resins has been extensively researched and has 

resulted in successful commercial resins [63-67]. However, particulate resins when 

housed in column format, are limited by high backpressures resulting in poor quality 

separations. PolyHIPE materials are currently being investigated to overcome this 

issue due to their unique pore structure. Typical polymeric anion exchange resins use 

the addition of pyridine groups to remove heavy metals, with 2-methyl-5-vinylpyridine 
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and 4-vinylpyridine co-polymerised with DVB is most common. As 4-vinylpyridine is 

commercially available, it serves as a benchmark for polymeric resins and many other 

modified polyHIPEs that will be discussed in this chapter [68]. 

 DVB polyHIPEs have formed the polymer backbone for a number of successful 

heavy metal analyses. Benicewicz et al. reported the use of a PS-co-(4-vinyl benzene 

chloride) VBC-co-DVB polyHIPE with UV addition of 4-vinylpyridine enabling its use 

for adsorption of analytes such as iron and plutonium [69]. The polyHIPEs (void size 

distribution 2-100 µm) displayed promising extraction performance, with a 10% higher 

adsorption capacity reported when compared 4-vinylpyridine functionalised 

commercially available beads (RelliexTM). The distribution coefficient (Kd) value for iron 

removal was 362 for the commercial beads, significantly less than the polyHIPE 

material Kd of 842 [69]. Similarly, the comparison of commercial PS beads to iron 

hydroxide coated PS-co-DVB polyHIPE granules was investigated for the adsorption 

of arsenate and arsenide in water [32]. Katsoyiannis et al. compared these two 

materials although this comparison was somewhat compromised by the differences in 

material dimension. In contrast to the previous study, the polyHIPE granules were 

used in batch format overlooking polyHIPE permeability, which is the material’s most 

notable advantage. The greatest adsorption of the arsenic compounds reported was 

using a polyHIPE with a pore diameter of 12.7 µm. Although adsorption of the 

arsenates and arsenites was dependent on pH, at pH 7 both ion species were readily 

removed. With the optimised parameters investigated, the uptake of the analytes was 

20% greater with the polyHIPE material which was attributed to macroporous nature 

[58]. A more recent study by the group compared the iron hydroxide modified polyHIPE 

granules and calcium alginate granules [32]. A closer comparison was achieved as all 

the materials were in granular form. In agreement to the study by Benjamin et al., the 
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unique morphology of the polyHIPE granules resulted in higher As uptake with an 

adsorption capacity of 93 mg g-1 of polyHIPE material [67].  

 Removal of metal analytes can also be achieved with non-DVB polyHIPEs. The 

binding of metal analytes Ag, Cu and Cr was achieved using a GMA polyHIPE 

formulated using unsaturated polymer resin (UPR) with amine ligand functionality. 

GMA contains a reactive epoxy group allowing desired functionalisation of the 

resulting polyHIPE material [59]. Amine functionalised GMA polyHIPEs typically 

resulted in craters present throughout the monolith (Figure 1.6) [42, 59, 70, 71]. These 

craters in this context are voids with little to no interconnecting pores and are irregular 

in shape and size. Unfortunately, the adsorption results were not compared to a 

commercial resin as in previous studies. From the aminated ligands investigated on 

one such GMA, 2-aminothiazole (ATAL) and 2-phenylimidazole (PIAL) gave the 

highest adsorption of Ag (9.05 mmol g-1), Cu(II) was best adsorbed with a 1,4-

ethylenediamine modified (4.99 mmol g-1 ) polyHIPE and Cr(III) was best adsorbed 

with the 2-phenylimidazole functionality (2.92 mmol g-1 ). This emphasises the 

versatility of polyHIPE materials and the ability to tailor them according to the final 

application [59].  
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Figure 1.6: SEM of UPR/GMA/Sty polyHIPE where region highlighted in red shows 

an example of a crater (Scale bar 2 µm, magnification not specified) [59]. 

 Environmental contaminants other than heavy metals can also be removed 

using modified polyHIPEs [72]. I. Pulko et al. investigated the removal of atrazine in 

water by comparing uptake using crushed 4-nitrophenolacrylate piperazine 

functionalized polyHIPE (PS-co-VBC-co-DVB-co-4-nitrophenolacrylate) and 

piperazine functionalised Sty-co-4-nitrophenylacrylate beads (abbreviated to BDS by 

the authors) [72]. As piperazine forms covalent bonds with atrazine, it provides an 

attractive alternative to using carbon as adsorbents [73]. The polyHIPEs investigated 

were in powder form, which, similar to Katsoyiannis et al. overlooks the advantage as 

a highly porous flow through media upon using a polyHIPE. However, the polyHIPE 

showed a faster uptake over time when compared to the BDS, with almost complete 

removal of atrazine within 48 h while near complete removal was observed in the BDS 

at 144 h. The increased uptake was attributed to the higher porosity of the polyHIPE 

compared to the polymer beads indicating that polyHIPE materials have a distinct 

advantage over beads and ultimately over generic carbon adsorbent methods [72]. 

 The previous studies show the use of polyHIPEs to be utilised once cut up and 

packed into columns instead of as a complete single unit [58, 61, 69, 74]. This is likely 
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to be because where modifications of the materials are required bulk material is used 

as it is less challenging. However, when translated to a column format modification 

protocols are less efficient and increasingly challenging. Recently an on column 

modification for removal of acid chlorides has been demonstrated using A VBC-co-

DVB-PS polyHIPE. The column was fabricated within an 8 mL Convective Interaction 

Media (CIM) monolithic column housing (15 mm x 45 mm I.D.) and was aminated in 

situ to recover a selected acid chloride [75]. The polyHIPE removed 98% of the analyte 

with a flow rate of 4 mL min-1, resulting in a backpressure of 1 bar.  

 The potential of polyHIPEs as ion exchange resins has also been investigated, 

most notably by Inoue et al. A PS-co-DVB polyHIPE functionalised with sulphonic acid 

groups [76]. The resulting polyHIPE was cut in 3 mm cubes and packed into a column 

of 8 mm x 180 mm I.D. with a volume of 9.04 mL. The cation exchange capacity was 

3.4-4.8 milliequivilents g-1 and the polyHIPE ion exchanger was shown to have an 

electric conductivity five times greater than the commercial beads studied. Despite the 

ion exchange capacities of the two materials being similar, the fact that ions were 

present uniformly along the polyHIPE resulted in a higher contact area and therefore, 

better electric conductivity [76]. While this polyHIPE was presented in a packed bed 

format, the ion exchange attributes of the material as a stationary phase could be 

improved by using the whole material within a column, formed as a single unit within 

a column housing.  

 A subsequent development in the realisation of polyHIPEs as a stationary 

phase involved their application in Capillary Electro-Chromatography (CEC). Tunç 

et.al. produced a relatively hydrophobic isodecylacrylate (IDA)-co-divinylbenzene 

(DVB) polyHIPE of 90% porosity within polyimide fused silica capillary housings of 100 

µm I.D. and 360 µm O.D. Figure 1.7 (c) shows the polyHIPE applied in CEC separation 
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of alkylbenzenes with high reproducibility (%RSD values of 4.02-4.68). The resulting 

plate count and plate height was 200,000 and 5µm respectively for thiourea and was 

comparable to polymer monoliths produced by other groups [77-79]. SEM was used 

to confirm a highly permeable supermacroporous morphology with secure bonding of 

the polyHIPE to the capillary wall via silanisation, shown in Figure 1.7 (a) and 1.7 (b) 

below. Compression tests demonstrated high-pressure tolerance of 1 MPa, lower than 

previous studies but nevertheless, demonstrated the suitability of the material for high-

pressure applications as well as CEC mode [74, 80]. In later studies, the separation of 

alkylbenzenes was further investigated by Tunç et. al. using a PS-co-DVB polyHIPE 

of 90% porosity prepared in 100 µm fused silica capillary with the Electroosmotic flow 

(EOF) generated by the adsorption of buffer molecules on excess free radical initiator 

K2S2O8 [81]. The theoretical plate number resulting was 142,000 with a minimum plate 

height of 7 µm for the thiourea peak, lower than previously reported [79]. The %RSD 

values were within a range of 0.36-2.86% indicating improved reproducibility of the 

polyHIPE material for separations relative to that previously reported as well as a 

significantly increased surface area of 20 m2 g-1 [79]. However, the baseline resolution 

of the analytes decreased significantly when using the polystyrene polyHIPEs as 

shown in Figure 1.7 (d), indicating the importance of the polyHIPE surface chemistry 

on the separation capacity of the material. 
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Figure 1.7: (IDA)-co-divinylbenzene (DVB) polyHIPE: (a) SEM image of the polyHIPE 

bound to the capillary wall (Magnification 2,000x), (b) SEM image of the morphology 

of the polyHIPE produced (Magnification 4,000x) and (c) CEC separation of 

alkylbenzenes with the elution order; thiourea, benzene, toluene, ethylbenzene, 

propylbenzene, and butylbenzene respectively under accelerating voltage of 10, 15, 

20, 25 and 30 kv respectively [79] and (d) PS-co-DVB polyHIPE CEC separation of 

alkylbenzenes (1-6) thiourea, benzene, toluene, ethylbenzene, propylbenzene, and 

butylbenzene respectively, varying ACN ratio (v/v): (A): 60/40, (B): 65/35, (C): 70/30, 

(D): 75/25 [81]. 

 PolyHIPEs have also been successfully demonstrated as separation media in 

flow through format. Recently, a novel application of polyHIPE materials has 

investigated the separation of nanoparticles (NPs) by size [82]. The authors of this 
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study suggested that the separation method would be similar to that of size exclusion 

chromatography (SEC) where larger NPs would elute more readily than smaller 

particles. Upon investigation on both PS-co-DVB and EDGMA polyHIPEs within 

150x4.6 mm I.D. columns it was found that the predicted order of separation was not 

as expected. For PS-co-DVB columns gold NPs of 5 nm and 10 nm in diameter were 

retained, exhibiting average retention times of 5.88 and 8.13 min respectively at a flow 

rate of 0.5 mL min-1. The separation of larger gold nanoparticles (20 nm) was also 

attempted, however, these blocked the column. Similarly, the separation of 

dysprosium doped PS latex particles of 52 and 155 nm on the EDGMA column gave 

retention times of 1.75 min and 2.21 min respectively. Both instances show that 

smaller the particles size had lower retention times. While resolution was poor, this 

separation could be improved by tailoring the polyHIPE morphology and surface 

chemistry. 

 From the above studies, polyHIPEs have repeatedly shown superior 

efficiencies to polymer resin beads and carbon adsorbents for specific contaminant 

removal, primarily through tailored surface modifications. Given this, incorporation of 

the supermacroporous polyHIPE scaffold with judicious choice of surface modification 

has exciting potential for application in chromatographic separation of a wide range of 

analyte class. 

1.3.2.2 Biomolecule separations using polyHIPEs 

 Analysis of large biomolecules such as proteins is the most extensively 

developed application using polyHIPEs. Biological fluids and cell culture/fermentation 

media are extremely complex samples and so most separation methods require a 

sample preparation step in order to first isolate highly abundant proteins present in cell 
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cultures. [83] After filtration/isolation steps are complete, the biological sample is then 

suitable for downstream analysis such as LC. Where most commercial columns 

available for protein separations are silica based and have a pH working range 

constraint. The typical polymer monolith will have a wider working pH range for protein 

separation but will consist mainly of micropores. The microporous morphology of a 

typical polymer monolith can limit the flow of large biomolecules such as proteins. 

Macroporous polyHIPEs provide the potential to reduce complex sample preparation 

steps involved in processing biological samples. 

 Protein separations using commercial CIM disks were compared to 

diethylamine (DEA) modified glycidyl methacrylate (GMA)-co- EGDMA polyHIPEs in 

CIM disk format were studied by Krajnç et al. The polyHIPE was fabricated using more 

hydrophilic monomers in order to impart a similar functionality to the commercial CIM 

disk [42]. Where typical LC separations of proteins are carried out using gradient 

reverse phase chromatography, the functionality of this polyHIPE allowed use of only 

binding and elution buffers. Porosities of 60%, 75%, 80% and 90% were prepared with 

the latter two used for HPLC analysis, presumably for increased flow rates. The 

greater porosity polyHIPE should decrease in surface area; but unfortunately, a 

Brauner Emmet Teller (BET) value was not reported. The morphology of the polyHIPE 

was found to have a porous structure with large craters present as shown in Figure 

1.8 (a) and 1.8 (b). These craters gave rise to higher rates of dispersion in comparison 

to the CIM disk separation as significant co-elution of myoglobin, conalbumin and 

soybean trypsin inhibitor was observed as shown in Figure 1.8 (c). Despite this, the 

90% porosity material achieved an improved run time of ~0.6 min highlighting the 

advantages of the macroporous material. Subsequently ethylhexyl acrylate (EHA) was 

added to the GMA polyHIPE formulation to investigate its effect on mechanical rigidity 
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and the chromatographic performance on a standard protein mix [84]. Promisingly, 

addition of EHA polyHIPEs significantly increased the mechanical rigidity of the 

resulting materials. The material’s chromatographic performance was expected to be 

compromised as the addition of EHA decreased the number of available surface 

groups for analyte interaction. The study found that upon addition of HEA however, no 

significant change was observed in analyte retention time. It was hypothesised that, 

mechanical rigidity increased the access of the analyte molecules to the binding sites.  

 

Figure 1.8: (a) 80% GMA-co-DVB polyHIPE (b) 90% (c) Gradient separation of a 

protein mixture on PolyHIPE and CIM methacrylate monolithic columns. With the 

conditions of: mobile phase A: 20 mM Tris–HCl buffers, pH 7.4 and mobile phase B: 

20 mM Tris–HCl buffer+1 M NaCl, pH 7.4. A flow rate: 4 mL min-1, gradient of 0–70% 

buffer B in 53 s were applied. The samples consisted of: 1 mg mL-1 of myoglobin (peak 

1), 3 mg mL-1 of conalbumin (peak 2) and 4 mg mL-1 of soybean trypsin inhibitor (peak 

3) dissolved in buffer A with an injection volume of: 20 µl; and UV detection at 280 nm 

[42]. Magnification (a) and (b) 1,000x, no scale bars specified.  
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 This highlights that the issue of mechanical rigidity could be overcome without 

reducing the separation efficiency of these materials, indicating a potential strategy for 

overcoming structural rigidity limitations of polyHIPEs.   

 While the previous studies demonstrated fast protein separations using 

polyHIPEs within CIM disk format. Yao et al. separated proteins using GMA-co-

EGDMA polyHIPEs in a normal bore HPLC column, a more sophisticated flow through 

format. The study found that the surfactant, Pluronic™ F127 (PF127) gave unique 

submicron morphology as the percentage of surfactant in the emulsion increased as 

observed in Figure 1.9 (a). In comparison to the studies by Krajnç. et al., it was 

observed that there were no craters present in the polyHIPE morphology, which, 

reduced unwanted dispersion during analysis.  

 

Figure 1.9: (a) SEM image of 5.5% v/v surfactant to water HIPE (b) Separation of 

lysozome (1), Bovine Serum Albumin (2), ovalbumin (3) and pepsin (4) at 6 mL min-1 

flow rate with mobile phase consisting of buffer A: 10 mM Tris-HCl buffer, pH 7.6 and 

buffer B: 10 mM Tris-HCl buffer, pH 7.6 [16]. Magnification (a) 15,000x. 

 The surface area was reported at 161 m2 g-1, much higher than polyHIPE 

materials with no surface modification, which was attributed to the type and relative 
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percentage of surfactant used [16]. In addition, a high thermal stability up to 240°C 

was demonstrated, and pressure drop tests carried out reported permeability to be 30 

times higher than that of packed 10 µm particle packed columns Mechanical tests 

resulted in crush strength 3.1 MPa and Young’s modulus of 48.3 MPa, typical for 

polyHIPEs [85]. When analysed as a stationary phase for protein separation as 

observed in Figure 1.9 (b), a high flow rate of 6 mL min-1 gave a near to complete 

separation within 1 min [16]. In later studies Yao et al. compared a conventional GMA 

polymer monoliths to a GMA polyHIPE where separation of cytochrome c, myoglobin, 

ribonuclease A, lysozyme and BSA within 4 min at a high flow rate (1440 cm h-1) was 

achieved [61]. The polyHIPE material surpassed standard commercial organic 

monoliths in fast biological separations with a difference of 188.2 m2 g-1 in surface area 

observed. In addition, compared to CIM columns, the direct binding capacity was 

increased by 12.5 mg mL-1 using 80% porosity polyHIPEs [61]. In a subsequent study, 

these columns were immobilised with HSA via pendent epoxy groups on the polyHIPE 

surface. The most interesting application of this column was the chiral separation of L 

and D form amino acids by high performance affinity chromatography (HPAC) after 

the samples were incubated with D-amino acid (D-AA) oxidase. D-AA-oxidase 

hydrolyses D amino acids into α-ketoacids and ammonium, thus decreasing the 

concentration of D-amino acids such as D-tryptophan (D-tryp). The material allowed 

the quantification of D-tryp from 12 µM to 979 µM with correlation greater than 0.99 

[60]. 

 Protein separation has also been demonstrated in biological samples. The 

separation of immunoglobulins from human plasma and egg yolk was reported using 

a hydrolysed GMA-co-EGDMA polyHIPE [74]. Upon characterisation using SEM 

(Figure 1.10 (a)) it was found that the material had typical polyHIPE morphology, 
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however, had small through pores (less than 10 µm). Exact measurements of pore 

volume, surface area and porosity were not reported, however. The polyHIPE was 

found to be able to withstand pressure of 3 MPa In this study, only two analytes were 

separated at varying flow rates as shown in Figure 1.10 (b). With only one protein, 

lysozyme, appearing to be retained at all on the column, its efficiency was low, 

especially when compared to previous studies where protein separation was possible 

in less than 1 minute with at least three analytes [16, 61, 74]. A vinyl ester VE-co-

EGDMA polyHIPE column (50 x 4.6 mm I.D.) prepared by Yang et al. resulted in a 

similar separation of immunoglobulins [80].  

 

Figure 1.10: (a) SEM image of the GMA-co-EGDMA polyHIPE (Scale bar 10 µm, 

magnification 1,000x) and (b) fast separation of α-amylase and lysozyme on PolyHIPE 

monolith. The LC conditions were: gradient, 0-1.5 min, 100% A (0.001 M, phosphate 

buffer, pH 7.8), 1.51-2.5 min, from 30% B to 100% B (in which 1 M NaCl was added 

into the buffer A); gradient elution at flow rates of (a, b, c and d 361 cm h-1, 722 cm h-

1, 1083 cm h-1 and 1445 cm h-1 respectively). The sample injection volume of the 

autosampler was 5.0 μL [74].  

 The role of VE was to induce stability at higher working temperatures and alkali 

pH range, along with enhancing mechanical rigidity of the polyHIPE [80]. 
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Characterisation of the resulting stationary phase material via SEM and mercury 

intrusion porosimetry highlighted small voids and windows with an average pore 

diameter of 0.85 µm. Additionally, the surface area of the polyHIPE was found to be 

121.96 m2 g-1, confirming that smaller morphological features in polyHIPEs typically 

result in higher surface areas. While it was claimed that the VE used resulted in an 

increased mechanical rigidity, the polyHIPE was found to have a lower pressure 

capacity (1 MPa lower than the previous column) [74]. Nevertheless, a high 

operational flow rate of 1445 cm h-1 (4 mL min-1) resulted in the successful baseline 

resolved separation of Immunoglobulin Y and G from egg yolk and human plasma 

within 4 min (Figure 1.11), illustrating an absorption capacity of 1.579 mg g-1 [80]. The 

role of VE was to tailor the polyHIPE to have higher working temperatures, mechanical 

rigidity and alkali pH range [80]. Characterisation of the resulting stationary phase 

material via SEM (Figure 1.11 (a)) and mercury intrusion porosimetry reported small 

voids and windows with an average pore diameter was 0.85 µm. Additionally, the 

surface area of the polyHIPE was found to be 121.96 m2 g-1, confirming that smaller 

morphological features in polyHIPEs typically result in higher surface areas. The 

inclusion of VE was suggested to increase mechanical rigidity, but was found to have 

a lower pressure capacity (1 MPa lower than the previous study) [74], however, the 

operational flow rate was still 1445 cm h-1 (4 mL min-1) for the chromatographic 

separations [80]. The loading capacity of lysozyme was investigated and was found to 

have an absorption capacity of 1.579 mg g-1. Immunoglobulin Y and G were 

successfully separated from egg yolk and human plasma and resulted in a separation 

within 4 minutes. Though the analysis time increased in comparison to the previous 

separation and the first analyte (IL-18) again appeared to be unretained the biological 

analytes were baseline resolved. This highlights the potential of using such highly 
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porous materials for protein separations with no sample preparation steps before 

analysis (Figure 1.11 (b)) [80]. 

 

Figure 1.11: (a) SEM image of poly(VE)-co-EGDMA polyHIPE (Scale bar 10 µm, 

magnification 3,000x) and (b) Separation of Lysozyme and Interleukin 18 (IL-18) with 

chromatographic conditions at gradient elution of mobile phase A (0.001 mol/L 

phosphate buffer at pH 7.8 at 1.5 min), (0.001 mol/L phosphate buffer at pH 7.8 at 1.5 

min), mobile phase B (buffer A), mobile phase B (buffer A with 1 mol/L of NaCl added 

from 30-100% over 1.51 -2.5 min). The different flow rates investigated were (a) 361, 

(b) 722, (c) 1083, (d) 1445 cm h-1 [80].  

 As illustrated in the above studies optimising polyHIPE morphologies of has the 

potential to decrease dispersion effects and increase column efficiency. This would 

further advance the potential of these materials in protein separations, with high 

operating flow rates resulting in no mechanical deficiencies and the analysis of direct 

biological samples successfully demonstrated. The robustness of the materials for 

long-term analysis also makes the material desirable as a stationary phase. 

Additionally the functionality of polyHIPE materials has the potential to tailor its 

selectivity for a particular analyte.  
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1.4 Conclusion 

 PolyHIPE materials have promising qualities such as excellent permeabilities, 

low operating backpressures, higher tolerance of both extreme pH and temperatures 

and various methods available for tailoring. Surface chemistry of these materials can 

be modified both prior to and post polymerisation. An area of concern for the 

application of polyHIPEs are the low surface areas they present. Surface area more 

importantly should be improved without compromising the material’s mechanical 

rigidity to allow for the materials use as stationary phase materials. Methods such as 

hypercrosslinking and incorporation of additional porogens is prevalent throughout the 

literature. However, until recently hypercrosslinking methods could cause Friedel 

Crafts catalyst to remain on the resulting monolith. Introduction of micropores via 

additional porogens have to date compromised the rigidity of the final polyHIPE.  

 It is clear that polyHIPEs have yet to result in superior analytical separations for 

a range of analyte classes, recent advances in their application are extremely 

promising in terms of highlighting the separation potential of these materials. To date 

GMA polyHIPEs have been shown to have successful separations in the literature, 

however they have also been found to contain craters. Defects in surface 

morphologies such as craters must be removed to eliminate dispersive effects that 

many of the polyHIPE materials have demonstrated thus far. Multiple strategies have 

the potential to ameliorate or even completely alleviate these issues which have not 

yet been explored. If these issues can be overcome, polyHIPE materials can be 

successfully applied as stationary phases in separation science. These stationary 

phases potential can then begin to be fully realised, with their supermacroporous 
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structure and tailored surface chemistry enabling a superior chromatographic 

efficiency. 

1.4.1 Thesis outline 

 The purpose of this work was to address and investigate the current limitations 

of polyHIPE materials as stationary phases in separation science. Limitations 

investigated include improving surface area of polyHIPE materials and novel 

modifications of surface chemistry to allow use of polyHIPEs in a wide range of 

applications. Initially a model polyHIPE that contains minimal surface defects must be 

fabricated in a suitable housing. Once this is achieved tailoring of the surface area and 

final surface chemistry of the materials can be investigated.  

 In Chapter 2 the fabrication and characterisation of different polyHIPEs using 

various different monomers in various housings will be investigated. Surface 

modifications using nanoparticles post and prior to polymerisation will is reported in 

attempt to improve surface area as well as monolith selectivity. While more hydrophilic 

monomers produced a greater degree of surface morphology defects such as craters. 

The PS polyHIPEs fabricated although having low surface areas demonstrated ideal 

morphologies, and were modified with additional porogen toluene and graphene oxide 

nanoparticles as a strategy to improve surface areas and selectivity. 

 PS polyHIPEs fabricated within silcosteel and fused silica housings in Chapter 

2 are subjected to chromatographic separations of the small molecules, 

alkylbenzenes. In Chapter 3, the reproducibility of polymerisation will be characterised 

using backpressure profiles and van Deemter plots, while their permeabilities will be 

determined using pressure drop experiments. Chromatographic performance will be 
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investigated in order to establish the extent of dispersion experienced by the polyHIPE 

materials. 

 Chapter 2 demonstrated the fabrication of graphene oxide nanoparticle 

(GONP) modified polyHIPEs and the unique surface coverage observed. The GONPs 

are suspected to change the retention factor of the alkylbenzene separation after 

reduction using ascorbic acid, which is investigated in Chapter 4. The preliminary 

change in physical properties with the inclusion of GONPs outlined in Chapter 2 were 

found to give superior absorption properties which are expected to have arisen due to 

GONP modification.  

 Chapter 5 investigated the use of unmodified PS polyHIPEs in CEC 

separations. This study attempted to produce polyHIPE coated columns which would 

be interesting in the area of food separations, where complex sample matrices are 

commonplace. However, the coated columns were found to give poor injection-to-

injection reproducibility and subsequent blockages resulted from the deterioration of 

the polyimide coating from ACN.  

 Finally, conclusions and strategies for future work for polyHIPE materials are 

outlined in Chapter 6.  
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Chapter Two 

The fabrication and characterisation of polyHIPE materials for 

application in liquid chromatography 

 

 

 

 

 

 

 

 



 
 

“One never notices what has been done; one can only see what remains to be done.”- 

Marie Curie. 
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2. Aim 

 This chapter details the fabrication of numerous polyHIPEs comprising of 

different functional monomers. PolyHIPE modifications both during and post 

fabrication were investigated. In addition, morphologies and surface areas of the 

materials were varied to determine their applicability as a chromatographic stationary 

phase. The materials developed in this chapter include an aminated GMA-co-EGDMA 

polyHIPE agglomerated with gold NPs, VBC-co-DVB polyHIPEs and PS-co-DVB 

polyHIPEs of varying porosity, addition of porogen toluene and addition of GONPs.  
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2.1 Introduction to polyHIPE modification strategies 

 PolyHIPE materials have significant potential as analytical stationary phases. 

They typically exhibit a pore size ranging from 10-100 µm in diameter [1]. This large 

pore size facilitates higher permeability, low backpressures and analysis of complex 

matrices without purification [2-6]. However, a major disadvantage of these materials 

is the issue of low surface area, typically in the range of 20 m2 g-1 [7]. To successfully 

apply these materials as separation media, the problem of low surface area must be 

overcome. Methods of surface modification can be carried out either prior to 

polymerisation or after polymerisation has occurred. This chapter will detail 

modification strategies undertaken in order to obtain a high surface area polyHIPE. All 

fabricated materials were characterised visually using Atomic force microscopy (AFM), 

FESEM and SEM, while surface areas were determined using BET and thermal 

stabilities were measured by Thermal gravimetric analysis (TGA). 

2.1.1 Modifications prior to polymerisation  

2.1.1.1 Tailoring the surface chemistry 

 Hydrophobic materials such as C18 bonded stationary phases are the most 

commonly used in reverse phase chromatography. PolyHIPE materials can be 

fabricated out of hydrophobic monomers such as Sty and VBC with hydrophobic 

crosslinkers such as DVB and alkylmaleimide. Increasing their applicability as 

stationary phases, more hydrophilic monomers such as GMA, AAm, HEA and HEMA 

generally incorporated with crosslinkers such as EGDMA and PVA (polyvinyl alcohol) 

can be used to impart a polar functionality [8-10]. While the aforementioned types of 

polyHIPEs are the most commonly fabricated, polyHIPEs have also been formed using 

inorganic oxides such as silica, titania, zirconia and alumina [11-14]. In addition, 
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polyHIPEs using gold [15], nickel [16] and carbon [17] can be fabricated. Such exotic 

polyHIPEs could be applied in alternative modes of separations due to their change in 

surface chemistry. In this chapter, reactive groups present in the functional monomers 

were used to tailor the polyHIPE surface chemistry. As two main classes of analytical 

stationary phase identified were polar and hydrophobic, polyHIPEs with polar groups 

such as GMA-co-EDGMA and VBC-co-DVB and hydrophobic PS-co-DVB polyHIPEs 

were fabricated. 

2.1.1.2 Increasing surface area by porogen addition 

 A popular method to alter polyHIPE morphology is to introduce additional 

porogens into the organic phase of the polyHIPE. A change in morphology is observed 

as an increase of the number of interconnecting windows present in a polyHIPE as 

well as the introduction of micropores (pore size less than 2 nm) [18]. The production 

of micropores introduces a surface roughness increasing surface area; however, an 

optimal porogen ratio is required for an appropriate formulation to maintain a 

polyHIPE’s structural rigidity. Most studies of this nature have included the addition of 

toluene, 1-chloro-3-phenyl-propane, chlorobenzene and 2-chloroethylbenzene in A/O 

emulsions as they are soluble within the organic phase [18]. The incorporation of such 

porogens have been extensively studied with DVB based polyHIPEs. Early studies 

show an increase in surface area when using PS-co-DVB polyHIPEs however no 

pressure measurements have been carried out on these materials [19]. Recent studies 

also show incorporation of toluene as a porogen in GMA-co-DVB polyHIPE materials, 

again resulting in high surface area materials. Despite the high surface area reported, 

to date the mechanical rigidity of the final polyHIPEs have not been explored [20]. In 

this study, the inclusion of toluene in PS-co-DVB polyHIPEs was investigated. The 

porogen, toluene, was incorporated prior to polymerisation to determine its effect on 
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surface area and its mechanical rigidity as a stationary phase material before 

assessing the separation capacity of these materials in Chapter 3.  

2.1.1.3 Increasing surface area by Nanoparticle (NP) addition 

  In most cases, NPs are included in polyHIPE emulsions as an emulsion 

stabiliser, however, they also have the potential to increase surface area and alter 

surface chemistry [21-23]. NP-stabilised emulsions are referred to as Pickering 

emulsions. As well as acting as an emulsion stabiliser, Pickering emulsions are used 

to impart a greater mechanical stability to polyHIPEs [24-26]. The exploration of NPs 

as a method to both increase surface area and alter selectivity of polyHIPE materials 

has not yet been developed for separations. Generally, NPs are added in place of a 

surfactant and coagulate around the organic-aqueous interface in an emulsion, 

subsequently reducing surface tension. The dominating morphology visualised in such 

materials is a closed pore structure. In closed pore structures, there are little to no 

interconnecting pores, which leads to poor permeability [22, 27, 28]. In addition to poor 

permeability, the closed pore morphology would hinder a separation process by 

adding a high level of dispersive effects. However, open pore structures using 

Pickering emulsions have also been studied. One method used to fabricate open pore 

structures involves the use of NPs to form HIPE gels [29, 30]. The presence of NPs 

on the surface of the final material has been demonstrated using MnO2 NPs [31], 

Fe2O3/Fe3O4 and ZnO NPs [28, 32]. These recent advances highlight the potential of 

NP incorporated polyHIPEs to increase surface area and modify selectivity of the 

materials as a stationary phase. In this chapter, a detailed study using graphene oxide 

NPs to alter physical properties of polyHIPE materials for separations is discussed.  
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2.1.2 Modifications post polymerisation 

 While modification during polymerisation can negatively impact pore 

morphology and structural rigidity as this involves altering an emulsion formulation, 

nonetheless, these limitations can be overcome by modifying the material post 

polymerisation. Specifically, when using supermacroporous materials as a stationary 

phase it is important that the morphology is consistent with little or no evidence of 

extremely large pores or craters. This is to ensure high permeability and reduced 

dispersive effects to minimise band broadening when employed as stationary phase. 

In the following sections, the most common post polymerisation techniques are 

discussed briefly. 

2.1.2.1 Increasing surface area by hypercrosslinking via Friedel-Crafts 

reaction 

 Friedel-Crafts hypercrosslinking reactions are among the most widely utilised 

mechanisms to increase surface area post polymerisation. They have previously been 

found to increase the surface area of polyHIPEs by up to 1210 m2 g-1 [33]. While 

external electrophiles can be included, typically it is easier to use an electrophile 

already present within the polymeric network [33-35]. VBC polyHIPEs which contain 

an internal electrophile have therefore been most commonly utilised in this strategy of 

surface modification. Although high surface areas result from this method of 

modification, there are still disadvantages with respect to final material purity. The 

excess catalyst present on the surface of the polyHIPEs, if used as a stationary phase, 

can potentially hinder the separation process. This could happen where the excess 

catalyst desorbs from the material, passes through the column with the sample 

analytes or causes unspecific adsorption of sample molecules. Recently, 

hypercrosslinking studies without using an iron catalyst resulted in cleaner final 
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polyHIPE material. In such studies, the polyHIPE materials are swollen with solvent 

and crosslinked again before washing, enabling crosslinks to form between polymer 

chains in the material [36].  

2.1.2.2 Surface treatment of polyHIPEs post polymerisation 

  In addition to hypercrosslinking, polyHIPE materials have undergone surface 

treatments such as sulfonation and amination extensively in the literature as a method 

to increase surface area [37-39]. In particular, hydrophobic supports have previously 

been used for ion exchange after sulphonation or as reverse phase stationary phases 

[40]. Addition of sulfonate groups and amine groups to the final material renders the 

polyHIPE positively or negatively charged respectively. Once modified, the potential 

attachment of many types of ligands and NPs can be achieved. Throughout the 

literature, polyHIPEs have had various types of ligand modification [37-39]. However, 

there are no reports of adsorption of NPs to polyHIPEs in the literature. In this chapter, 

the fabrication of polyHIPEs that were aminated and modified using NPs is discussed, 

and their applications as stationary phases is explored in Chapter 4.  

2.2  Materials 

 Millipore ultrapure water purified to a resistance of >18 MΩcm was used 

throughout. Calcium dihydrochloride >99% and Span ®80 were purchased from Fluka 

(Sigma Aldrich, Tallaght Ireland). Toluene anhydrous ≥99.8% and anhydrous iron (iii) 

chloride were purchased from Riedel de Haën (Sigma Aldrich, Tallaght Ireland). 3-

Glycidoxypropyl-trimethoxysilane ≥98%, glycidyl methacrylate (GMA), potassium 

persulphate (KPS), Sty ≥99%, DVB 80% isomeric mix, 4-vinylbenzyl chloride (VBC) 

90%, 1, 2-dichloroethane, ethylene glycol dimethacrylate (EGDMA) 98%, pluronic® L-

121, and gold (iii) chloride trihydrate ≥99.9% were all purchased from Sigma Aldrich 
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(Tallaght Ireland). All other chemicals were of analytical grade and were used as 

received. All solvents used were analytical HPLC grade. All fused silica tubing (100 

and 250 µm in I.D.) was supplied by CM Scientific (West Yorkshire UK) and silcosteel 

tubing (1.02 mm and 2.16 mm in I.D.) was supplied by RESTEK (Belfast, Northern 

Ireland). An aqueous solution of graphene oxide nanoparticles (GONPs) at quoted 

450 nm in size and of 2 mg mL-1 in concentration was donated by the University of 

Wollongong and was used as received.  

2.2.1 Instrumentation 

 All morphological characterisation was carried out using a Hitachi S-3400N 

scanning electron microscope and all samples were gold sputtered using a 750T 

sputter coater, Quorum Technologies (UK). All Field emission electron microscope 

(FESEM) samples were examined using Hitachi S-5500 (DCU) and Hitachi S-7000 

(University of Tasmania). All surface area measurements were obtained using a 

Micrometrics surface area analyser (Gemini 2360). TGA was carried out using a 

Setaram LabSys Evo with aluminium crucibles, samples were held at 60°C for 20 

minutes before applying a temperature ramp of 10°C min-1. A Knauer Smartline 100 

pump was used for washing the prepared monoliths within silcosteel and fused silica 

tubing and a KD scientific syringe pump was used for all flow-through operations. 

Malvern Zetasizer (NanoZS) was used for particle size analysis at 0.01 absorption and 

refractive index of 1.33 for graphene oxide. 
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2.2.2 Methods 

2.2.2.1 Tubing modifications 

2.2.2.1.1 Silanisation of fused silica capillary 

 Fused silica capillary of I.D. 100 µm and 250 µm was prepared by washing with 

acetone for 5 minutes and then dried using a stream of nitrogen gas for 10 minutes. 

The dried capillary was then treated using 0.2 M NaOH for 30 minutes, and then rinsed 

with water for 5 minutes before treating with 0.2 M HCl for 5 minutes. Finally, the 

capillary was washed with water and then acetone for 5 minutes each before drying 

with nitrogen for 10 minutes. The procedures above were carried out at a flow rate of 

1 µL min-1 using a syringe pump. The capillary was filled with 50% v/v solution of 3-

(trimethoxysilyl) propyl methacrylate in acetone until all air was expelled. The capillary 

was end capped using silicone septa. Polymerisation was carried out in a water bath 

at 60°C for 20 hours. After polymerisation was complete, the silanised fused silica 

capillary was rinsed with acetone for 5 minutes at 1 µL min-1 before drying with 

nitrogen. 

2.2.2.1.2 Silanisation of silcosteel tubing 

 Silcosteel tubing of I.D. 1.02 mm and 3.18 mm was prepared by washing with 

acetone for 10 minutes and then dried using a stream nitrogen gas for 20 minutes. 

The dried tubing was then treated using 0.2 M NaOH for 1 hour and rinsed with water 

for 10 minutes before treating with 0.2 M HCl for 10 minutes. Finally, the capillary was 

washed with water and then acetone for 10 minutes each before drying with nitrogen 

for 20 minutes. The above procedures were carried out at a flow rate of 3 µL min-1 

using a syringe pump. The tubing was attached to sacrificial pieces of PEEK tubing 

(Figure 2.1) at each end and was filled with a 50% v/v solution of 3-
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(trimethoxysilyl)propyl methacrylate in acetone until all air was expelled. The capillary 

was end capped using a union endcap. Polymerisation was carried out in a water bath 

at 60°C for 20 hours. After polymerisation was complete, the silanised fused silica 

capillary was rinsed with acetone for 5 minutes at 3 µL min-1 before drying with 

nitrogen. 

 

Figure 2.1: Diagram of the 100 mm x 1.02 mm column after silanising agent is added 

to the housing.  

2.2.2.1.3 Modification of PEEK tubing for monolith attachment 

 The internal walls of the PEEK tubing were modified via sulphonation and 

reacted with GMA as previously described [41]. Briefly, 1/16” I.D. PEEK tubing was 

filled with 50% sulphuric acid, encapped and left to stand for 6 hours. The PEEK tubing 

was then washed with water before filling the tubing with 1 M GMA in acetone followed 

by endcapping and held at room temperature for 4 hours. The tubing was then rinsed 

with acetone and dried under a stream of nitrogen gas. 
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2.2.3 Material preparation 

2.2.3.1 Preparation of 90% porosity GMA-co-EDGMA polyHIPEs 

 The formulation and procedure for the GMA-co-EDGMA polyHIPE was adapted 

from the literature [42]. The organic phase was prepared by adding 2.32 mL glycidyl 

methacrylate, 1.07 mL EDGMA and 0.715g pluronic PL21 into a sample vial and 

homogenised with a vortex. The aqueous phase was prepared by dissolving 0.0744 g 

of potassium persulphate with 0.5130 g of calcium dihydrogen chloride in 15 mL water 

in a sample vial. The organic phase was transferred into a 3 neck round bottomed 

flask where the central neck was attached to an overhead stirrer including a d-paddle. 

One of the two remaining necks was attached to a N2 line and the other was sealed 

using a rubber septa. The aqueous phase was added dropwise to the organic phase 

with a stirring rate of 350 rpm. After the aqueous phase was added, the emulsion was 

left stirring for 30 minutes and then transferred into a suitable container for 

polymerisation (HPLC vials or PEEK tubing) and polymerised for 48 hours at 60°C. 

After polymerisation, the polyHIPE was washed with water and then EtOH in batch 

format before storing in a sample vial. 

2.2.3.2 Modification of GMA-co-EDGMA polyHIPE with diethylamine and 

subsequent attachment of gold NPs 

 The resulting polyHIPEs were aminated by immersing the polyHIPEs in 1 M 

DEA solution and heating to 60°C for 16 hours. After the amination step, the polyHIPEs 

were washed with copious amounts of DI water until neutralised. To enable gold NP 

attachment the polyHIPEs were dried overnight in a 60°C oven before being added to 

a stirring solution of gold NPs in a beaker. The colour change of the polyHIPE from 
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white to red/purple indicated successful attachment of gold NPs. The gold NPs used 

were of 20 nm in size. 

2.2.3.3 Preparation of 90% porosity VBC-co-DVB polyHIPEs and 

incorporation of styrene 

 The organic phase was prepared by adding 2 mL VBC, 1.332 mL DVB and 

0.656 g Span 80® into a sample vial followed by homogenisation with a vortex. The 

aqueous phase was prepared by dissolving 0.0666 g of potassium persulphate with 

0.3332 g calcium dihydrogen chloride in 30 mL of water in a sample vial. The 

monomers used were purified via liquid-liquid extraction (LLE) using 6% NaOH 

aqueous solution to remove any inhibitors present that would result in impurities in the 

resulting polyHIPE. Both the organic phase and aqueous phase were purged with N2 

gas for ten minutes. The organic phase was transferred into a 3 neck round bottomed 

flask where the central neck was attached to an overhead stirrer including a d-paddle. 

One of the two remaining necks was attached to a N2 line and the other was sealed 

using a rubber septa. The emulsion preparation was carried out as outlined in the 

previous Section 2.2.3.1 above in 1.5 mL centrifuge tubes and 100 µm I.D. fused silica 

capillary. After polymerisation, the polyHIPE was washed with MeOH and the bulk 

material was Soxhlet extracted for 48 hours with MeOH. The resulting capillary 

columns were washed with ACN (24 hours). When Sty monomer was incorporated, 

the VBC volume decreased e.g. 50:50 Sty: VBC was 1 mL Sty and 1 mL VBC while 

the remaining emulsion components remained the same. 

2.2.3.4 Preparation of varying porosities of (PS-co-DVB) polyHIPEs 

 The emulsion preparation of the PS-co-DVB polyHIPE was adapted as per 

procedure outlined [43]. Briefly, for a 90% polyHIPE the emulsion consisted of two 
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phases, the aqueous phase (15 mL ultrapure DI water, KPS 0.03 g and calcium 

chloride dihydrate 0.10 g) and the organic phase (Sty 1.333 mL, DVB 0.333 mL and 

Span 80® 0.329 g). Porosities of 75%, 80% and 90% were also investigated. The 

aqueous and organic phase ratios were adjusted according to the previous procedure. 

Both phases were prepared separately and homogenised by vortex. The organic 

phase was placed into a 250 mL round bottomed flask that was connected to the 

overhead stirrer and a nitrogen supply. The overhead stirrer was set to 350 rpm and 

the aqueous phase was added drop-wise using a hypodermic syringe. The white 

emulsion that formed upon addition of the aqueous phase was left to stir for 20 

minutes. The emulsion was transferred into a suitable column housing (fused silica 

capillary or silcosteel) and the remaining emulsion transferred into 1.5 mL centrifuge 

tubes for characterisation. After polymerisation was complete, the resulting polyHIPE 

was washed with MeOH for 48 hours using a Soxhlet apparatus.  

2.2.3.5 Preparation of polystyrene-co-divinylbenzene (PS-co-DVB) 

polyHIPEs in fused silica capillaries and silcosteel tubing 

The emulsion was prepared as outlined in Section 2.2.3.4. The capillary was filled 

using a syringe containing the emulsion until all air had been expelled and the 

emulsion began to exit from the outlet side of the capillary. The capillary was sealed 

using silicone septa and polymerised at 60°C for 48 hours.  

 To polymerise the emulsion in a 1.02 mm I.D. silcosteel column, sacrificial 

PEEK tubing was added to each end of the column in order to reduce any voids that 

could occur along the column (Figure 2.1). The column was filled using a syringe 

vertically positioned so any air that was present could rise to the top into the tubing to 

avoid formation of voids. The PEEK tubing was sealed using a union and endcap 
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fitting, whereby the end unions were filled with emulsion to reduce any void 

developments. The emulsion was polymerised as per previous polymerisation 

conditions. 

 To fill the larger bore silcosteel tubing (2.16 mm) teflon tubing was attached in 

lieu of PEEK to each end of the column. The tubing was not sealed but the flow of 

emulsion was intercepted by mechanical clamping. The emulsion in this housing 

format required polymerisation at a higher temperature of 75ºC for 48 hours.  

2.2.3.6 Preparation of PS-co-DVB polyHIPEs with additional porogens 

 PolyHIPEs were made in bulk and capillary format by adapting the procedure 

for PS-co-DVB materials of lower toluene addition from 2 to 12% and higher toluene 

additions of 25, 50 and 75%. The materials varied in degree of porogen added, where 

100% additional porogen would be equal to the quantity of crosslinker in the organic 

phase [18]. For a 90% polyHIPE with 100% toluene addition the aqueous phase 

comprised of 15 mL ultrapure DI water, KPS 0.03g and calcium chloride dehydrate 

0.10 g and the organic phase included DVB 0.333 mL, toluene 0.333 mL and Span 

80® 0.329 g. The emulsion preparation and Soxhlet extraction methods were carried 

out as outlined in Section 2.2.3.4 in 1.5 mL centrifuge tubes.  

2.2.3.7 Preparation of GONP modified PS-co-DVB polyHIPEs 

 The emulsion was prepared as outlined in Section 2.2.3.4 with some exceptions 

including the time of stirring and the addition of graphene oxide nanoparticles were 

added. The emulsion was left stirring for 10 minutes after complete aqueous phase 

addition. Then the addition of GONPs at concentrations of 13, 20, 33 and 66 ppm 

relative to the aqueous phase were added to the emulsion under mechanical stirring 

and left to stir for 5 minutes. The emulsions produced were polymerised in batch and 
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capillary format (250 µm I.D.) as per Section 2.2.3.5 a polyHIPE with 20 ppm GONPs 

was labelled as GOPSDVB as the prefix and 20 as the suffix resulting in GOPSDVB20. 

This is the naming convention used throughout this work. 

2.3 Results and discussion 

2.3.1 Characterisation of GMA-co-EGDMA monolith fabricated within PEEK 

tubing 

 As discussed in Section 2.1.1.1, GMA-co-EDGMA polyHIPEs have been shown 

to be successful polyHIPE skeletons for surface modifications. Using sulphonated 

PEEK tubing as a mould, GMA-co-EGDMA polyHIPEs were prepared in accordance 

with Section 2.2.3.1 and imaged via SEM as shown in Figure 2.2. The SEM images 

below illustrate the unique morphology obtained, which was similar to morphology 

reported by Krajnç et al. [42]. In the polyHIPEs prepared in our research, a number of 

voids were prominent within the polyHIPE morphology, however, few if any 

interconnecting windows were present. It was observed that the polyHIPE within the 

PEEK tubing did not bind to the inner walls of the tubing.  
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Figure 2.2: SEM images of GMA-co-EGDMA polyHIPE showing (a) polyHIPE within 

PEEK tubing of 50 mm x 1.02 mm I.D., (b) morphology of the resulting polyHIPE, 

indicating the lack of flow through pores (c) polyHIPE unattached to PEEK interior wall 

and (d) area where the polyHIPE appears to have attached to the interior wall of PEEK 

tubing. Magnification: (a) 110x, (b) 7,500x, (c) 350x and (d) 350x. 

 In Figure 2.2 (a) and 2.2 (c) presented below it could be seen that the polyHIPE 

contracted away from the tubing wall. This contraction was most likely due to 

shrinkage induced by polymerisation [44]. This was confirmed by the application of 

pressure while washing the resultant polyHIPE in PEEK tubing (50 mm x 1.02 mm 

I.D.) with MeOH, which resulted in emergence of the polyHIPE from the column before 

finally, complete detachment from the column housing due to insufficient binding to 

the housing walls. Moreover, as shown in Figure 2.2 (b) and (d) the low occurrence of 

interconnecting pores indicates the likelihood of a low permeability polyHIPE, reducing 

the material’s suitability as a stationary phase. 
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 As the polyHIPE prepared in PEEK tubing exhibited unfavourable morphologies 

(e.g. lack of interconnecting pores), the corresponding polyHIPEs prepared in the 

more facile bulk format were employed to determine of their potential for surface 

modification. Upon processing the bulk monolith for surface modification with DEA 

(Figure 2.3) and the subsequent addition to a gold NP suspension (20 nm in size) as 

per Section 2.2.3.2, the external surface of the polyHIPE appeared to be modified 

(Figure 2.4). This was confirmed by the change in colour of the monolith exterior from 

white to purple (Figure 2.4 (a)). The gold solution did not permeate into the interior 

region of the polyHIPE, however, as evidenced by the absence of colour changes, 

Figure 2.4 (b). It was hypothesised that this was due to the absence of an applied 

pressure during modification, meaning the polyHIPE did not absorb the amination 

solution. Additionally the bulk material suffered from a lack of interconnecting pores 

within the polyHIPE that restricted amination to the exterior surface. Without amination 

of the interior section of the polyHIPE material, no functional groups were present to 

enable gold NP attachment. 

 Fundamentally, the lack of interconnecting pores within the polyHIPE would 

severely inhibit interaction of analytes flowing through the material as well as restrict 

their surface modification. Thus, there was little potential of the material resulting in a 

successful stationary phase for liquid chromatography. For these reasons, this 

material was not pursued any further.  
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Figure 2.3: Reaction scheme for the amination of GMA-co-EGDMA polyHIPE and 

subsequent gold NP attachment. 

 

Figure 2.4: Digital image of (a) exterior of GMA-co-EDGMA polyHIPE aminated and 

modified with gold NPs (b) white interior of polyHIPE where amination and gold NP 

attachment was not successful.  
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2.3.2 VBC monoliths fabricated within fused silica capillary 

2.3.2.1 SEM characterisation of VBC monoliths fabricated within fused 

silica capillary 

 VBC monoliths are hydrophobic in nature and therefore, have potential 

application in reversed phase chromatography. The preparation of a VBC-co-DVB 

polyHIPE according to Section 2.2.3.3 resulted in the morphology shown in SEM 

images in Figure 2.5. This morphology was reproducibly obtained with successive 

fabrications despite purifying and deoxygenating the monomers prior to use. The VBC 

polyHIPE was fabricated within fused silica capillary (250 µm I.D.) and as illustrated, 

large craters (voids with little or no interconnecting pores) were present in the material. 

These craters were thought to be resultant of bubbling of the emulsion during the 

polymerisation process. In addition, many of the craters formed did not appear to 

contain any interconnecting windows. In contrast, SEM images of VBC polyHIPEs in 

the literature did not contain comparable craters and comprised of a homogenous pore 

distribution [33, 35, 45, 46]. Despite no mention of these craters within any studies 

involving VBC polyHIPEs, it was noted that none of the SEM images were taken at a 

low magnification as in Figure 2.5. It is possible that the authors could have overlooked 

areas with craters, as the polyHIPEs were not used for chromatographic separations.  
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Figure 2.5: SEM image of craters representative of those present in all similar 

polyHIPEs fabricated in a 90% porosity VBC-co-DVB polyHIPE in a 250 µm fused 

silica capillary. Magnification: 400x.   

 In an attempt to overcome the crater formation, the Sty monomer was added to 

the emulsion. Sty has been used throughout the literature detailing high internal phase 

emulsions; styrenic polyHIPEs previously reported have a homogenous structure with 

few if any craters present in the material skeleton [18, 43, 47]. For this reason, it was 

hypothesised that the addition of Sty to the VBC polyHIPE would improve the surface 

morphology of the polyHIPE (prepared as per Section 2.2.3.3). Unfortunately, this was 

not the case. Encouragingly, as can be seen from Figure 2.6 (a)-(c), as the percentage 

of Sty was increased, both the size and frequency of the craters decreased. While at 

25% Sty, numerous craters were still evident, at 75% Sty in some areas craters were 

no longer observed. Unfortunately, at 75% Sty, in some areas Sty aggregates were 

also seen, as illustrated in Figure 2.6 (d). In a similar manner to craters, this could 

have an adverse effect of the separation efficiencies of a polyHIPE and perhaps 

encourage undesired alternative retention mechanisms when applied as a stationary 

phase. As polyHIPE materials could not be fabricated using VBC which did not contain 

either craters or aggregates, this monomer was therefore no longer investigated. 
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However, further investigation into the use of polystyrene polyHIPEs was undertaken 

due to the open void and interconnecting window morphology that was observed to 

exist in the literature [18, 43, 47]. 

 

Figure 2.6: SEM images of 90% porosity of PS-VBC-co-DVB polyHIPEs at different 

percentages of Sty where (a) 25% (b) 50% (c) 75% and (d)75% aggregates of Sty in 

resulting polyHIPE. Magnification (a)-(c) 300x and (d) 6,000x.  

2.3.3 Polystyrene polyHIPEs 

2.3.3.1 SEM characterisation of PS-co-DVB polyHIPE with various 

aqueous phase percentages 

 PS polyHIPEs are hydrophobic and typically possess an open void and 

interconnecting window morphology and so have great potential as chromatographic 

stationary phases. In this study, in addition to examining the typical 90% PS-co-DVB 

polyHIPEs that are observed throughout the literature, the aqueous phase ratios of the 
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materials were varied. Emulsions were fabricated to produce 75%, 80% and 90% 

porosities of PS-co-DVB polyHIPEs as shown in SEM and AFM images in Figure 2.7. 

Here, the dependencies of the polyHIPE morphology on the aqueous phase ratios 

during fabrication was explored. It was expected that when the aqueous phase 

percentage was decreased, the voids and interconnecting windows also decreased in 

size. From the SEM images, it was noted that as expected, decreasing aqueous phase 

porosities resulting in a significant difference in morphology. Firstly, a lower 

occurrence of the interconnecting windows was observed as the concentration of the 

monomers were increased. The formation of these windows is a topic highly debated 

within the field of polyHIPEs, with two main hypothesises emerging. Menner and 

Bismarck speculated that the formation of the pores occurred post polymerisation, 

during the washing and drying steps [48]. In contrast, Cameron proposed that the 

interconnecting windows were formed during polymerisation, arising due to the 

difference in densities between the organic and aqueous phases. Cameron later 

proved his hypothesis using cryo-SEM images where he demonstrated that as the 

aqueous phase ratio was decreased, a significant difference between the densities of 

the organic and aqueous phases existed [18, 49-51]. This phenomenon could possibly 

explain the lower number of windows present within the voids of the polyHIPEs. Similar 

results were reported where the only difference in the polyHIPE formulation was that 

chlorobenzene was used as an organic phase porogen [18]. However, the 

aforementioned study using chlorobenzene as a porogen resulted in a decrease of 

window size as the aqueous phase decreased. 
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Figure 2.7: SEM images of varied aqueous phase porosities of (a) 75% (b) 80% (c) 

90% PS-co-DVB polyHIPEs and (d) an AFM image of morphological characteristics of 

a PS-co-DVB polyHIPE that typically contains voids with windows. Magnification: (a)-

(d) 1,500x.  

 The results produced in this study when varying the porosity of the polyHIPEs 

suggests these results are in agreement with Cameron’s findings. In addition to the 

difference in the number of windows present within the voids of the polyHIPE structure, 

a difference in pore size diameter was also observed. It was noted that as the aqueous 

phase ratio decreased, the voids decreased in size (Table 2.1). The window diameter 

increased as the ratio of the aqueous phase was decreased for 80% and 75% 

polyHIPEs. The decrease in this study could be due to the density difference between 

the organic and aqueous phases where additional porogen is incorporated. It was 

expected that as the aqueous phase ratio decreased, the openness or porosity of the 
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polyHIPE also decreased. This was found to be true in the case of the voids but not 

the interconnecting windows [18, 50, 51]. Any differences between the void and 

window sizes resulting may be an effect attributed to the transfer of heat through the 

silcosteel column as a change in temperature would also cause a change in void and 

window formation due to change in density [52]. In addition, it was noted that the 

average pore size distribution for the 90% polyHIPE was 12.90 µm for the voids and 

2.05 µm for the windows. In comparison to the study that the emulsion formulation was 

adapted from, the void and window size distribution found appeared to be similar when 

the standard deviation was taken into account [43].  

Table 2.1: Effect of aqueous phase percentage on void and window sizes (n=90) 

Porosity of PS-co-

DVB polyHIPE (%) 

Voids (µm) Windows (µm) 

90 12.90 ± 1.85 2.05 ± 0.23 

80 10.44 ± 2.46 2.46 ± 0.39 

75 7.48 ± 1.04 2.28 ± 0.17 

 

 In general the trend with the polyHIPE was that the voids were not 

monodisperse as shown in Figure 2.8 below. This shows the representation of the 

different areas imaged at each porosity and the recorded voids. It can be observed 

that the void size range can vary from as small as 2 µm to as large as 45 µm. Typically 

monodispersity of voids in polyHIPEs is associated with stirring rate. In general, the 

higher the stirring rate the more uniform void formation is. However, for the 
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applications required from these emulsions a high stirring rates in turn increases the 

viscosity making the emulsion more challenging to enter a column housing for curing.  

Figure 2.8: Pore size distributions of the voids of three different areas of each porosity 

(a) 90% (b) 85% (c) 80% and (d) 75% porosity.  

2.3.3.2 SEM characterisation of 90% porosity PS-co-DVB polyHIPEs within 

100 µm I.D. fused silica tubing and silcosteel tubing of 1.02 mm I.D. 

and 2.16 mm I.D. 

 Based on the characterisation of the bulk polyHIPEs in Section 2.2.3.4, a 75% 

polyHIPE should give a higher surface area, the larger pore size of the 90% polyHIPE 

would facilitate a higher flow rate though the material before the backpressure 

generated became inhibitive. For this reason a 90% polyHIPE was selected for initial 

chromatographic evaluation. The 90% PS-co-DVB polyHIPE shown in Figure 2.9 (a) 

was fabricated in 100 µm fused silica capillary columns as per Section 2.2.3.5. This 
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polyHIPE was successfully attached to the capillary wall as shown in Figure 2.9 (i). 

This was expected due to the silanol groups present on the inner capillary surface, 

which should form covalent bonds with the PS polyHIPE. 

 

Figure 2.9: SEM image of (a) 90% PS-co-DVB polyHIPE within 100 µm I.D. fused 

silica capillary and (i) SEM image showing attachment of polyHIPE to the inner walls 

of the housing.  

 Unfortunately, polymerisation within the 2.16 mm I.D. silcosteel tubing was 

unsuccessful. A column of such diameter required a higher polymerisation 

temperature of 75°C, which, resulted in poor radial homogeneity, leading to areas 

where gaps (i.e. areas with no polyHIPE evident) were present in the monolithic 

column. For this reason, the polyHIPEs were fabricated within the confines of the 

narrower silcosteel tubing (100 mm x 1.02 mm I.D.). As shown in Figure 2.10, due to 

the nature of preparing the column for SEM imaging the quality of the resultant imaged 

material within silcosteel was relatively poor. This occurred despite having a flow of 
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liquid during the cutting step. The extensive mechanical sawing that was required to 

cut the tubing caused the polyHIPE material to crumble at the exposed surface.  

 

Figure 2.10: SEM image of (a) 90% PS-co-DVB polyHIPE within 1.02 mm I.D. 

silcosteel tubing, (i) SEM image showing attachment of polyHIPE to the inner walls of 

the housing and (b) SEM image showing the void and window structure characteristic 

to polyHIPE materials Magnification: (a) 85x and (i) 8,500x and (b) 1,400 x. 

 Figure 2.10 (a) indicates a darker area, which surrounds the interior wall of the 

housing suggesting that there are gaps along the housing to polyHIPE interface. 

Initially, it was thought that this was due to poor attachment of the polyHIPE to the 

housing wall. However, the high magnification image 2.10 (a) (i) illustrated that the 

material did bind to the inner walls of the tubing. It was therefore hypothesised that 

any gaps imaged were possibly artefacts of SEM preparation, resulting from the 

material being broken upon cutting. Figure 2.10 (b) clearly shows the characteristic 

voids and windows of polyHIPE materials, indicating successful polymerisation within 

the silcosteel tubing. Further investigations of these materials as stationary phases in 

Chapter 3 used van Deemter plots to illustrate the differences in the extent to which 

polymerisation of the material was successful.  
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2.3.4 BET surface area analysis of PS-co-DVB polyHIPEs with varied 

aqueous phase percentages 

 The surface areas of the 75%, 80%, and 90% polyHIPEs were determined to 

be 23.3 m2 g-1, 24.3 m2 g-1 and 20.1 m2 g-1 respectively. There was an increase in 

surface area of approximately 16% from the 90% polyHIPE to the 75% polyHIPE, 

which was expected and correlates well with the SEM data that showed a decrease in 

void size which would result in an increase of surface area. A decrease in aqueous 

phase meant more organic phase was present and accordingly a low percentage of 

voids were expected. This would allow the polyHIPE to have a more dense structure 

and in turn, a lower percentage of porogen resulting in a higher surface area overall. 

The 75% and 80% polyHIPEs had slightly higher surface areas then the 90% material. 

However, there was a decrease in surface area between the 80% and 75% polyHIPEs. 

The Brunauer Emmett Teller (BET) model in Figure 2.11 shows the 

adsorption/desorption isotherm for the 90% porosity polyHIPE. The blue line indicates 

the adsorption and the red line indicates desorption of gas. A type two isotherm was 

observed confirming that the pore size of the material was macroporous. Slight 

hysteresis noted can be attributed to mesoporous materials or N2 gas being trapped 
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during desorption [53]. The surface area we obtained is typical for this type of polyHIPE 

[43].  

 

Figure 2.11: BET isotherms of PS-co-DVB polyHIPEs at porosities (a) 75% (b) 80% 

and (c) 90% where the blue plot represents the adsorption isotherm and the red plot 

represents the desorption isotherm (b) 90% PS-co-DVB polyHIPE where the blue line 

indicates the adsorption isotherm and the red line indicates the desorption isotherm. 
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 All isotherms presented in Figure 2.11 are similar in adsorption and desorption 

and show evidence of hysteresis. Typically the path in which the gas adsorbs should 

be equal to the path it desorbs, thus the adsorption and desorption profiles would 

overlap. However, when gas molecules are trapped this path is not equal, leading to 

no overlap caused by hysteresis. This in conclusive as the lowest and highest porosity 

polyHIPEs showed little difference in surface area.   

2.3.5 SEM and BET characterisation of PS-co-DVB polyHIPE with toluene as 

additional porogen 

 Typically, most styrenic polyHIPEs do not demonstrate particularly high surface 

areas. However, the incorporation of the porogens to the organic phase during 

fabrication stages has been commonly observed to increase surface area. In a 

previous report by Cameron et al., it was found that toluene addition resulted in a high 

surface area while retaining the morphological characteristics of voids and 

interconnecting windows of the polyHIPEs [18, 54]. In the current research presented, 

PS-co-DVB polyHIPEs were fabricated according to Section 2.2.3.6. The toluene was 

gradually increased by 2% in volume within the emulsion process in order to maintain 

structurally rigid materials. The main material attributes investigated include changes 

in morphology, thermal stability and surface area.  

 The inclusion of toluene by increasing the volume added in small increments (2 

to 12% toluene) with respect to crosslinker was carried out as per Section 2.2.3.6 to 

investigate the effects on general polyHIPE morphology [18]. SEM imaging illustrated 

the occurrence of voids and windows within these materials. The change in 

morphology can be seen in Figure 2.12 below. However, visual analysis SEM images 
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were insufficient for an in depth analysis of void and window sizes upon gradual 

toluene addition.  

 

Figure 2.12: Gradual increase of percentage toluene in 90% PS-co-DVB polyHIPE 

where (a)-(f) are 2, 4, 6, 8, 10 and 12% added toluene with respect to crosslinker 

volume (0.333 mL). Magnification at 1,900x and scale bar 30 µm. 

 Using Image J software to analyse the SEM images of the polyHIPEs, the void 

and window size distribution upon toluene addition was determined as shown in Table 

2.2. It was found that the void diameter of the materials predominantly increased with 
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addition of 2 to 4% toluene and then decreased further with the addition of 6 to 10% 

toluene before increasing slightly again at 12%. However, similar to this study, 

Carnachan et al. studied the effect of increasing porogen quantities of MeOH and THF 

in polyHIPEs and found increasing and decreasing pore sizes with no specific trend 

[55].  

Table 2.2: Void and window distribution and BET surface area on increasing toluene 

percentage 

Toluene (%) Voids (µm) Windows (µm) Surface area (m2 g-1) 

2 5.38± 0.75 1.69± 0.40 50.58± 0.49 

4 7.67± 0.39 2.06± 0.21 16.08± 0.08 

6 7.23± 0.08 1.83± 0.08 19.29± 0.07 

8 6.94± 0.43 1.88± 0.05 23.23± 0.19 

10 6.52± 0.57 1.52± 0.06 17.41± 0.18 

12 6.63± 0.80 1.79± 0.19 13.39± 0.05 

25 6.96± 2.38 2.24± 1.24 35.78± 0.08 

50 8.28± 2.80 1.47± 0.97 25.00 ± 0.50 

75 7.71± 2.13 2.11± 0.73 31.56± 0.10 

 

 The studies within the literature show that by adding porogens to the organic 

phase, an accompanying increase in surface area should result. However, from the 

BET results reported in Table 2.2 above, a fluctuation in surface area values was 
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obtained. With close inspection of the polyHIPE void and window diameters, the 

surface area results show a trend that when both void and window size decreases the 

surface area of the material increases. When both the void size and window sizes 

decrease, the surface area tends to increase. This trend is most prominent moving 

from 2% and 4% toluene. It was hypothesised that perhaps a change in surface 

tension upon the addition of toluene could have an impact on the window formation 

[49]. However, with such a low porogen percentage added this was difficult to 

determine. To investigate the effect of porogen over a wider range, in terms of surface 

area and morphology, greater volumes of toluene were added to the organic phase 

[18]. The BET surface area results obtained for the 25-75% addition of toluene were 

outsourced. A decrease in surface area was observed from addition of 25% to 50% of 

toluene (Table 2.2), possibly due to an increase in pore size of the 50% addition of 

toluene. The 75% toluene addition resulted in an intermediate value for surface area. 

Overall, the surface area did not increase higher than 35 m2 g-1 which would indicate 

that the lower addition of toluene did not have the desired effects to achieve materials 

with both greater mechanical rigidity and higher surface area. SEM images illustrated 

in Figure 2.13 show that it was nonetheless still difficult to decipher a general trend in 

void and window sizes. From these images, it was shown that the polyHIPEs 

fabricated were uniform, homogenous, and contained dense networks of 

interconnecting windows with no major craters. However, upon measuring the voids 

and windows as shown in Table 2.2 above, no linear relationships between toluene 

percentage and window/void sizes were observed. This was not unexpected as similar 

studies also reported sporadic results [18]. BET surface area analysis typically 

requires up to 100 mg of material which was the amount used in the materials 

produced here. It is a possibility that being such low surface area materials, perhaps 
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more material should have been used for analysis. In addition, it is observed amongst 

polymer materials in particular that N2 molecules can occupy a greater area, giving a 

lower representation of the true surface area, which could be a likely explanation to 

the phenomena observed here. Overall, the pore sizes obtained in this study were 

smaller than similar studies on polydivinylbenzene (pDVB) polyHIPEs [55]. It was 

hypothesised that window formations were due to the different densities between the 

monomer aqueous phase and the organic external phase upon thermal polymerisation 

[49]. Temperature has previously been shown to have an effect on the void and 

window formation as the increase in temperature changes the density of the polymers 

within the emulsion [55]. In this study, this change in density could easily occur when 

the emulsion was housed within its mould. Once placed into a water bath for 

polymerisations to occur, the emulsion (~25°C) had to equilibrate with the temperature 

of the water bath, which is at 60°C. Therefore this heat transfer gradient present could 

have influenced the occurrence of a density differential, which, could have resulted in 

the window formations observed. 
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Figure 2.13: SEM images of PS-co-DVB polyHIPE where additional porogen (toluene) 

was added at (a) 25% (b) 50% and (c) 75% of crosslinker ratio. Magnification (a)-(c) 

1,200x.  
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2.3.5.1 TGA of PS-co-DVB polyHIPE with toluene as additional porogen 

 Thermal stability profiles were analysed using TGA to determine if the addition 

of toluene decreased or increased the material’s thermal resistance limits. In 

comparison to the literature, values for the thermal stability of PS-co-DVB materials 

was observed to be within a range of 300 to 450°C [56].  

 

Figure 2.14: TGA showing the decrease in percentage mass of polyHIPEs with 

increasing temperature. Here, polyHIPEs with increasing volumes of toluene were 

analysed. 

 In this study, it was noted that the temperature profiles of materials with 

increasing toluene are very similar to each other, as shown in the TGA curve in Figure 

2.14 above. A loss of mass of the materials was observed at roughly 280 to 450°C 

which is 20°C lower than that observed for PS materials in the literature, most likely 

due to the final morphology of the materials [57]. Complete sample loss was not 

observed as when the crucible was removed from the oven carbonised polyHIPE 

materials remained, however it was not necessary to obtain complete pyrolysis of 
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samples analysed. As the percentage of toluene increased, the rate of decomposition 

also increased and is signified by the steeper downward slope on the TGA curve. This 

increased rate of decomposition could be due to the toluene compromising the 

mechanical rigidity of the materials, making them more susceptible to thermal 

degradation. 
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2.3.6 PS-co-DVB polyHIPEs modified with GONP addition 

2.3.6.1 FESEM characterisation of PS-co-DVB polyHIPEs modified with 

GONPs  

2.3.6.1.1 Bulk polymerised PS polyHIPEs modified with GONP 

 Due to their amphiphilic nature, GONPs (single to a few layers of graphene) 

have been used as a Pickering agents in the past and the morphology of the resulting 

polymers fabricated have exhibited morphologies where a layer of GO coating the 

particles is observed [58]. In this study, an emulsion using 33 ppm of GO was 

fabricated in bulk format to investigate whether the addition of GONP had an impact 

on the PS-co-DVB polyHIPE’s morphology using FESEM imaging. From the images 

presented in Figure 2.15 below, it is suspected that there are areas on the polyHIPE 

coated with GONPs and areas that remain free from GONPs. However, it is noted that 

a “popcorn” effect could also give the observed morphology. Nonetheless similar 

rough coating have been observed where GONP modified polymers have been 

investigated in the past [58].  
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Figure 2.15: FESEM images of (a) GONP (at 33 ppm) PS-co-DVB polyHIPE 

polymerised in bulk at magnification of 7,000 x (scale bar 5 µm) to show GONP coated 

morphology and (b) GONP coverage at 20,000 x (scale bar 2 µm). 

 The promising results obtained above showed high potential that the surface of 

the polyHIPE materials changed in bulk polymerisation. Thus, polymerisation of the 

material with increasing concentrations of GONPs were pursued within capillary in the 

following section. 

2.3.6.1.2 PS polyHIPEs modified with GONP polymerised within capillary 

format 

 PolyHIPEs fabricated within capillary housing were imaged as shown in Figure 

2.16 which shows the effect of increasing concentration of GONPs on the resulting 

polyHIPE surface roughness.  
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Figure 2.16: FESEM images where no change in surface roughness was observed 

upon increasing GONP concentrations of (a) 0 ppm, (b) 13 ppm, (c) 33 ppm and (d) 

66 ppm. Magnification of 10,000x and scale bar of 5 µm. 

 Figure 2.16 (a) shows a blank PS-co-DVB polyHIPE polymerised within 250 µm 

fused silica capillary. The following images 2.16 (b)-(d) show that although the 

concentration of GONP added increased, there was no change in the surface 

roughness of the polymers. It was observed that although the addition of 0, 13, 33 and 

66 ppm of GONP did not increase the surface roughness of the material, the 20 ppm 

concentration added showed the opposite effect. Figure 2.17 shows an increase in 

surface roughness of this material, possibly due to the addition of GONPs.  
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Figure 2.17: FESEM showing the of 20 ppm addition of GONP into PS-co-DVB 

polyHIPE. Magnification of 10,000x and scale bar of 5 µm.  

Table 2.3: Void and window distribution on increasing GONP concentration 

 

PolyHIPE 

 

Voids (µm) 

 

Windows (µm) 

GOPSDVB0 (blank) 15.59±13.62 4.29±1.73 

GOPSDVB13 13.97±8.15 3.54±0.91 

GOPSDVB20 10.92±5.81 2.48±0.75 

GOPSDVB33 17.48±10.20 4.87±2.26 

GOPSDVB66 15.46±8.63 3.56±2.09 

 

In Table 2.3, the increase of GONP concentration decreased the void and window 

sizes from 0 ppm to 33 ppm of GONP added. However, from 33 ppm concentration 
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this linear trend was no longer observed. From the FESEM it was still uncertain 

whether GONPs were present on the surface of the polyHIPE materials as 

hypothesised in the previous section. However, the FESEM data below would suggest 

a higher indication of an increased surface roughness resulting upon the addition of 

20 ppm GONP to the emulsion.  

2.3.6.2  BET surface area analysis of PS-co-DVB polyHIPEs modified with 

GONPs 

 The BET results reported the surface areas of the GONP modified materials as 

shown in Table 2.4. A decrease in surface area was observed with increasing 

concentration of GONPs from 0 to 33 ppm. The surface area increased again at 66 

ppm of GONPs. This may be because at 66 ppm, the emulsion stability was 

compromised and the emulsion itself was in the process of phase inversion. The latter 

emulsion required to be transferred to a mould as soon as all GONP was incorporated.  

Table 2.4: BET surface area upon increasing GONP concentration 

 

PolyHIPE 

 

Surface area (m
2

g-1) 

GOPSDVB0 (blank) 25±0.27 

GOPSDVB13 24±0.28 

GOPSDVB20 16±0.09 

GOPSDVB33 12±0.04 

GOPSDVB66 15±0.06 
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This would explain the change in the linear trend of the BET results. It was 

hypothesised that at higher concentrations, the GONPs formed aggregates, which 

ultimately disrupted the emulsion process and could have been the major cause of 

phase inversion.  
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2.3.6.3 FTIR analysis of PS-co-DVB polyHIPEs modified with GONPs 

      FTIR analysis was utilised to determine the presence of functional groups 

present in GONP modified polyHIPEs. The key functional groups that should have 

indicated the presence of GONPs would be OH groups and C=O groups. A PS-co-

DVB polyHIPE would be expected to have a different absorption spectrum than a 

GONP containing PS-co-DVB polyHIPE. In Figure 2.18 below, the FTIR spectra shows 

an unmodified PSDVB polyHIPE. Figure 2.19 (i) shows the region where the hydroxyl 

absorption was expected on the modified polyHIPE. The results indicate a broad OH 

absorption observed for the blank polyHIPE. This broad OH group would not be 

expected on the polyHIPE surface but could be due to residual solvent present. The 

66 ppm GONP polyHIPE was expected to have the greatest OH absorption, however, 

no absorption in the OH region (3200 to 3600 cm-1) for this polyHIPE was observed. 

More interestingly, the 20 ppm GONP polyHIPE had an absorption profile where two 

distinct absorption peaks resulted in the OH region [59]. The two peaks observed are 

typically common when OH groups are on the surface of a molecule and no hydrogen 

bonding can occur. This resulted in a strong possibility that GONPs could be present 

on the surface of 20 ppm GONP polyHIPE. This also correlates with the FESEM 

results that showed the 20 ppm GONP polyHIPE to be the only polyHIPE to have 

change in surface morphology. It was also noted that no carbonyl absorption was 

present in the FTIR results. This is unexpected as for the polyHIPEs containing 

GONPs a substantial absorbance signal should be present at the region of 1720 cm-1 

as graphene oxide contains multiple C=O groups. This absorption peak was not 

observed in either of the GONP containing polyHIPEs.  
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Figure 2.18: FTIR absorption spectra of PSDVB polyHIPE with no GONP included. 

 The FTIR spectra in Figure 2.19 (purple) was of another 20 ppm GONP 

polyHIPE from a different parent emulsion to see if the OH absorption peak was 

present again. Figure 2.19 (i) shows similar results where the two peaks in the OH 

region were observed again (purple). These results indicated a strong possibility of 

GONPs present in the GOPSDVB20 polyHIPEs, however, further analysis would be 

required to confirm their presence. 
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Figure 2.19: FTIR absorption spectra of overlayed GOPSDVB20 (orange, batch 1) 

and GOPSDVB26 (purple, batch 2) where (i) is showing the expected OH absorption 

region. 
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2.3.6.4 ZetaSIZER analysis of PS-co-DVB polyHIPEs modified with GONPs  

 In order to understand the effect of the GONPs within solution, particle size 

analysis using a ZetaNanoZS was utilised. In Figure 2.20, the particle size distributions 

were measured in order to establish the effect of 20 ppm of GONP in water. This 

analysis was important because fabrication of GOPSDVB66 resulted in stability issues 

and required the emulsion to be transferred to a mold immediately. Therefore, the 

effect of GONP in water, in the aqueous phase and with the surfactant were analysed. 

The hydrodynamic radius (dhyd) was found to be 312.6 d nm where the polydispersity 

index (PDI) was 0.2. Due to the particles being close to the upper limit of 300 nm there 

was not a high degree of aggregation present. However, from the results obtained in 

Figure 2.20, it was clear that a more complex size distribution would be expected once 

the GONPs were incorporated into the emulsion. The particle size of 20 ppm GONPs 

within the aqueous phase of the emulsion was also investigated using the 

ZetaNanoZS and gave such a large average particle size of 3.14 x 104 nm a plot was 

not obtained. In addition, the PDI was 0.8 where the particle size was greater than 500 

nm; resulting in a high degree of aggregation. This would explain why phase 

separation was observed when the GONPs and aqueous phase were incorporated 

and added dropwise to the organic phase. This would suggest that both the initiator 

and electrolyte used were sources of the phase inversion observed upon fabrication.  
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Figure 2.20: Particle size distributions using ZetaNanoZS to establish the effect of 20 

ppm of GONP in water. 

 Finally, the particle size resulting from the incorporation of GONPs with Span 

80 was investigated. This resulted in an average particle size of 320 nm, which is 

presented in Figure 2.21. The PDI value was found to be 0.6, therefore a high 

degree of aggregation was found for GONPs with surfactant. A polydisperse particle 

nature was expected as most of the polyHIPEs fabricated were shown to give 

decreasing void and window diameters upon addition of Span 80. This decrease was 

suspected to be caused by the interaction of GONPs with Span 80. The main particle 

sizes were reported at 130.9 and 7770.1 d nm-1 at 65.4% and 34.6% respectively. It 

was hypothesised that the smaller particles arose from the surfactant and the larger 

particles were a result of aggregates formed by the surfactant and GONPs. The 

particle size results report a large difference in particle size distributions with respect 

to the aqueous phase and GONPs as well as an adverse interaction with the 

surfactant.  
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Figure 2.21: Particle size distributions using ZetaNanoZS to establish the effect of 20 

ppm of GONP with surfactant. 
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2.3.6.5 TGA of PS-co-DVB polyHIPE modified with GONPs 

 Thermal stability profiles were analysed using TGA under N2 to determine if the 

addition of GONPs influenced the material’s thermal resistance limits. It was expected 

that increased incorporation of GONP would increase the thermal resistance of the 

final polymer. Figure 2.22 shows that the only the GOPSDVB20 had a substantial 

reduced mass. At the highest temperature investigated, 600°C, only a 10% loss was 

observed. The increasing concentrations of GONPs appeared to have no effect on the 

thermal stability of the polyHIPEs and had similar thermal degradation trends to that 

of the blank polyHIPE (GOPSDVB). The preliminary results here illustrated a 

considerable improvement in the thermal stability of addition of 20 ppm GONPs to the 

polyHIPE.  

 

Figure 2.22: TGA showing the decrease in percentage mass of polyHIPEs with 

increasing temperature. Here polyHIPEs with increasing concentrations of GONPs 

were analysed. 
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 However, upon repeating TGA on the GOPSDVB20 bulk sample as shown in 

Figure 2.23, it was observed that thermal degradation of the polyHIPE was similar to 

all of the other GONP modified polyHIPEs. Therefore, no significant improvement of 

GONP modified polyHIPEs was apparent and was no longer investigated for increased 

thermal stability. 

 

Figure 2.23: Repeated TGA analysis of GOPSDVB20 to confirm thermal stability 

effects. 
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2.4  Conclusion 

 The studies from this chapter have detailed the fabrication of three discrete 

polyHIPEs, based on their monomer type. GMA based polyHIPEs were investigated 

due to their potential for surface area modification. These polyHIPEs contained a 

unique pore structure with very few interconnecting windows present. When 

polymerised within the PEEK tubing the GMA polyHIPEs were seen to contract away 

from the tubing walls, making PEEK an unsuitable housing material. To increase the 

surface area of the polyHIPEs, the bulk material was aminated and then agglomerated 

with gold NPs. However, due to the poor network of interconnecting pores only the 

amination of the exterior region of the polyHIPE was successful. Thus, the GMA 

polyHIPE was deemed unsuitable as a stationary phase material. 

 The investigation of VBC polyHIPEs, which also contain a reactive group similar 

to GMA, which makes them amenable to surface modifications. The VBC monomer 

resulted in polyHIPEs, which contained large craters, were present throughout the 

material. Many of the craters present also had no interconnecting windows. To 

decrease the frequency of these craters the monomer Sty was included in an attempt 

to decrease crater formation. It was found that at 75% Sty the craters were no longer 

observed. Unfortunately, at this percentage of Sty, aggregates formed on the surface 

of the material. Such morphological features would have a negative effect of the 

separation efficiencies and retention mechanisms of a polyHIPE, therefore this 

material was not investigated any further. 

 PS-co-DVB polyHIPEs were illustrated to result in the best morphological 

structure for flow through applications. PS-co-DVB materials however, are known to 

have low surface areas. Further investigations into the use of polystyrene polyHIPEs 
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showed that decreasing the aqueous phase led to an increase in surface area. 

Toluene was also added to the emulsion as an additional porogen in an attempt to 

further increase surface area. Toluene appeared not to impact void and window sizes 

in a linear fashion. However, this was suspected to be a result of the temperature 

change of the emulsion during polymerisation which would decrease the density of the 

components in the emulsion. As the toluene incorporated polyHIPEs did not result in 

high surface area or demonstrate excellent mechanical rigidity they were no longer 

investigated as stationary phase materials. However, the interest in PS-co-DVB 

polyHIPEs, albeit with a lower surface area than hoped, were characterised as 

possessing a morphology amenable to separation applications, they were investigated 

as potential stationary phases for LC applications in Chapter 3. 

 The modification of PS-co-DVB polyHIPEs using GONPs was also 

investigated. FESEM results showed a change in surface roughness with the 20 ppm 

incorporated polyHIPE but no with the other GONP modified polyHIPEs. The presence 

of GONPs on the surface of the polyHIPEs were not confirmed, however preliminary 

results reported for FTIR analysis indicated the strong possibility of GONPs present 

on the surface of 20 ppm incorporated polyHIPEs due to the findings of distinct OH 

absorption peaks. To further establish the presence of GONPs on the surface of the 

polyHIPE, the GOPSDVB20 polyHIPEs were fabricated within a capillary for use in the 

separations of alkylbenzenes in Chapter 4.  
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Chapter Three  

Characterisation of chromatographic performance using the separation 

of small molecules with PS-co-DVB polyHIPEs in HPLC 

  



 
 

“Opportunity is missed by most people because it is dressed in overalls and looks like 

work”- Thomas Edison. 
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3. Aim 

 The main objective of this chapter was to investigate the reverse phase high 

performance liquid chromatography (RP-HPLC) separation of small molecules using 

PS-co-DVB polyHIPE stationary phases housed within silcosteel. The materials 

generated here are the first instance of small molecule separation using polyHIPEs in 

HPLC. The chromatographic performance of these materials was characterised using 

van Deemter curves, backpressure profiles, swelling and permeability studies. The 

materials fabricated were shown to withstand a range of solvents and resulted in low 

backpressures at relatively high flow rates. The materials from batch to batch were 

found to be highly reproducible. The separation characteristics observed here showed 

high separation capacity where five analytes were base line separated from each 

other. The chromatographic performance also indicated strategies required to 

increase the separation efficiency of the materials as well as the suitability of silcosteel 

as a column housing. 
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3.1 Introduction  

  The highly interconnected macroporous network of polyHIPEs are an attractive 

stationary phase material for chromatographic separations [1, 2]. PolyHIPEs have 

been predominantly used in the separation of large biomolecules [3]. Separations of 

biomolecules are challenging, however a low surface area material such as a 

polyHIPE can be applied at high flow rates under gradient conditions leading to a fast 

separation of the analytes, demonstrating the speed of the separation of these 

materials. In many cases, the retention factors and peak shape of these analytes were 

poor, particularly where these materials were utilised in liquid chromatographic 

separations [3-5]. In addition, separations under gradient conditions limit the 

extrapolation about characteristic information about the polyHIPE as a separation 

material. This is because under such conditions, chromatographic characterisation 

tools such as van Deemter plots, pressure testing and swelling and permeability 

studies that are crucial in the development of these materials as usable stationary 

phases are inaccurate [6, 7]. Therefore, as well as addressing the application of the 

polyHIPE materials it is essential to characterise the materials to understand how they 

can be further developed as a stationary phase material. 

 While polyHIPEs have been used as stationary phases for fast separations of 

a variety of biomolecule mixtures, the use of polyHIPEs in HPLC for small molecule 

separations has not been observed in the literature. The first instances of small 

molecule separation involving chromatography was demonstrated using CEC of PS-

co-DVB and IDA-co-DVB polyHIPEs as CEC stationary phases to separate 

alkylbenzenes. CEC is often used as a method to overcome issues relating to 

diffusion, commonly observed in HPLC to avail of the EOF for flow generation where 
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backpressures generated using mechanical may be problematic [8, 9]. CEC also has 

the advantage of generating higher plate counts and subsequently narrow peaks even 

with materials of low surface area [10].  

 Unfortunately, CEC has not realised its potential due to significant technical 

hurdles, with the result that HPLC remains the technology of choice for industrial 

analysis. Recently, a study used small molecules, nanoparticles of difference sizes, 

and polyHIPE materials in HPLC. However, the separation of the nanoparticles was 

not carried out in a mixed injection on the polyHIPEs but rather by injecting each 

sample individually. To date, application of polyHIPE materials as RP stationary 

phases for the separation of small analytes has not been explored, and their potential 

in this domain has not been evaluated [11].  

3.1.1 Characterisation of chromatographic performance 

 Chromatographic characterisation of stationary phase material has been well 

developed in published literature [12-14]. Backpressure measurements, swelling and 

permeability studies and kinetic performance evaluation are the most common 

parameters evaluated.  

3.1.1.1 Backpressure measurements 

 Backpressure measurements are used to characterise the pore volume of a 

column under constant temperature. The tolerance of a material to both applied 

pressure and different solvents can be established by performing pressure tests using 

the most commonly used HPLC solvents (MeOH, ACN and water) at varying flow 

rates. Backpressure measurements must be carried out under constant temperature 

because the viscosity of the solvent changes as the temperature increases. As well as 

understanding the pressure and solvent tolerance of one material, the backpressures 
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of different columns can also be compared to one another [15]. This is particularly 

useful where monoliths are concerned, as each monolith will polymerise with its own 

unique channels. Thus, any differences between the columns from batch to batch or 

within batch to batch can be distinguished. Connolly et al. used backpressure 

measurements to establish the difference between grafted and ungrafted GMA 

monoliths [16]. The swelling of the pores from the grafted chains resulted in higher 

backpressures, thus a difference between two monoliths was demonstrated. 

3.1.1.2 Swelling and permeability studies 

 In addition to backpressure measurements, swelling and permeability studies 

can determine the influence of solvents on the pore structure of materials for 

chromatography. Here at a constant flow rate, pressure and temperature with the 

viscosity of the solvents can be used to calculate the permeability of the material. 

Where permeability decreases, it is most likely due to shrinkage of the pores resulting 

from swelling due to the solvent used. Most commonly, Darcy’s Law is used to 

calculate this flow of solvent through a porous bed (Equation 1) [5, 17]. 

k =  
Q.ηL

ΔP.A
          Equation 1 

Here, k is the permeability coefficient (m2), Q is the flow rate (m3/s), η is the viscosity 

of a given solvent (Pa/s), ΔP is the change in pressure (Pa), L is the column of flow 

length (m) and A is the internal area of the column (m2). Previous studies have 

obtained information about the permeabilities of emulsion templated materials to 

investigate the application of gradient profiles and high flow rates suitable for the 

materials [4, 5]. In this chapter, we have applied polyHIPEs in order to calculate the 

permeability of PS-co-DVB polyHIPE columns produced in comparison to traditional 

organic monoliths produced in the literature. 
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3.1.1.3 Van Deemter plots 

 As studies of backpressures, swelling and permeability alone will not give an 

accurate flow profile of a polymer monolith, van Deemter plots have been used by 

chromatographers to determine the kinetic performance of a column and establish the 

optimum flow rate. Here, the plate height is plotted against varied linear velocities. The 

van Deemter plot has three significant terms, the A term the B term and the C term, 

which are shown in Figure 3.1. The A term refers to Eddy diffusion which arises from 

multiple paths that an analyte can take through a material. The B term, longitudinal 

diffusion, results from the gradient of concentration of the analyte band forming a 

hydrodynamic flow profile. Finally, the C term accounts for diffusion that exists when 

the analyte partitions between the mobile and stationary phase. The lowest point of 

this plot which equates to the narrowest plate height, determines the optimum linear 

velocity to be used in a separation [6]. Generally, silica monoliths produce a low C 

term allowing for the use of higher flow rates and resulting in less diffusion due to the 

convective nature of the flow. However, it is noted that organic monoliths give a higher 

C term, and thus a higher C term is expected for PS-co-DVB columns [1, 2, 18]. More 

importantly, as well as establishing the column kinetic performance, the van Deemter 

plots can give an indication of the presence of voids within the column. A van Deemter 

plot produced by a column with voids should therefore, produce plots which deviate 

from the typical trend, indicating a problem with the material fabricated.  
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Figure 3.1: Van Deemter plot and the terms which contribute to diffusion in liquid 

chromatography. 

 In this chapter, the isocratic RP-HPLC separation of small molecules has been 

achieved using polyHIPEs as stationary phases. A series of alkylbenzenes were 

separated in 30 minutes. In addition to demonstrating their separation capacity, this 

separation was used characterise their separation performance. This represents the 

first time that traditional polyHIPE morphology has been characterised 

chromatographically. The PS-co-DVB polyHIPE fabricated in this study, unlike many 

of the more hydrophilic polyHIPEs fabricated for RP-HPLC of large biomolecules in 

earlier studies, has a distinct void and window morphology which should result in 

decreased dispersion effects [4, 5, 19]. This work uses a polyHIPE microbore column 

of 100 mm long silicosteel tubing which is compatible with pressures generated in 

capillary LC, a housing that has not been employed with polyHIPE materials 

previously. The chromatographic efficiency of these columns were evaluated using 

pressure, swelling and permeability studies as well as van Deemter profiles and 

chromatographic separation of alkylbenzenes in isocratic and gradient modes. 
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3.2 Materials and methods 

 Millipore ultrapure water purified to a resistance of > 18 MΩcm was used in all 

instances. Ethylbenzene >99.8%, propylbenzene >99%, butylbenzene >99%, 

pentylbenzene 99%, Calcium dihydrochloride > 99%, Span ®80, 3-glycidoxypropyl-

trimethoxysilane ≥ 98%, potassium persulphate (PPS), styrene (Sty) ≥ 99%, 

divinylbenzene (DVB) 80% isomeric mix were purchased from Fluka (Sigma Aldrich, 

Tallaght Ireland). All solvents were used as received and were of analytical HPLC 

grade. All silcosteel tubing (1.02 mm in I.D.) was supplied by RESTEK (Belfast, 

Northern Ireland).  

3.2.1 Instrumentation 

 Backpressure, swelling and permeability studies were performed using an 

Ultimate 3000 LC, where an ultrasonicator (Branson 5510) was used to degas mobile 

phases. Van Deemter curves were established using an Agilent 1200 and columns 

were imaged using an optical microscope (Meijic Techno EMZ-STR). 

3.2.2 Methods 

3.2.2.1 Backpressure, permeability and swelling tests 

 Backpressure and permeability and swelling tests were carried out using a 

capillary LC where each column was successfully flushed through with solvents water, 

ACN and MeOH at flow rates of 0-1.2 mL min-1 in 0.2 mL min-1 increments. The 

backpressure produced at each flow rate for each solvent was recorded in triplicate. 

The permeability of each column at 0.6 mL min-1 was calculated using Darcy’s Law 

using Equation 1 [5, 17]. 
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3.2.2.2 PolyHIPE column selectivity and efficiency 

 The expected reverse phase interactions of the PS-co-DVB columns produced 

were confirmed using the methylene selectivity. Here the ln(k’), where k’ is the 

separation capacity (or retention factor), plotted against the corresponding number of 

carbons on the increasing alkylbenzene chain to give a linear graph if the retention 

method is a reverse phase interaction [20-22].  

 Column efficiency was calculated by injecting a propylbenzene standard onto 

the column at increasing flow rates to calculate the number of theoretical plates (N) 

using Equation 2. 

N = 16 (
tr

w
)

2
        Equation 2 

 Where N is the number of theoretical plates, tr is retention time and w is the of 

the base of the peak. The height equivalent theoretical plate was subsequently 

calculated according to Equation 3. 

H =
L

N
         Equation 3 

 Where H is the height equivalent theoretical plate, L is the length of the column 

in mm and N is the number of theoretical plates. H in µm was plotted against linear 

velocity in mm second-1 to result in the van Deemter plot. 

3.2.2.3 Chromatographic conditions 

 Alkylbenzene separation was carried out by using mixed standard solution (0.1 

ppm) of toluene, ethylbenzene, propylbenzene, butylbenzene and pentylbenzene 

prepared in ACN using an Agilent 1200. The HPLC system consisted of a quaternary 

pump including an online vacuum degasser, an autosampler and a UV detector at 214 

nm. Chromatographic separation was achieved on a polyHIPE columns of 100 mm x 
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1.02 mm i.d.). Mobile phase conditions of the isocratic system was 50:50 ACN:Water. 

The mobile phases were filtered and then degassed using an ultrasonicator.  

3.3 Results and discussion 

3.3.1 Backpressure studies of 90% PS-co-DVB polyHIPEs in silcosteel 

columns 

 Backpressure measurements were used to establish the pressures resulting 

from solvent flow through the 90% PS-co-DVB silcosteel columns. Here increasing 

flow rates (0 to 1.2 mL min-1) were applied to duplicate columns 1 and 2 and their 

corresponding backpressures were recorded when the pressure had stabilised. In 

Figure 3.2, the backpressure curves of the three columns prepared using separate 

emulsions were linear and give similar backpressures. This indicated a linear 

dependence of column pressure on flow rate, demonstrating a good mechanical 

stability of the columns. This shows that the polyHIPE material is suitable for use within 

a high-pressure system. The highest backpressures were observed using column 1. 

Backpressure measurements carried out repeatedly on a single column resulted in 

%RSD up to 20%, while %RSD values from batch to batch were up to 24% both being 

relatively high %RSD values. Both single column and batch to batch reproducibility 

showed large %RSD figure as flow paths formed within each column was not uniform.  
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Figure 3.2: Backpressure profiles of PS-co-DVB produced in silcosteel where blue 

was column 1 and green was column 2. Backpressure measurements were taken in 

triplicate using solvents (a) water, (b) MeOH and (c) ACN over a flow rate of 0 to 1.2 

mL min-1 at room temperature.  

 Table 3.1 below shows the increase of the slope of the profile for each solvent. 

ACN resulted in a lower slope, which indicates that it generated a lower backpressure 

than that of MeOH or water. The general trend observed for the columns was that 
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backpressure was the lowest for ACN and highest for water. The trend observed was 

expected, as the viscosity of water is the highest at 0.8937 mPa second-1 (25°C) [23]. 

Therefore the higher the viscosity of the solvent the higher the backpressure 

generated by the column.  

Table 3.1: Slope of backpressure profiles using common HPLC solvents 

Solvent Column 1 

Bar/ ml mL-1 

Column 2                       

Bar/ ml mL-1 

ACN 138.61 122.00 

MeOH 161.64 138.80 

Water 186.43 157.09 

 

3.3.2 Swelling and permeability studies of PS-co-DVB polyHIPEs in 

silcosteel columns 

 The permeabilities of the 90% PS-co-DVB columns were calculated (Equation 

1) to establish the swelling and shrinkage effects of the solvents [24]. The surface area 

of these materials as discussed in Chapter 2 were reported at 20 m2 g-1 in addition to 

its relative porosity of 90% the polyHIPEs. Thus, it was expected that the materials 

would be significantly permeable. Table 3.2 lists the calculated permeabilities of the 

columns for each solvent using Darcy's Law. Typical organic polymer monoliths should 

have permeabilities within the range of 10-14 to 10-15 [25-27]. The permeabilities 

presented in Table 3.2 lie within a range of 10-16 to 10-17 and were therefore, lower 

than literature values [24, 26, 27], however they were still considered acceptable as 

the deviation was most likely resulted from using a column of larger diameter than 

previously reported for capillary columns [25]. It was expected that ACN would give 

the highest permeability due to its low viscosity and low backpressure from the 
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previous section. Despite having a lower backpressure, a decreased permeability was 

observed when using ACN. Conversely, water, which previously generated the highest 

backpressures, resulted in higher permeability coefficients for all columns when 

compared to ACN and MeOH. This result was unexpected as the viscosity of water at 

room temperature is higher than that of ACN and MeOH, thus a lower permeability 

value was expected. It is hypothesised that ACN had a shrinking effect on the pores 

of the polyHIPE materials as the permeability of these materials decreased by an order 

of magnitude [28, 29]. The precision of the resulting permeability coefficients was poor 

as the %RSD was calculated to be up to 20%, resulting from the variability on 

backpressure observed in the previous section. MeOH at higher flow rates for column 

1 started to deviate from the linear trend expected, however such high flow rates with 

such low surface area materials would not be utilised in separations. More interestingly 

MeOH also appeared to give the lower permeabilities than that of water. The lower 

permeabilities that resulted could be a due to pore size change similar to that observed 

when using ACN, however the change with MeOH was not as substantial. Despite the 

effect of pore shrinkage observed by ACN, the general linear trend of the backpressure 

plots presented in the previous section suggests that the swelling and shrinking effects 

of the columns did not permanently alter the column.  

Table 3.2: Permeability (k) of 90% polystyrene-co-divinylbenzene polyHIPEs in 

silcosteel using varying solvents at 0.6 mL min-1 

Column MeOH   

±2.57 x10
-17  

ACN   

±1.80 x10
-17 

Water  

±2.57 x10
-17 

1 1.00x10
-16 8.28 x10

-17 1.67x10
-16 

2 1.17 x10
-16 8.98x10

-17 1.98x10
-16 
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3.3.3 Determination of column efficiency 

 As the polyHIPEs were demonstrated to be mechanically stable and consistent 

with permeabilities appropriate for HPLC, they were characterised 

chromatographically in terms of their kinetic performance. by determining the van 

Deemter plots of each column (Figure 3.3). Propylbenzene was injected at varying 

flow rates and N and HETP were calculated using Equation 2 and Equation 3, 

respectively. From Figure 3.3, both column 1 and 2 were found to have similar van 

Deemter plots. An optimum flow rate of 0.04 mL min-1 was determined with N values 

of 474.679 and 454.93 and HETP values of 210.67 and 219.81 µm for columns 1 and 

2 respectively. The van Deemter plots for column 1 and 2 showed little evidence of 

eddy diffusion or longitudinal diffusion. A higher instance of the latter results of 

diffusion would result in a flatter van Deemter profile upon increase of the A term and 

a sharper increase of the plot at lower flow rates for the B term [30]. However, the 

diffusion attributed to these columns was mostly due to a large amount of resistance 

to mass transfer between the stationary phase and the mobile phase. The time taken 

for an analyte band to flow through and partition between the stationary phase and the 

mobile phase was expected to increase in this study due to the presence of voids and 

interconnecting windows, as this morphology within a larger diameter polyHIPE the 

skeleton windows could be acting as mixing vessels. However, it is not unusual to 

have little improvement of the resistance to mass transfer using monolithic stationary 

phases [1, 2, 18, 30]. In addition, previous studies have shown that the morphology of 

polyHIPEs can result in large dispersion effects and a corresponding decrease in 

separation efficiency [3].  
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Figure 3.3: Van Deemter plots for PS-co-DVB polyHIPE columns (a) column 1 and 

(b) column 2 fabricated. 

 The van Deemter profiles of polyHIPE materials in the literature have been 

demonstrated using capillary electrochromatography (CEC), which, show a greater 

effect of the B term (longitudinal diffusion) due to a EOF coupled with a pressure driven 
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flow. Similar to our study, previous results reported the C term (mass transfer) to have 

a large effect on diffusion most likely a direct result of the polyHIPE morphology [1, 2]. 

CEC separations will still produce sharper peaks and less diffusion due to the plug 

flow profile of the EOF leading to a more efficient separation [31]. However, it is 

expected that if a capillary of a similar dimension to that used in CE studies were 

applied to an LC system, the peak shape would significantly be affected by the C term 

and more band broadening would be present in the resulting chromatograms. In 

addition, the low surface area of these unmodified polyHIPE materials will ultimately 

result in lower efficiencies and a higher plate height [32, 33]. For both these reasons, 

the relatively poor separations observed here are typical for these materials.  

3.3.3.1 Determination of column efficiency in void containing column 

 In contrast to column 1 and 2, a third column (column 3) was found to have 

slightly higher permeabilities of 1.22x10-16, 9.40x10-17 and 2.15x10-16 for MeOH, ACN 

and water respectively. Furthermore, the lowest backpressure was observed with 

column 3 as shown in Figure 3.4. However from the latter information and the Figure 

3.4 below it is difficult to say whether the differences are due to unique flow paths or 

possible column voids.  

 Upon investigating the optimum flow rate a poor van Deemter profile was 

obtained when compared to columns 1 and 2 as shown in Figure 3.5. This was 

hypothesised to be due to possible voids present within the column. Interestingly, as 

the backpressure for this column in particular was found to be the lowest it supports 

the suggestion of the presence of voids within the column. As well as establishing the 

optimum flow rate of 0.04 mL min-1, it was illustrated that the van Deemter plot could 

successfully be utilised to determine the presence of voids. As column 3 was shown 

to contain voids and was therefore defective, it was not characterised any further. 
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Figure 3.4: Backpressure profiles of PS-co-DVB produced in silcosteel where blue 

was column 1, green was column 2 and orange was column 3. Backpressure 

measurements were taken in triplicate using solvents (a) water, (b) MeOH and (c) ACN 

over a flow rate of 0 to 1.2 mL min-1 at room temperature. 



134 
 

 

Figure 3.5: Comparison of Van Deemter plots for PS-co-DVB polyHIPE with no voids 

(a) column 1 and (b) column 2 as well as (c) void containing column 3. 
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3.3.4 Chromatographic separations of 90% PS-co-DVB polyHIPEs in 

silcosteel columns 

3.3.4.1 Isocratic separation of alkylbenzenes 

 The chromatographic performance of these PS-co-DVB polyHIPE columns was 

evaluated by the separation of selected alkylbenzenes. To date, polyHIPE materials 

have only been applied in biological separations in LC although reports of separation 

of small molecules such as alkylbenzenes have been reported in CEC [1, 2, 4, 11]. In 

this study, the elution order of the alkylbenzenes was in accordance to the analyte’s 

increasing hydrophobicity. It is well established that the mechanism of RP separations 

is due to the repulsion of the analytes from the mobile phase into the stationary phase 

[13, 20-22]. This increase of retention is due to the increasing number of carbons is 

known as the methylene group selectivity and was expected to be the mechanism for 

the separation of alkylbenzenes in this study. Figure 3.6 below demonstrates the 

methylene selectivity between column 1 and 2. Here the ln (k’) was plotted against the 

increasing number of carbons in the alkylbenzenes (nc). The resulting graph of column 

1 and 2 demonstrated high linearity with R2 values of 0.9995 and 0.9997 respectively, 

confirming the retention increase to be attributed to the increase in alkyl chain length 

for each analyte.  



136 
 

 

Figure 3.6: Methylene selectivity for column 1 (A) and column 2 (B) for the increasing 

alkylbenzene chain (toluene to pentylbenzene).  

 In Table 3.3, the separation performance characteristics tr (retention time), k 

(retention factor), α (selectivity), Rs (resolution), N (efficiency) and As (peak 

asymmetry) highlight the similarities and differences between the two columns. The 

results generated are very promising indicators of separation capacity of the polyHIPE 

columns.  



137 
 

Table 3.3: Separation characteristics of column 1 and column 2 for alkylbenzenes 

Alkylbenzene 

separation 

tr k' α Rs N As 

Column 1       

Toluene 6.09±0.026 1.00 1.61 1.66 628.12 1.33 

Ethylbenzene 7.92±0.006 1.56 1.64 0.73 513.86 1.00 

Propylbenzene 11.00±0.004 2.56 1.66 0.81 449.74 1.33 

Butylbenzene 16.26±0.050 4.26 1.63 0.92 429.85 1.08 

Pentylbenzene 24.59±0.070 6.95 1.63 0.91 410.52 1.23 

Column 2       

Toluene 5.97±0.016 1.04 1.58 2.52 755.13 1.43 

Ethylbenzene 7.73±0.030 1.64 1.62 0.85 571.00 1.60 

Propylbenzene 10.72±0.021 2.66 1.65 1.05 490.53 1.25 

Butylbenzene 15.79±0.065 4.38 1.63 1.28 441.31 1.64 

Pentylbenzene 23.83±0.106 7.13 1.63 1.31 431.21 1.32 

  

 The alkylbenzene separation in Figure 3.7 (i) of the polyHIPE column 1 resulted 

in a poorer resolution relative to column 2. While each batch of emulsion was prepared 

in an identical process, the resulting heterogeneities in the distribution of the 

macropores throughout the polyHIPE are expected due to its manner of fabrication. 
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The limitations of monolithic columns, particularly in terms of their variability in 

geometry and spatial distribution of flow through pores is well documented [34, 35]. 

These limitations also applied to the polyHIPE columns fabricated within this study; 

however as discussed below, the column to column reproducibility was less than 3%. 

The band broadening effects observed were expected due to the low surface area and 

the diffusion effects established in the previous section. In addition, low N values of 

474.679 and 454.93 and HETP values of 210.67and 219.81 µm for columns 1 and 2 

respectively also contributed to the band broadening effects. The previous van 

Deemter study suggests that the majority of the diffusion stems from the C term. It 

could also be argued that, the high degree of diffusion may also be due to a competing 

separation mechanism. In this case a potential alternative separation mechanism 

could be as a result of size exclusion, as the void and window structures within the 

skeleton of the polyHIPE acts as a type of molecular sieve for the alkylbenzene 

analytes. However, generally with additional competing modes of separation there can 

be significant tailing effects. In such instances the asymmetry factor is greater than 2, 

which was not observed here and so would make a competing mode of separation an 

unlikely cause for the band broadening effects observed in this work [36]. In this study 

the peak symmetry had an acceptable degree of tailing where all analytes gave a value 

below the acceptable tailing factor limit of 2 [37]. In addition, the linearity of the 

methylene selectivity confirms the increased retention upon increase of alkyl chain 

length of the analytes, despite the band broadening effects observed in this 

separation. In addition, although increased efficiencies were obtained in the CEC 

separation of alkylbenzenes as shown in Figure 3.7 (ii), the peak shape upon 

increased alkyl chain length followed a similar trend of increasing peak broadness, 

which has been reported in similar separations [38-40].  
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Figure 3.7: (i) Alkylbenzene separation (0.1 ppm) at flow rate 0.04 mL min-1 at 

wavelength of 214 nm and injection volume of 1 µL (MP- 50:50 ACN:H2O and SP- 

90% PS-co-DVB polyHIPE column of 100 mm x 1.02 mm i.d. dimension where 

(orange) Column 1 and (blue) Column 2. (ii) CEC separation of alkylbenzenes (1-6) 

thiourea, benzene, toluene, ethylbenzene, propylbenzene, and butylbenzene 

respectively, at ACN ratio (v/v) of: 60/40 [2]. 

 While column 1 did not achieve complete baseline separation, the mixed 

standard components were distinguishable from each other. When compared to other 

PS-co-DVB monoliths of similar surface area (23 m2 g-1) which did not attain baseline 

separation of alkylbenzenes, the polyHIPE monolith presented here achieved a 
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successful isocratic separation of alkylbenzenes [41]. This is exceptional using a 

material, which was found in Chapter 2 to exhibit a low surface area (20 m2 g-1).  

As noted in Table 3.3 the number of theoretical plates is lower than previously 

observed in similar materials with smaller dimensions in the literature [1, 2]. 

Conversely, retention capacity was greater than 1 in all cases indicating that the 

analytes had an affinity for the stationary phase and did not elute at the dwell volume. 

Selectivity was greater than 1.5 for all analytes indicating the ability of the material to 

differentiate between the different analytes within the sample.  

Table 3.4: Average retention time of alkylbenzenes of column 1 and 2 to observe 

degree of deviation (n=3) 

Analyte %RSD Column 1 %RSD Column 2 

Toluene 0.43 0.26 

Ethylbenzene 0.08 0.39 

Propylbenzene 0.04 0.19 

Butylbenzene 0.30 0.41 

Pentylbenzene 0.28 0.44 

 

 Table 3.4 shows the %RSD of three injections of the mixed standard on each 

column. An low %RSD of less than 0.44% was observed and thus the columns were 

of acceptable reproducibility [36, 37]. Variance in retention time was hypothesised to 

be due to the unique pore formation associated with material fabrication and is 

expected with monolithic stationary phases [34, 35]. However, despite the variance  

due to fabrication being observed, the batch to batch reproducibility of the injections 

on the two separate columns at less than 0.44% RSD was statistically 

indistinguishable at 95% confidence and comparable to LC separations on polyHIPE 
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columns in the literature [42]. Therefore, it can be concluded that the separations 

obtained using PS-co-DVB polyHIPE stationary phases are consistent and 

reproducible in terms of retention times, enhancing their potential application in 

chromatographic separations.  
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3.4  Conclusions 

 The PS-co-DVB polyHIPE columns within microbore silcosteel housing were 

characterised for chromatographic performance by pressure testing, swelling and 

permeability tests and application in chromatographic separation. Backpressure and 

swelling studies of these materials illustrated their stability when subjected to different 

common HPLC solvents. The backpressure measurements showed that the solvent 

with the highest backpressure was water which was expected as it had the highest 

viscosity, whereas the lowest backpressure was generated using ACN. However, 

when swelling and permeability tests were carried out on the columns, ACN flow 

through the columns resulted in the lowest permeability. Therefore, it was 

hypothesised that ACN resulted in a shrinking effect on the macropores of the PS-co-

DVB polyHIPEs. Overall, the permeability was found to be two orders of magnitude 

lower than that of other traditional polymer monoliths. Nonetheless, the permeabilities 

were acceptable for use in chromatography.  

  As well as establishing the permeability and backpressure of the materials, van 

Deemter profiles were used to determine the kinetic performance in addition to 

indicating the presence of voids for the three columns produced. From this study 

column 3 was found to contain voids. The voids were not distinguishable using 

backpressure measurements alone highlighting the importance of van Deemter plots. 

In addition, the optimum flow rate of the two functioning columns was found to be 0.04 

mL min-1. A successful isocratic separation of alkylbenzenes using silcosteel columns 

was achieved. Despite the low efficiencies observed with these materials, the columns 

obtained separation with retention factors greater than 1, selectivity greater that 1.5, 

peak asymmetry less than 2 and reproducibility between batches of less than 3%.  
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  The PS-co-DVB polyHIPEs in this study were unmodified and were of a low 

surface area. Despite this the polyHIPE materials were found to have a remarkable 

separation capacity. The polyHIPE columns were also able to successfully separate a 

mixture of alkylbenzenes with high consistency, stability and reproducibility. Although 

low column efficiencies were observed, a high degree of selectivity was shown in the 

chromatograms of the analytes and demonstrates the separation potential which can 

be achieved by this study. This study has highlighted the potential of these unmodified 

polyHIPE materials. The resulting separations indicate the future promise of these 

materials once they are strategically modified to have both high surface area and 

adequate mechanical rigidity for pressure driven flow. The following chapter, therefore, 

will investigate graphene oxide modified polyHIPE materials in fused silica capillary 

columns to include surface area and enhance reproducibility for the separation of 

alkylbenzenes.  
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Chapter Four 

Application of Graphene oxide modified polyHIPEs for increased 

reproducibility in HPLC separations 



 

“One sometimes finds what one is not looking for.”- Sir Alexander Fleming. 
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4. Aim 

 The aim of this chapter was apply GONP modified PS-co-DVB polyHIPE materials 

within capillary columns for separation of small molecules using RP-HPLC. The columns were 

characterised in their oxidised and reduced forms in terms of their chromatographic 

performance. The reduction of the GONPs was found to alter the column’s surface chemistry 

and reduce the retention interactions with the analytes.  
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4.1 Introduction 

 An underlying issue that exists when using monolithic stationary phases, is the 

ability to produce monoliths that are reproducible between batches. During the 

polymerisation process it is known that the pores channels which form are unique to 

each individual monolith. Therefore, as a result the flow path through each material is 

different. Previously, monolithic columns produced have required to be scaled down 

to shorter column formats known as membranes and short monolithic columns (SMC). 

However, due to batch to batch reproducibility issues SMC monolithic columns in 

particular were not successful when produced for commercial use [1]. More complex 

methods of improving batch to batch reproducibility includes the use of more 

sophisticated housings such as tube in tube fabrication [2]. While modification of the 

monolith structure itself can be challenging to optimise, surface modification can be 

used to increase reproducibility of the HPLC separation [3-5]. Surface modifications 

using GONPs will be explored in detail in this chapter.  

4.1.1 Graphene oxide materials 

 Increasing interest in graphene and its derivatives has recently been 

dominating research in areas such as electrochemistry, physics and materials 

chemistry to name a few [6-10]. Graphene oxide (GO) is derived from the oxidation of 

graphite (natural mineral from metamorphic rock) with potassium permanganate and 

sulfuric acid [6, 11]. While graphite is comprised of multiple layers of graphene (single 

layer of carbon in hexagonal honeycomb confirmation), GO is formed from the 

oxidation of graphite forming one or multiple layers of GO. The oxidation process also 

increases the instance of hydrophilic groups on the surface. This increased interest in 



151 
 

 

graphene related technology is a direct result of the interesting physical properties 

associated with GO such as high thermal stability, enhanced conductive properties 

when reduced and high surface area [6]. This has led to the development of graphene-

incorporated materials in areas such as electrochemical sensing, conducting fabrics 

for wearable sensors and chromatography [7-10, 12-23]. Of particular interest here is 

the application of GO in the area of material fabrication and its significance to the 

particular area of separation science.  

4.1.2 Graphene oxide modified polymers 

 One of the most prominent applications of GO has been in the development of 

polymeric materials. Particularly interesting uses of GO-polymer composites include 

electrochemistry [7, 9, 23] and photovoltaic cells [8]. Use of GO in electrochemical 

sensors in particular have been shown to reinforce polymeric materials used as 

electrodes in addition to increasing sensitivity due to its large surface area and has 

low noise effects electronically [23, 24]. In addition, GO has been added as a doping 

agent with conjugated organic polymers and had been found to increase conductivity 

facilitated by proton sources in the GO material [7]. More interestingly, GO has been 

utilised in the fabrication of some interesting polymer materials such as flame retardant 

materials for fire safety of polymers, showing the increased importance of the 

incorporation of GO in materials applications [10, 12, 13, 15, 25]. GONPs also have 

the appeal of being amphiphilic, and are thus suitable for use as a Pickering agent to 

form an emulsion. Pickering studies using GO have resulted in the formation of 

polystyrene particles coated in GO and even hollow hybrid polymer GO particles [26-

32]. The growth of the use of GONPs particularly with emulsion polymerisation is 
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exciting for developing GONP modified polyHIPE materials and enhancing the 

materials in terms of stability and surface area. 

4.1.3 Significance of graphene oxide nanoparticles as stationary phase 

materials 

 The pinnacle applications of GONPs in separation science stemmed from the 

interest of the materials in polymer and electrochemical technologies. The GONP 

materials were applied initially as solid phase extraction materials, a welcome change 

from the insoluble graphene solid phase techniques that were being developed at the 

time. Due to the presence of oxygen, GONPs had greater solubility in various solvents 

making it an ideal SPE material for extractions of small molecules, bulky and aromatic 

compounds and large biomolecules [17, 19, 21, 22]. A GONP/silica hybrid stationary 

phase aminated and functionalised with C18 ligands was one of the first instances in 

which GO was used in liquid chromatography; here the separations were dominated 

by π-π interactions [33]. The GONP modified stationary phases facilitated the change 

of elution orders of analytes including PAHs, anilines and phenols when compared to 

commercial C18 stationary phases [18]. Another GONP/silica hybrid stationary phase 

bonded with C18 ligands was modified with gold NPs and used in RP-HPLC and HILIC 

(hydrophilic interaction liquid chromatography) for separation of isomeric 

dihydroxylbenzenes, alkylbenzenes, nucleosides and amino acids [14]. Additionally 

the use of GONP functionalised monoliths have also been demonstrated in the 

literature where GONPs were silanised and was used as a crosslinker for the 

polymerisation of GMA and EDGMA [16]. The resulting monoliths were shown to 

separate mixtures of steroids as well as more polar analytes such as aromatic amines. 

The use of GO in stationary phases as a method to form graphene coated stationary 
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phases is of increasing interest. This is generally achieved by the reduction of the 

GONPs with hydrazine hydrate, however the reduction is also possible using ascorbic 

acid. The incorporation of reduced GONPs allows the stationary phase to have 

enhanced conductive properties, which could allow for interesting electrochemically 

functionalised separations. Such modifications have already been demonstrated in the 

separation of acid nitrophenol isomers, basic nitroaniline isomers, and neutral PAHs 

using open tubular capillary electrochromatography (OTCEC) [34].  

 In this study, GONPs were incorporated into PS-co-DVB polyHIPEs, fabricating 

novel chromatographic stationary phases. They were successfully applied for the RP-

HPLC separation of alkylbenzenes. The GONPs were reduced in situ by flushing with 

ascorbic acid and, subsequently, characterisation illustrated that the GONP reduction 

altered the surface chemistry and associated retention mechanisms, demonstrating 

their enhanced functionality.  
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4.2 Materials  

 Millipore ultrapure water purified to a resistance of > 18 MΩcm was used in all 

instances. Ethylbenzene >99.8%, propylbenzene >99%, butylbenzene >99%, 

pentylbenzene 99% and ascorbic acid >99%. All solvents were used as received and 

were of analytical HPLC grade. The polyHIPEs used were fabricated in Chapter 2 

Section 2.2.3.7 and the aqueous solution of GONPs was donated by the University of 

Wollongong. 

4.2.1 Instrumentation 

 Separation of alkylbenzenes were used using an Ultimate 3000 LC and a 

ultrasonicator (Branson 5510) was used to degas mobile phases. In addition, a 

Harvard 33 syringe pump was used for any flow through modification required. It 

should be noted that the Ultimate 3000 LC which was used in this work had a faulty 

injector, this however would only affect retention times if the column was overloaded.  

4.2.2 Methods 

4.2.2.1 Reduction of GONP modified columns 

 A number of 20 ppm GONP modified PS-co-DVB polyHIPE columns were 

fabricated within fused silica capillary as described in Chapter 2, Section 2.2.3.7. 

These columns were reduced using an adapted procedure  [35]. Briefly, a syringe 

pump flowing a solution of 2 mM ascorbic acid at 0.3 µl min-1 for 1 h. The column was 

washed with water for 30 min and then with MeOH for 1 h before using for LC 

separation. This procedure was also repeated with a non-modified PS-co-DVB 

polyHIPE column to use as a control. The reduced GONP column was named as 
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rGONP PS-co-DVB polyHIPE and the ascorbic acid treated PS-co-DVB polyHIPE was 

named as ascorbic acid treated PS-co-DVB polyHIPE.  

4.2.2.2 Chromatographic conditions 

 Alkylbenzene separation was carried out by using mixed standard solution of 

toluene, ethylbenzene, propylbenzene, butylbenzene and pentylbenzene prepared in 

ACN using an Agilent 1200. The HPLC system consisted of a quaternary pump 

including an online vacuum degasser, an autosampler and a UV detector. 

Chromatographic separation was achieved on the polyHIPE columns (229 mm x 250 

µm i.d.). Mobile phase conditions of the isocratic system was 50:50 (ACN:Water) and 

was filtered and then degassed using an ultrasonicator. The isocratic separation was 

carried out using an Ultimate 3000 LC with an operating flow rate of 5 µL min-1 and a 

UV detection at 214 nm. 

 

 

 

 

 

 

 

 

 

 

 

 



156 
 

 

4.3 Results and discussion 

4.3.1 Isocratic separation of alkylbenzenes using GONP modified PS-co-

DVB polyHIPE within fused silica capillary housing 

 The separation of alkylbenzenes on both unmodified PS-co-DVB and GONP 

modified PS-co-DVB capillary columns of 229 mm x 250 µm were achieved. Similar to 

the retention mechanism observed in Chapter 3, a linear relationship was determined 

with the retention of the analytes increasing with increasing number of alkyl groups on 

the analyte molecules (Figure 4.1) [33, 36, 37].  

 

Figure 4.1: Methylene selectivity for PS-co-DVB column (A) and 20 ppm GONP PS-

co-DVB column (B) for the increasing alkylbenzene chain (ethylbenzene to 

pentylbenzene). 
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 This supports RP adsorption as the primary chromatographic interaction 

mechanism. Both columns achieved high linearity with corresponding correlation 

coefficients of values of 0.9998 and 0.9999 respectively. The methylene selectivity 

graphs illustrated in Figure 4.1 show the trend was similar for both the modified and 

unmodified columns as the alkyl chain increases. This trend has been reported 

previously in the literature using similar materials [33, 36, 37]. 

 Despite the little change observed in retention times, Figure 4.2 shows a 

remarkable separation was achieved by the GONP modified column, which was found 

in Chapter 2 to have a surface area of only 16 m2 g-1.  

 

Figure 4.2: Isocratic alkylbenzene separation on 22.9 cm x 250 µm i.d. capillary 

columns of 20 ppm GONP PS-co-DVB column (orange) and PS-co-DVB polyHIPE 

(blue). Mobile phase 50:50 ACN:Water, sample concentration 0.5 ppm, injection 
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volume 0.1 µL flow rate 5 µL/min, detection wavelength 214 nm. Analytes noted as 

ethylbenzene (1), propylbenzene (2), butylbenzene (3) and pentylbenzene (4). 

 The unmodified polyHIPE fabricated was found to have a surface area of 25 m2 

g-1, thus a significant 40% decrease in surface area nonetheless achieved similar 

separation capacities which are shown in Table 4.1. The BET surface area analysis 

was repeated on a different batch of GONP modified PS-co-DVB polyHIPE to ensure 

that there was a decreased surface area resulting from the inclusion of GONPs. The 

repeated analysis gave a surface area of 12 m2 g-1. 

 

 

 

Figure 4.3: BET isotherms of GONP modified PS-co-DVB polyHIPEs at where the 

blue plot represents batch 1 and the orange plot represents batch 2. 
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 From the BET plot presented above in Figure 4.3 it can be observed that the 

second batch of the material fabricated was of lower surface area due to a lower 

quantity of N2 gas adsorbed and some hysteresis was observed. Thus the addition of 

GONPs does appear to reduce the surface area of the polyHIPE materials. Due to the 

apparent enhanced separation by the lower surface area GONP material, it was 

hypothesised that the presence of GONPs and the “popcorn effect” demonstrated in 

the morphology of these materials could have resulted in possible superior adsorption 

of the analytes.  

Table 4.1: Separation performance characteristics of PS-co-DVB and 20 ppm GONP 

PS-co-DVB columns (n=3) 

Column tr (min) %RSD (%) Rs k’ 

PS-co-DVB     

Ethylbenzene 7.27±0.06 0.9 1.14 1.15±0.02 

Propylbenzene 9.62±0.10 0.1 1.26 1.85±0.02 

Butylbenzene 13.48±0.16 1.2 1.36 2.99±0.05 

Pentylbenzene 19.73±0.21 1.2 2.09 4.85±0.06 

20 ppm GONP 

PS-co-DVB 

    

Ethylbenzene 6.94±0.02 0.3 1.25 1.11±0.01 

Propylbenzene 9.11±0.02 0.3 1.34 1.76±0.01 

Butylbenzene 12.80±0.05 0.5 1.51 2.89±0.02 

Pentylbenzene 18.60±0.10 0.6 1.91 4.65±0.03 
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 When compared to similar separations in the literature, utilising hybrid 

GONP/silica stationary phases, an isocratic separation resulted in a co-elution of 

alkylbenzenes [14]. When the hybrid material was functionalised with gold NPs the 

alkylbenzenes were baseline separated. However, the later eluting peaks showed a 

high degree of peak tailing in comparison to the separations presented here despite 

the material having surface areas of up to 391 m2 g-1. Since retention time and elution 

order is of main interest here, the results should not be affected negatively other than 

discrepancy in peak height and area.  

As well as the GONP columns showing superior adsorption effects, the retention time 

reproducibility of both columns was excellent with maximum %RSD of up to 1.2% as 

presented in Table 4.1. These %RSD values were comparable to a similar separation 

observed in the literature using CEC [38, 39]. In addition, the resolution (Rs) of the 

analytes for both columns were greater than 1 meaning that all peaks could be 

differentiated easily. The polyHIPEs within capillary housing therefore, have shown 

greater resolution and lower retention time as well as higher reproducibility in their 

separations of alkylbenzenes compared to previous monolithic chromatographic 

separations.  

4.3.2 Isocratic separation of alkylbenzenes using reduced GONP modified 

PS-co-DVB polyHIPE within fused silica capillary housing 

 The GONP incorporated polyHIPEs were reduced as described in Section 

4.2.2.1 of this chapter. Methylene selectivity plots illustrated that there was no change 

in retention mechanism once the GONP column was reduced. In Figure 4.4 the linear 

plot shows that upon increasing alkyl chain the retention of the analytes increased 

based on the ln(k’). Therefore, it was expected that no change in the elution order of 
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the analytes would be observed, thus the selectivity of the material was to remain the 

same. 

 

Figure 4.4: Methylene selectivity for rGONP PS-co-DVB column for the increasing 

alkylbenzene chain (ethylbenzene to pentylbenzene). 

 When the alkylbenzenes were separated isocratically it was expected that upon 

reduction of the GONP modified column, the retention time should have increased. It 

was hypothesised that the reduction of GONPs would eliminate hydrophilic groups on 

the surface of the polyHIPE resulting in the formation of graphene. Graphene being 

more hydrophobic than GONPs was expected to increase the retention time of the 

analytes.  
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Figure 4.5: Isocratic alkylbenzene separation on 22.9 cm x 250 µm i.d. capillary 

columns of rGONP PS-co-DVB column (red) and GONP PS-co-DVB polyHIPE (blue). 

Mobile phase 50:50 ACN:Water, sample concentration 0.5 ppm, injection volume 0.1 

µL flow rate 5 µL/min, detection wavelength 214 nm. Analytes noted as ethylbenzene 

(1), propylbenzene (2), butylbenzene (3) and pentylbenzene (4). 

 As shown in Figure 4.5, however, the peak shape and elution order of the 

separation remained similar to the previous separation and similar to alkylbenzene 

separations in the literature [40-42]. The only variation was a slight increase in 

retention time observed. This retention time change being so small it would not be 

certain to say that the retention time increase was attributed to the reduction of the 

stationary phase material. The rGONP columns showed the expected enhanced 

retention capacities for the later eluting analytes as shown in Table 4.2. The change 

in retention factor was quite small for the early eluting peaks however the retention 

factor increases with later eluting peaks. It is thought that the loading of GONP would 
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have a significant effect on the available rGONPs to interact with the analytes. This 

would facilitate a greater surface area of GONPs accessible to be reduced and a more 

prominent change in retention time would be observed. Additionally, the Rs of the 

isocratic separation was shown to decrease, however the Rs values which were 

calculated were all greater than 1, illustrating that the peaks were distinguishable from 

each other [43-45].  

Table 4.2: Separation performance characteristics of rGONP PS-co-DVB and 20 

ppm GONP PS-co-DVB columns (n=3) 

Column tr (min) %RSD (%) Rs k’ 

20 ppm GONP 

PS-co-DVB 

    

Ethylbenzene 6.94±0.02 0.3 1.25 1.11±0.01 

Propylbenzene 9.11±0.02 0.3 1.34 1.76±0.01 

Butylbenzene 12.80±0.05 0.5 1.51 2.89±0.02 

Pentylbenzene 18.60±0.10 0.6 1.91 4.65±0.03 

rGONP PS-co-

DVB 

    

Ethylbenzene 7.11±0.003 0.05 1.24 1.14±0.00 

Propylbenzene 9.11±0.016 0.17 1.41 1.83±0.00 

Butylbenzene 13.35±0.033 0.25 1.56 3.01±0.01 

Pentylbenzene 19.46±0.10 0.12 2.24 4.85±0.01 
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A noticeable increase in the reproducibility from injection to injection was observed 

resulting in %RSD values of less than 0.25% once the columns were reduced. These 

%RSD values were comparable to those observed in similar separations in the 

literature [38, 39, 46]. Despite no major difference in retention times and slightly lower 

Rs values, the reproducibility in the injections shows the potential of polyHIPEs where 

monoliths are typically known to have poor reproducibility [47]. In addition, the 

polyHIPE still maintained its outstanding separation performance for such a low 

surface area material, highlighting the potential that these GONP modified materials 

could have once a higher surface area was attainable. 

4.3.3 Isocratic separation of alkylbenzenes using ascorbic acid treated PS-

co-DVB polyHIPE within fused silica capillary housing 

 It was necessary to perform treatment with ascorbic acid on the control column 

with no GONPs to ascertain if there was any difference in separation performance and 

retention. The retention mechanism was found to be a reverse phase separation 

where the retention increased upon increase of alkyl chains on the analytes. Since the 

methylene selectivity plot (Figure 4.6) resulted in a highly linearity and R2 values of 

0.9999, the elution order observed in the previous separations was also expected for 

this column.  
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Figure 4.6: Methylene selectivity for ascorbic acid treated PS-co-DVB column for the 

increasing alkylbenzene chain (ethylbenzene to pentylbenzene). 

 The isocratic separation of the  ascorbic acid treated PS-co-DVB column gave 

similar separation performance to the rGONP column in terms of resolution. Both the 

isocratic separation in Figure 4.7 and the Rs values in Table 4.3 showed a decreased 

Rs once the column was treated with ascorbic acid. There was a significant degree of 

co-elution between ethylbenzene and propylbenzene giving lower Rs value of 0.98. 

However, the remaining Rs values were all greater than 1 and all the analyte peaks 

were distinguishable from each other.  
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Figure 4.7: Isocratic alkylbenzene separation on 22.9 cm x 250 µm i.d. capillary 

columns of  ascorbic acid treated PS-co-DVB column (red) and PS-co-DVB 

polyHIPE (blue). Mobile phase 50:50 ACN:Water, sample concentration 0.5 ppm, 

injection volume 0.1 µL flow rate 5 µL/min, detection wavelength 214 nm. 

 It was hypothesised that reduction of the columns with ascorbic acid affected 

on the resolution of the analytes, which was possibly due to an alteration to the surface 

of the polyHIPE material. In addition, a slight increase in retention time was observed 

in ascorbic acid treated PS-co-DVB columns and could be due to the effect of ascorbic 

acid. However, upon statistical analysis it was found at 95% confidence there was no 

significant difference between the retention time of the reduced and non-reduced 

column. The retention capacity of the ascorbic acid treated PS-co-DVB columns was 

decreased slightly upon reduction with ascorbic acid. In contrast to the latter, the 

rGONP columns increased in retention capacity especially for the later eluting 
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analytes. This increase in retention capacity observed for the rGONPs could suggest 

that the columns may have been successfully reduced. 

Table 4.3: Separation performance characteristics of PS-co-DVB and ascorbic acid 
treated PS-co-DVB columns 

Column tr (min) Rs %RSD (%) k’ 

PS-co-DVB     

Ethylbenzene 6.94±0.02 1.25 0.3 1.15±0.02 

Propylbenzene 9.11±0.02 1.34 0.3 1.85±0.02 

Butylbenzene 12.80±0.05 1.51 0.5 2.99±0.05 

Pentylbenzene 18.60±0.10 1.91 0.6 4.85±0.06 

Ascorbic acid 

treated PS-co-DVB 

    

Ethylbenzene 7.13±0.04 0.98 0.5 1.13±0.03 

Propylbenzene 9.38±0.05 1.27 0.5 1.78±0.01 

Butylbenzene 13.26±0.09 1.42 0.6 2.93±0.03 

Pentylbenzene 19.41±0.06 1.66 0.3 4.73±0.05 

 

 Despite the continuing trend of decrease in Rs upon ascorbic acid reduction for 

both the blank and GONP modified column, another apparent trend was the high 

reproducibility of the injection to injection retention times. Here %RSD values lower 

than 0.6% resulted, highlighting the column’s superior reproducibility, capacity as well 

as stability despite reduction with ascorbic acid. Given the documented differences in 

pore structures of monolithic stationary phases [47, 48], which result in low 
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reproducibility, the columns fabricated with GONPs and without have shown 

exceptional chromatographic performance in this regard.  

4.4 Conclusions 

 The PS-co-DVB polyHIPE columns and the GONP modified columns within 

fused silica capillary tubing were evaluated for their retention mechanism, retention 

times as well as retention factors prior to and post reduction with ascorbic acid. It was 

found using methylene selectivity plots that the columns both prior to and after 

reduction had the same reverse phase separation mechanism as observed in Chapter 

3. Upon isocratic separation of the alkylbenzenes it was confirmed that there was no 

change in elution order.  

 Although change in elution order was not expected, due to the reduction of the 

GONP columns, an increased retention time was expected. It was found that both the 

rGONP and ascorbic acid treated PS-co-DVB demonstrated decreased resolution 

upon reduction using ascorbic acid. In addition, there was a slight increase in retention 

times for the GONP modified columns however, this increase was slight and could not 

solely be attributed to the reduction of the GONPs. Nonetheless, the later eluting 

analytes butylbenzene and propylbenzene had a greater increase in both retention 

time and retention capacity. This signified that following extensive characterisation by 

x-ray photoelectron spectroscopy the promising modification using GONPs and 

polyHIPEs can be achieved in the future. Additionally a potential area to explore would 

be GONP loading which could potentially be increased by using smaller NP sizes.  

 While retention times did not significantly differ and decreased resolution and 

surface area resulted in the GONP column and the rGONP column, the separation 
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efficiency for such a low surface area material was remarkable. While one hypothesis 

of the lower surface area was due to blockage of pores by the GONPs, it was also 

hypothesised that the addition of GONPs gave the polyHIPE material an enhanced 

adsorption capacity. Thus the resulting separations to the of the GONP polyHIPE 

column were similar to the blank material, which had a greater surface area by 40%. 

In addition, the injection to injection replication of both columns prior to and post 

reduction were considerably low with respect to the variability which is expected with 

monolithic columns. This study has highlighted the potential of these GONP modified 

polyHIPE materials once reduced. The resulting separations indicate the future 

promise of these materials once they modification procedure is revised to include 

smaller GONPs to hopefully increase surface area for more efficient separations. 
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Chapter Five 

PolyHIPE coated columns as single injection stationary phases in capillary 

electrochromatography 

 

 

 

 

 

 

 

 



 

"Have no fear of perfection; you'll never reach it." - Marie Curie.
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5. Aim 

 The aim of this chapter was to develop polyHIPE capillary columns using PS-

co-DVB polyHIPEs as coatings for OTCEC. The coating method was utilized so that 

columns could be fabricated to analyse complex samples. To facilitate this evaluation, 

an alkylbenzene mixture was utilised for analysis. The OTCEC columns were 

evaluated for their separation capacity and their separation capacity was compared to 

RP-HPLC stationary phases characterised in Chapter 3.  
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5.1 Introduction 

 Capillary electrochromatography is an orthogonal separation technique where 

CE has been used in conjunction with chromatographic stationary phases to achieve 

complete separation. Traditionally these stationary phases have utilised packed beds 

ranging in diameters from 50-200 µm in size [1]. However, issues with the use of such 

packed beds in CEC include the use of end frits that result in deterioration of the 

column bed over time. In addition, voids typically appear with prolonged use of such 

packed bed columns [2, 3]. To overcome such issues, monolithic columns have been 

introduced into CEC analysis which negated the requirement of frits, resulted in lower 

backpressures and decreased wall effects [1]. While monolithic columns proved to be 

advantageous for the latter within the area of CEC, limitations with the use of these 

monolithic columns still persist. Such limitations include repeatability concerns post in 

situ monolith fabrication and pore morphology variation. These batch to batch 

variations of monolithic stationary phases are well documented [4-6]. Variations in 

pore size diameter are particularly significant in CEC application. In the event that 

reduction in pore size is sufficient to cause overlap of the electrical double layer formed 

on the surface of the polymer within the void, the EOF will collapse. This will negatively 

effect the eletrolyte flow through the capillary with a corresponding impact on 

separation [7]. A potential strategy to overcome this severe limitation is to utilise 

capillaries which are coated, but not filled, with stationary phase.  

 Employing CEC columns with stationary phase coating is frequently referred to 

as OTCEC. OTCEC coatings include dynamic, static or hybrid coatings. Dynamic 

coatings are not attached to the fused silica capillary wall, with surfactants frequently 

employed in this application. Static coatings that are attached to the capillary walls 
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such as nanoparticles have been previously used as a pseudo-stationary phase in 

CEC [8-15]. A combination of both static and dynamic coatings form the hybrid 

coatings can be used in CEC [16]. Advantages of these coated columns in CEC 

include: flexibility in the stationary phase type, control and stabilisation of EOF, no 

pressure limitations and reduced column bleeding (which is observed mainly with 

packed columns). These advantages have led coated columns to becoming more 

appealing within the area of CEC. 

 Previous reports have shown successful separations using static columns 

using nanomaterials. Multiple groups have proficiently demonstrated decreased wall 

effects using modified polymeric nanoparticles such as VBC NPs for protein 

separations [8, 9]. Other studies also demonstrated the separation of anions using 

aminated latex nanoparticles using an isotachophoretic gradient separation [10-12]. 

This gradient boundary was formed using a competing anion with a higher mobility 

migrated ahead of the analyte anions [12]. Furthermore, the use of nanoparticles was 

not only restricted to organic nanoparticles, with inorganic nanoparticles also used in 

OTCEC. AuNPs have been used in OTCEC with particular success in the separation 

of drug substances and even neutral analytes such as PAHs [13, 14]. Furthermore, 

metal oxide nanoparticles such as TiO2
 have been successful in the separation of 

protein isoforms such as conalbumin and ovalbumin [15]. Nanomaterial coated 

columns in CEC have shown impressive separation capabilities and highlight the 

potential for novel OTCEC columns.  

 As well as nanomaterial modified OTCEC columns, the use of polymer coated 

columns present a potential alternative method to reduce wall effects and decrease 

blockages within CEC. Within the OTCEC column, a layer of polymer can be 

polymerised on the internal surface of the capillary, increasing the interaction of the 
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analyte with the stationary phase. CE is a commonly used method for chiral 

separations [17-21]. Therefore, it is not surprising that use of OTCEC coated polymers 

has been explored to further enhance this area of separations without the use of 

expensive buffer additives such as cyclodextrins. The use of MIPs within polymer 

coated columns have been shown to improve the column selectivity. The separation 

of ketoprofen enantiomers has been demonstrated using MIP coated polymer columns 

in OTCEC [22]. Similarly polymer coated MIP columns were used for the separation 

of ketoprofen and naproxen [23]. The ability to incorporate molecular imprinted 

polymers (MIPs) into the polymer coating highlights the additional modifications that 

can be made to these types of OTCEC columns. Use of these polymer coated columns 

in CEC have resulted in promising separations due to increased selectivity imparted 

by the polymers used. 

 Although coated polymer columns are proving to be interesting alternative 

stationary phases in the development of CEC methods, polymer coated OTCEC 

columns in particular, still present technical hurdles during fabrication. A major 

weakness in polymer coated OTCEC columns is finding a reactive monomer for the 

desired functionalisation [24]. The improvement in fabrication and application of 

polymer coated technologies in OTCEC is therefore quite topical and an area which is 

still being researched. PS-co-DVB polyHIPEs in Chapter 3 were demonstrated to 

exhibit a remarkable separation capacity, given its low surface area and relatively high 

plate height. If these factors could be overcome, the polyHIPEs separation capacity 

could be significantly enhanced. Multiple strategies exist which could overcome these 

limitations. In Chapter 4, GONPs were incorporated in an attempt to increase surface 

area. An alternative strategy to improve separation capacity is to reduce plate height 

and increase separation efficiency. As determined by van Deemter, plate height is 
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proportional to Eddy diffusion, longitudinal diffusion and resistance to mass transfer. 

This is typically characterised in chromatographic separations by a parabolic flow 

profile for analyte bands. In contrast, in CE, the analyte bands have a planar profile, 

as the flow is generated from a plug flow as opposed to a pressure differential. Utilising 

a plug flow and therefore generating a planar analyte band profile should result in a 

significantly enhanced separation efficiency, which when combined with the high 

intrinsic separation capacity of polyHIPEs, has potential to result in a stationary phase 

with considerable separation capacity. In this chapter, the separation efficiency was 

combined with separation capacity of the polyHIPEs to determine the extent to which 

the combination could improve separation.  

5.2 Materials 

 Millipore ultrapure water purified to a resistance of > 18 MΩcm was used in all 

instances. PolyHIPE emulsion was as prepared in Chapter 2, toluene, ethylbenzene, 

propylbenzene, pentylbenzene, acetonitrile, sodium phosphate monobasic, sodium 

tetraborate decahydrate and sodium dodecyl sulfate (SDS), was used as received 

(Sigma Aldrich, Tallaght). All fused silica tubing (100 and 250 µm in I.D.) was supplied 

by CM Scientific (West Yorkshire UK) and silanised as per Chapter 2. 

5.2.1 Instrumentation 

 All morphological characterisation was carried out using a Hitachi S-3400N 

scanning electron microscope, and all samples were gold sputtered using a 750T 

sputter coater, Quorum Technologies (UK). All electrophoretic experiments were 

carried out using an Agilent 7100 Capillary Electrophoresis system while rinsing 

columns were carried out a Dionex Ultimate 3000 LC Ultimate capillary LC instrument.  
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5.2.2 Methods 

5.2.2.1 Fabrication of PS-co-DVB polyHIPE emulsion coated capillaries for 

CEC 

A 90% PS-co-DVB polyHIPE emulsion was prepared as detailed in Chapter Two 

Section 2.2.3.5. The lengths of the columns were varied depending on the final 

application, which is detailed in Table 5.1 below. For the CE separations carried out 

longer columns of 48.5 cm were utilised to establish separations on the uncoated 

columns. To establish the length of polymerisation time that was required to form 

coated columns, shorter columns (10 cm) were produced. These columns underwent 

one emulsion filling step (10 cm columns filled entirely) and were left to polymerise for 

1 h, 2 h and 4 h. To establish parameters for separation, shorter columns of 41 cm 

were produced and followed multiple coating and polymerisation steps. For multiple 

coating and polymerisation steps, the 41 cm capillary was filled up to 20 cm only and 

left to polymerise for 1 h at 60°C in a water bath. The column was then removed from 

the water bath, attached to a capillary LC instrument, and washed with MeOH until the 

excess emulsion was washed out. For multiple coatings, the entire process of filling 

the capillary to polymerisation was repeated e.g. for a 2 h coating, polymerisation and 

wash steps were carried out twice.  

Table 5.1: Lengths of columns fabricated 

Column type Total length (cm) Effective length (cm) 

Test polymerisation time 10 n/a 

CE separations 48.5 40.5 

CEC column separations 41 32.5 
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5.2.2.2 Electrochromatographic conditions 

 The buffers used in the analysis were pH adjusted as required with dilute 

NaOH. All buffers used were prepared daily. Two main buffers were used in this body 

of work. Buffer 1 consisted of 5 mM sodium tetraborate decahydrate and sodium 

phosphate monobasic, 2.5 mM in 40% ACN at pH. Buffer 2 consisted of 5 mM Sodium 

phosphate monobasic, 2.5 mM and 40 mM SDS at pH 9. All samples were made to 

1% v/v in ACN. Both buffer and samples were degassed and filtered into sample vial 

prior to analysis. The analysis was carried out using an Agilent 7100 CE at 214 nm for 

the detection of alkylbenzenes.  
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5.3 Results and discussion 

5.3.1 Establishing separation of alkylbenzenes using standard CE methods 

 The OTCEC polyHIPE columns fabricated in this chapter have been fabricated 

within the confines of silanised fused silica capillary; it was first imperative to establish 

that any pendent vinyl groups did not give false results for the alkylbenzene 

separations. Therefore, a separation of ethylbenzene and pentylbenzene was carried 

out using only silanised fused silica capillary tubing as shown in Figure 5.1.  

 

Figure 5.1: Mixed standard 1 % v/v of ethylbenzene and pentylbenzene. Buffer 

conditions: 5 mM sodium tetraborate decahydrate and sodium phosphate monobasic, 

2.5 mM at pH 9. Injection conditions: Electrokinetic injection at 5 kV for 3 s. The length 

of the capillary used was 48.5 cm of 100 µm I.D. The capillary used for this separation 

was silanised.  
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 When compared to the alkylbenzene separation on bare fused silica that was 

not silanised in Figure 5.2, the analytes using the silanised capillary had a lower 

electrophoretic mobility in comparison to bare fused silica capillary and eluted roughly 

1 min later. However, the co-elution of the analytes indicated that the silanising agent 

used in the wall modification did not affect the separation. More importantly, Figure 5.2 

demonstrates the separation of alkylbenzenes using a 40:60 ACN: phosphate buffer 

on bare fused silica capillary. 

 

Figure 5.2: Mixed standard 1 % v/v of alkylbenzene mixture of toluene, ethylbenzene 

and propylbenzene. Buffer condition: 5 mM sodium tetraborate decahydrate and 

sodium phosphate monobasic, 2.5 mM at pH 9 (60:40 buffer:ACN ratio). Injection 

conditions: Electrokinetic injection 5kV for 3s. The length of the capillary used was 

48.5 cm of 100 µm I.D..  

 As all analytes present were neutral, this capillary zone electrophoresis 

separation was not suitable for neutral analytes, therefore as expected, all of the 
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analytes co-eluted at 2.6 min. It was hypothesised that incorporation of a micellar 

agent should separate the alkylbenzenes due to the difference in interaction the 

analytes with the micelles present in the buffer. SDS (Critical micelle concentration of 

8.2 mM) of a concentration of 40 mM was added to the buffer mixture of sodium and 

tetraborate buffer to establish a separation of the alkylbenzenes using bare fused silica 

capillary. The selectivity of the analytes was enhanced by using the micelles present 

to act as a dynamic pseudo-stationary phase where each analyte interacted with the 

micelles within the buffer solution. In this way, a hybrid coating was obtained. This 

addition of SDS resulted in the separation of toluene ethylbenzene and 

propylbenzene, as demonstrated in Figure 5.3 below.  

 

Figure 5.3: Mixed standard 1 % v/v of alkylbenzene mixture of toluene, ethylbenzene 

and propylbenzene. Buffer conditions: 5 mM Sodium phosphate monobasic, 2.5 mM 

and 40 mM SDS at pH 9. Injection conditions: Electrokinetic injection at 5 kV for 3 s. 

The length of capillary used was 48.5 cm of 100 µm I.D. 
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 PolyHIPE emulsions were used to coat the walls of the fused silica capillary 

columns as a different strategy to improve the selectivity of the nuetral analytes in 

place of using buffer additives such as SDS. The fabrication strategies of these 

columns were explored in the section below.  

5.3.2 Strategy 1: One shot fabrication of static PS-co-DVB polyHIPE OTCEC 

columns 

 The optimisation of polymerisation time to fabricate a single layer of polyHIPE 

on the surface of the capillary housing was determined by polymerising short columns 

(10 cm) at different times. SEM results in Figure 5.4 below show that as expected; 

when the time for the polymerisation was increased, a thicker layer of polyHIPE 

material was present on the surface of the capillary. A uniform polyHIPE layer was 

difficult to fabricate as demonstrated in the figure below, nonetheless the 2h coating 

was found to be the optimum polymerisation time, resulting in a more uniform coating. 

However, when this fabrication time was utilised for longer columns, high 

backpressure measurements up to 60 bar resulted. It was hypothesised that this high 

backpressure could be due to a blockage at some points within the capillary in areas 

that had polymerised fully. Additionally, as evidenced in Figure 5.4 (b) the coating did 

not appear to be uniform. Due to problems resulting from blockages and non-

uniformity along the column, the single polymerisation strategy was deemed 

insufficient, and it was not pursued any further to form OTCEC polyHIPE columns. 
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Figure 5.4: Polymerisation of emulsion coated capillary where columns were 

polymerised for (a) 1 h (b) 2 h and (c) 4 h. Scale bars at 200 µm and magnification of 

270x for all images.  

5.3.3 Multiple layer fabrication of static PS-co-DVB polyHIPE OTCEC 

columns 

 In effort to fabricate amore even OTCEC coating, multiple sequential thin films 

of polyHIPE were coated on the inner capillary walls. The greater the number of 

coatings, the higher the likelihood that a blockage would occur, rendering the OTCEC 

unusable. However, the greater the number of coatings the greater the separation 

capacity of the OTCEC. The optimal number of coating was therefore chosen as the 

minimum number required to obtain baseline resolution of the alkylbenzene analytes.  

5.3.4 Chromatographic separation of alkylbenzenes on single layer 

fabricated static PS-co-DVB polyHIPE OTCEC columns 

 Upon application of one layer of coated PS-co-DVB column to the separation 

of ethylbenzene and pentylbenzene, the analytes were observed to co-elute as shown 

in Figure 5.5 below. This result was most likely because the polyHIPE layer on the 

capillary walls was not thick enough to provide a selective enough separation.  
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Figure 5.5: Mixed standard 1 % v/v of ethylbenzene and pentylbenzene. Buffer 

conditions: 5 mM sodium tetraborate decahydrate and sodium phosphate monobasic, 

2.5 mM at pH 9 (60:40 buffer:ACN ratio).. Injection conditions: Electrokinetic injection 

at 5 kV for 3 s. The length of the capillary 41 cm of 100 µm I.D.. The column was 

coated with one layer of polyHIPE emulsion. 

5.3.4.1 Chromatographic separation of alkylbenzenes on double layer 

fabricated static PS-co-DVB polyHIPE OTCEC columns 

 A second PS-co-DVB layer was fabricated by coating a single coated capillary 

for 2 h before removing the excess emulsion with MeOH. The resulting separation 

here illustrated the increased polyHIPE coating shown in Figure 5.6 below. The 

second layer had an increased interaction with the analytes in as the two analytes 

were starting to co-elute to a lesser extent, thus increasing the selectivity of the 

resulting separation. This layering method was hypothesised to help develop an 

evenly distributed coating on the wall of the capillary, therefore eliminating gaps that 
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may have been present with only single coating of the capillary walls. However, since 

the two analytes still co-eluted, it was neccessary to carry out this separation using an 

additional coated layer of polyHIPE emulsion. 

 

Figure 5.6: Mixed standard 1 % v/v of ethylbenzene and pentylbenzene. Buffer 

conditions: 5 mM sodium tetraborate decahydrate and sodium phosphate monobasic, 

2.5 mM at pH 9 (60:40 buffer:ACN ratio). Injection conditions: Electrokinetic injection 

at 5 kV for 3 s. The length of the capillary 41 cm of 100 µm I.D.. The column was 

coated with two layers of polyHIPE emulsion.   

5.3.4.2 Chromatographic separation of alkylbenzenes on triple layer 

fabricated static PS-co-DVB polyHIPE OTCEC columns 

 When the third coat of the polyHIPE emulsion was applied, the successful 

separation of the alkylbenzenes ethylbenzene and pentylbenzene was achieved and 

is shown in Figure 5.7. It was therefore determined that three coats of the emulsion 
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was the minimum required to give a baseline separation of the two alkylbenzene 

analytes. 

 

Figure 5.7: Mixed standard 1 % v/v of ethylbenzene and pentylbenzene. Buffer 

conditions: 5 mM sodium tetraborate decahydrate and sodium phosphate monobasic, 

2.5 mM at pH 9 (60:40 buffer:ACN ratio). Injection conditions: Electrokinetic injection 

at 5 kV for 3 s. The length of the capillary used was 41 cm of 100 µm I.D.. The column 

was coated with three layers of polyHIPE emulsion. 

 As discussed by Aydogan, incomplete coating on OTCEC inner walls were 

identifiable by poor separation performance, as characterised by co-eluting 

alkylbenzenes. On separation of an alkylbenzene mix, OTCEC coatings were deemed 

as reliable and promising in terms of column preparation [24]. In the work here the first 

instance of a polyHIPE OTCEC column was developed as shown in Figure 5.8 below. 

Nonetheless, an interesting observation was that by using the coating procedure it 

was possible that there was a formation of fractals which migrate to the edge of the 
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capillary housing. This was suspected to be the reason why the coating stayed at the 

edge of the coating upon repeated coatings.    

 

Figure 5.8: SEM image of an OTCEC PS-co-DVB column after 3 multiple coats of 

emulsion.   

 However, in contrast to the work by Ayodagan, reproducibility was assessed in 

terms of repeated use of a single column, as opposed to multiple newly fabricated 

columns. This was because this more closely represents real life applications of such 

columns. Unfortunately, the trend repeatedly observed was that the separation 

capacity of the columns rapidly deteriorated as shown in Figure 5.9 below. Within a 

short number of injections, resolution between the alkylbenzene analytes was lost 

completely. The rapid loss in resolution was accompanied by a significant increase in 

analyte diffusion and peak broadening, possibly indicating leeching of the polyHIPE 

coating out of the capillary. 



192 
   

  

Figure 5.9: Repeat injection of mixed standard 1 % v/v of ethylbenzene and 

pentylbenzene showing the deterioration of column efficiency. Buffer conditions: 5 mM 

sodium tetraborate decahydrate and sodium phosphate monobasic, 2.5 mM at pH 9 

(60:40 buffer:ACN ratio). Injection conditions: Electrokinetic injection at 5 kV for 3 s. 

The length of the capillary used was 41 cm of 100 µm I.D.. The column was coated 

with three layers of polyHIPE emulsion. 

 In this work chapter, static coatings using polyHIPE emulsions have been used 

in the separation of alkylbenzenes. However, a highly hydrophobic stationary phase 

for a reverse phase separation mechanism in CEC requires the use of organic 

modifiers. Organic modifiers such as acetonitrile and methanol are commonly used in 

RP-HPLC within capillary columns with little issues to degradation to the column 

packing or capillary. However, within CEC formats this has not been reported to be 

the case. Use of organic modifiers over longer periods of analysis times have been 

shown to have dramatic effects on the polyimide coatings on capillaries as shown in 

Figure 5.10 below [25-27]. 
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Figure 5.10: SEM images illustrating the effect of organic modifiers on the ends of raw 

FS capillaries kept in (a) acetone, (b) methanol and (c) acetonitrile for 4 weeks [25]. 

 It was hoped that by using bulk fabricated polyHIPE emulsions, this issue would 

have been overcome. This deterioration of capillary is an increasing and ongoing issue 

within CEC. This influence of the organic phase modifier has been a critical issue 

impeding the application of CEC which polyHIPE coatings cannot overcome. 

5.3.5 Comparative study on the chromatographic parameters of 

alkylbenzene separations observed using different polyHIPE formats 

 In spite of significant technical hurdles, CEC continues to be explored 

worldwide. While the polyHIPE OTCEC capillary columns developed here do not 

overcome these hurdles, they do allow the chromatographic potential of polyHIPE 

stationary phases in multiple formats to be evaluated to determine whether the 

traditional advantages of CEC columns are also applicable to polyHIPE morphologies. 

To evaluate the impact that the polyHIPE coated columns in OTCEC formats with 

respect to the previous chapters of this study, their chromatographic parameters were 

calculated. The chromatographic parameters were compared to detail which areas the 

materials have shown to excel as well as areas in which there needs to be significant 

improvements in the future. These parameters have been calculated with respect to 
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the separation of ethylbenzene and pentylbenzene and are presented in Table 5.2 

below. 

Table 5.2: Comparison of separation parameters investigated using polyHIPEs from 

Chapter 3, 4 and 5 for the separation of ethylbenzene (EB) and pentylbenzene (PenB) 

Parameter Unmodified 

column 

Chapter 3 

 

GONP surface 

modified column 

Chapter 4 

Increased separation 

efficiency using 

polyHIPE coated 

columns Chapter 5 

tr 

(minutes) 

7.82 (EB) 

24.21 (PenB) 

6.94 (EB) 

18.60 (PenB) 

4.16 (EB) 

5.23 (PenB) 

Rs 

(PenB/EB) 

2.73 4.13 2.80 

α 3.09 2.68 1.25 

N 132 (EB) 

70 (PenB) 

465 (EB) 

303 (PenB) 

1966 (EB) 

3460 (PenB) 

Run time 

(minutes) 

30 25 10 

 

 PolyHIPEs utilised as OTCEC coatings resulted in the lowest alkylbenzene 

retention formats. Here, the separation was completed in under 6 minutes while the 

total run time was allowed to be 10 minutes. In contrast to the latter, the RP-HPLC 

separations on both the unmodified and the GONP modified column the runtime was 

significantly longer (up to 30 minutes) with subsequently longer retention times (up to 

24 minutes). Both the unmodified and coated RP columns attained similar Rs values 
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with a difference of 0.07 in Rs. The GONP modified polyHIPE was to have the greatest 

Rs of 4.13. 

 Nonetheless, column formats had a Rs greater than 1, which meant that the 

peaks were distinguishable from each other. In terms of selectivity (α), the greatest 

selectivity was demonstrated by the unmodified column. This is possibly because this 

material was extremely hydrophobic. The GONP modified column showed an 

intermediate selectivity while the OTCEC polyHIPE column had the lowest selectivity, 

most likely due to the low coating of the material on the surface of the capillary. An 

improved efficiency was shown using the unmodified polyHIPE column upon addition 

of GONP. The OTCEC, despite resulting in a lower selectivity, had the greatest 

efficiency, presumably as a direct result of the plug profile associated with CE 

techniques. While the N values were significantly lower than reported by other groups 

using OTCEC columns [10-12, 22], the increase in N compared to the RP-HPLC 

columns fabricated demonstrates that technical hurdles in relation to high organic 

modifier content in mobile phase can be overcome. This could be achieved by 

developing separations not requiring these high organic phase contents, or increase 

robustness of capillaries on exposure to these organic modifiers. Even for polyHIPE 

morphologies, the OTCEC format retains the traditional advantages in terms of 

increased separation efficiency. The potential of OTCEC polyHIPE coated columns is 

realised as an improvement to polyHIPE technology. From this chapter it is evident 

that OTCEC polyHIPE coated columns could have large potential if the blockage 

issues can be overcome and a homogenous coating of the polyHIPE layer is attained. 

 

 



196 
   

5.4 Conclusion 

 The PS-co-DVB polyHIPE emulsion coatings were initially investigated at 

various polymerisation times. However, it was later established that shorter 

polymerisation times and multiple coats were required to increase the coverage of the 

polyHIPE layer on the walls of the capillary. The hourly increase in polyHIPE 

polymerisation depth was investigated utilising the separation of alkylbenzenes 

ethylbenzene and pentylbenzene. It was shown that upon increase of the polyHIPE 

emulsion layer, baseline separation of the two analytes was achieved. Despite the 

separation of only two analytes when compared to the separation, the polyHIPE 

coated columns showed potential in forming an interaction site along the walls of the 

capillary resulting in the modest separation observed within this chapter. Nonetheless, 

problems of decreasing separation capacity and possible blockages arose when 

repeated injections were attempted to reproduce this separation.  

 The columns ultimately were unable to be applied in fast single injection 

separations due to the inability to consistently separate the analytes ethylbenzene and 

pentylbenzene. The polyHIPE coated columns for OTCEC were ultimately not deemed 

suitable for the intended purpose and aims of this chapter. However, upon the 

comparison of the OTCEC columns chromatographic parameters from previous 

chapters, the coated columns presented similar Rs to an unmodified column with a low 

overall runtime of only 10 minutes. However, the most significant improvement 

demonstrated by these materials was their increase in N. Although N was lower than 

most OTCEC columns, the coated columns here excelled in N when compared to the 

polyHIPEs in Chapter 3 and 4.  
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 Given the results obtained in this chapter, it was shown that OTCEC polyHIPE 

columns did have potential in increasing the efficiency of CEC separation. However, 

an important limitation lies in the applicability of the columns to the separation of more 

analytes, and the reproducibility of injections per column. It was shown that the window 

of separation between the analytes ethylbenzene and pentylbenzene were still very 

close to achieve baseline resolved separations of alkylbenzenes using the coated 

columns. Furthermore, the major limitation in such separations attributed also to the 

deterioration of the capillaries upon prolonged contact with organic modifiers, 

particularly ACN. Thus despite developing the OTCEC polyHIPE coated columns, the 

issue of the effect of the organic modifier on the column would be a limiting factor that 

polyHIPEs alone cannot overcome.  
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Chapter Six 

6. Future work and conclusions 

6.1 The future of polyHIPEs in chromatography 

 In this thesis, the applicability of polyHIPE materials as versatile stationary 

phases in liquid chromatography for the separation of small molecules was 

investigated using various formulations of polyHIPE emulsions, in search of an ideal 

morphology, with strategies to increase both surface area and column efficiency was 

explored. Additional porogens, agglomeration of nanoparticles and incorporation of 

nanoparticles into the emulsion were studied in an effort to increase the surface area 

and to tailor selectivity of the polyHIPEs produced. From this study, it was concluded 

that polyHIPEs, although having a strong influence and initial potential in separation 

science, have major flaws in their morphology. The advantages of these materials, as 

highlighted in Chapter 1, are their large pore structures and high flow rates allowing 

the analysis of larger analytes such as biomolecules. Although the large pores appear 

to be advantageous, unfortunately, the void shape enhances diffusion effects. 

Previous studies have observed this band broadening effect to be emphasised, 

especially at high flow rates. It was also observed that when the morphological 

features of the polyHIPEs were removed, these dispersive effects were no longer 

present. In this chapter, the novel HPLC separation of alkylbenzenes for insight to their 

chromatographic performance characteristics as well as methods investigated to 

increase surface area and column efficiency will be concluded and future work in the 

area of supermacroporous materials in separation science will be explored. 

 Previous separations using polyHIPEs have predominantly been applied for 

separations of large biomolecules. Small molecule separations have only been 
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demonstrated in polyHIPEs fabricated for CEC [1, 2], where hydrodynamic flow 

properties arising from pressure driven flow are not an issue. In this thesis, a PS-co-

DVB polyHIPE was successfully prepared, characterised and utilised under isocratic 

RP-HPLC conditions. While PS-co-DVB PolyHIPEs have not been utilised, traditional 

PS-co-DVB monoliths have been utilised in the past for RP-HPLC, predominantly with 

modification to increase surface area. Here the separation of alkylbenzenes has been 

demonstrated with a material surface area of only 20 m2 g-1, emphasising the 

enhanced surface interactions hypothesised to result from the polyHIPE morphology 

of voids and windows. The separation enabled the chromatographic performance of 

the materials to be characterised with respect to retention factor, efficiency, resolution 

and asymmetry, which has not yet been carried out for polyHIPEs under appropriate 

chromatographic conditions. This work has significantly contributed to knowledge with 

the field of polyHIPEs in separation science, as it fundamentally establishes the 

performance capabilities of polyHIPE materials as stationary phases in LC.  

 Once the chromatographic performance was established, it was necessary to 

explore potential avenues to increase surface area with respect to polyHIPEs as 

stationary phase materials. An increase in surface area was required to analyse 

samples that are more complex or have a higher number of analytes. To increase 

column efficiency, polyHIPE housing, addition of GONPs, and as an application within 

a different mode of chromatography, OTCEC, were explored. By fabricating polyHIPEs 

in different housing, an expected increase in column efficiency was observed when 

moving from silcosteel tubing to fused silica capillary tubing as housing. More 

importantly, upon modification using GONPs an added increase of column efficiency 

as well as adsorption characteristics demonstrated by the GONPs. Another strategy 

used to increase the column efficiency was to fabricate OTCEC columns using 
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polyHIPE emulsions. Here we show the first instance of an OTCEC polyHIPE column 

where by a multiply coated column observed the greatest column efficiency from the 

materials fabricated in this study. However, despite the superior efficiency, the column 

separated only two analytes with less than 1 minute migration time between them. 

Overall, the major limitation of these columns was injection-to-injection reproducibility. 

In the majority of cases, a rapid deterioration in separation was observed, which was 

hypothesised to result from a physical deterioration of the columns on exposure to 

organic solvents. This effect of organic modifier on polyimide coatings on capillary 

columns is ever increasing and unfortunately an issue which cannot be overcome with 

polyHIPE materials alone.   

 In contrast to increasing separation efficiency using OTCEC, strategies to 

increase the surface area presented significantly more promising results. While it was 

noted that the use of additional porogens produced slightly higher surface, the small 

increase in surface area is lower than that observed in organic polymer monoliths, and 

thus was not pursued to any great lengths. A more successful modification strategy 

explored to increase the surface area was the use of nanoparticles. This particular 

body of work highlighted the potential benefit of incorporating nanoparticles into the 

polyHIPE emulsion as opposed to merely using it as a stabiliser, as it demonstrated 

the potential of NPs to influence superior adsorption mechanisms. The use of GONPs 

incorporated within the emulsion, although resulting in a reduced surface area, 

showed the potential to alter the physical properties of the polyHIPE materials. The 

alkylbenzene separation resulted in similar retention times and higher efficiencies than 

that of the unmodified material, despite the GONP materials being lower in surface 

area. This was suspected to be due to an enhanced adsorption mechanism, resulting 

from the addition of GONPs.  
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 In contrast to using nanoparticles within a polyHIPE emulsion to increase 

surface area, agglomeration of nanoparticles on an aminated GMA polyHIPE was 

attempted. However, the poor morphology of the GMA polyHIPEs were seen to 

decrease the permeability of the polyHIPEs, which would ultimately result in poor 

chromatography. In recent studies, a newly developed GMA polyHIPE has been noted 

to have a similar morphology to that of PS-co-DVB polyHIPEs which could be an ideal 

alternative to aminate and agglomerate with gold nanoparticles. Therefore, from this 

thesis it can be concluded that one of the most promising polyHIPE modifications to 

enable analytical separations is agglomeration with nanoparticles. This is because 

surface area can be increased without compromising structural rigidity and as 

modification occurs after polyHIPE fabrication, less emulsion related complexities can 

occur. A detailed strategy for the development of gold nanoparticle agglomerated 

polyHIPE is discussed below. 

 While PS-co-DVB polyHIPEs have demonstrated an ideal morphology in this 

thesis for further modifications, bulk PS-co-DVB is known to be difficult to modify 

without using very harsh conditions such as sulfonation and amination under reflux. In 

contrast to PS-co-DVB polyHIPEs, GMA polyHIPEs are modified easily due to the 

reactive epoxy ring on the surface of the materials. Until recently, GMA-co-EDGMA 

polyHIPEs were the only polyHIPEs using GMA which were fabricated. These 

polyHIPEs, unfortunately, had poor morphology with numerous craters evident and a 

low instance of interconnecting pores. In recent studies, Yang et al. fabricated GMA-

co-DVB polyHIPEs using tripolyglycerol monostearate as a surfactant with a resulting 

morphology as shown below in Figure 6.1.  
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Figure 6.1: SEM image of GMA-co-DVB polyHIPE. Magnification of 20,000x.  

 These promising polyHIPEs could form the basis for their modification. The 

proposed strategy here would be to aminate the above polyHIPE with 1 M DEA 

solution and then agglomerate with gold nanoparticles in a similar manner to previous 

reports [3-6]. Once the polyHIPE is agglomerated with gold nanoparticles visual 

confirmation using FESEM would be required. The gold nanoparticles, as well as 

increasing surface area, can also be further modified in order to impart an alternative 

selectivity for separations. The modification of gold nanoparticles with lectins have 

enabled the separation of glycoproteins due to the lectin-glycoprotein interactions that 

exist. The analysis of glycoproteins would be an ideal application for these polyHIPEs 

as glycoproteins are important biomarkers for diseases such as cancer and 

rheumatoid arthritis [5, 7, 8]. Thus, separations of these analytes are important in 

monitoring biological pathways. Use of polyHIPEs in carbohydrate analysis would also 

further advance the field of polyHIPEs in separation science.  

 From the studies presented in this thesis, although polyHIPEs have not shown 

the most versatility as stationary phase materials they continue to exhibit extensive 

potential. This is especially observed in one pot synthesis methods. Their modification 
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using gold nanoparticles post polymerisation has proven to be the most promising. 

The suggested future work above tailors the selectivity and the surface area of the 

polyHIPEs by using modifications carried out in the past but not using polyHIPE 

materials. However, although the issue of surface area and selectivity are addressed, 

the general morphology of the polyHIPEs remains the same. This would ultimately 

result in increased diffusion effects when used in chromatography, which is poor in 

performance when compared to traditional organic monoliths. Therefore, once the 

issue of surface area and selectivity are overcome, the material’s morphology will most 

likely remain as its major limitation in terms of enhanced diffusion effects.  

6.2 Cryogels as supermacroporous materials in 

chromatography 

6.2.1 Introduction to cryogels 

 In addition to polyHIPEs, cryogels are another class of supermacroporous 

polymer monoliths with the potential to be employed as stationary phases. Cryogels 

have large pore architecture similar in size to polyHIPEs. Most importantly, cryogels 

lack the concave void structures, which can lead to increased diffusion effects by 

polyHIPEs. Cryogels are a form of polymerised gels, where a gel is a substance which 

contains a polymer immobilised within a solvent. The polymers are generally 

connected by rigid bonds resulting in a 3D-structure. Gel preparation and the nature 

of the bonds result in homophase or heterophase morphology [9]. The term cryogel is 

used as cryogels are a supermacroporous gels formed by the process of freezing and 

defrosting. Thus the name cryogel, originates from the Greek term kryos, meaning ice 

or frost [10].  
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Figure 6.2: Cryopolymerisation schematic illustrating (a) the initial system containing 

(1) monomer, (2) solvent (water), (3) low molecular weight solutes such as initiator); 

(b) the frozen system with (4) ice crystals of solvent (water), (5) unfrozen liquid 

microphase, and (c) the resulting polymeric gel (6) thawed cryogel framework, (7) 

macropores and (8) thawing solvent crystals [9]. 

 The gelation process is initiated by freezing as shown in Figure 6.2 above. In 

this reaction mixture, the functional monomers (macromolecules) and initiators (low 

molecular solutes) are components that freeze at a temperature lower than that at 

which the solvent freezes. This results in an unfrozen liquid microphase that ultimately 

forms the polymeric gel. In most cases, the solvent is an aqueous based solvent. As 

Figure 6.2 (b) shows, when the system approaches a suitably low temperature (-8 to 

-80 °C) the unfrozen liquid microphase polymerises through the interstices of the 

frozen solvent crystal phase. During freezing, the crystals have grown and joined each 

other to form interconnected channels. When the solvent crystals are thawed, the 

polymer morphology is supermacroporous, and the inverse of the frozen solvent 

system. Micropores can also form on joining polymer chains, therefore cryogels are 

deemed to be heterophase gels [9]. 
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 Cryogels typically have pore sizes ranging from 10-100 m in size [9-13]. 

Unfortunately another trait these materials share with polyHIPEs, is low surface areas 

residing within the range of 3-20 m2/g [14]. The modification of polyHIPEs to increase 

surface area and tailor selectivity for chromatography can be challenging as 

demonstrated by the working chapters of this thesis. In particular, modifications 

undertaken during the emulsion process can cause in phase separation or even 

extreme change in surface morphology. Cryogels in contrast, have been modified with 

significant ease throughout the literature. Modifications observed in the previous 

studies of cryogels have included methods such as grafting reactive groups [12, 15, 

16] or metal ligands [17-25] to the final cryogel. More recently, the use of MIPs within 

cryogels have been observed [25-28]. MIPs are formed by using a polymer template, 

which an analyte molecule is included in and then is subsequently removed. This 

leaves behind crevices in the shape of the analyte to which only the analyte can bind 

[29]. Interestingly MIP cryogels in addition to improving analyte selectivity have also 

have been reported to increase surface area in some instances [26, 28].  

 Similarly, to MIPs, another strategy in which cryogels have been modified is by 

incorporation of nanoparticles within the cryogel [30-32]. However, agglomeration of 

nanoparticles to the surface of cryogels have not yet been investigated. Therefore, the 

surface area can be increased in a similar manner to the proposed modification of 

GMA-co-DVB polyHIPEs. Preliminary results of a HEMA-co-MBAAm within syringes 

with 2-(methacryloyloxy) ethyl trimethylammonium chloride (META) groups grafted to 

its surface are presented below.  
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6.2.2 Preliminary fabrication and modification of HEMA-co-MBAAm 

cryogels 

 In Figure 6.3 the cryopolymerisation of HEMA-co-MBAAm monoliths at -20 °C 

is shown via SEM. These images show the cryogel polymerised within a syringe barrel 

in immersed in water.The cryogel morphology shown in Figure 6.3 (b) which shows no 

evidence of unpolymerised material on the surface of the cryogel from its smooth 

surface.  

 

Figure 6.3: SEM images where (a) Digital photograph of HEMA-co-MBAAm cryogel 

polymerised at -20 °C within syringe barrel (10 mL total volume) (b) SEM image of 

HEMA-co-MBAAm cryogel polymerised at -20 °C. Magnification (i) 600x. 

 Previous studies achieved good quality cryogel material using elaborate 

freezing ramps and high freezing temperatures [31, 33, 34]. In the preliminary study 

here, it was observed that -20 °C for polymerisation was sufficient as the resulting 

materials had a clean surface and remained swollen against the housing it was formed 

within.  
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  After fabrication of the cryogel within its housing the cryogel can undergo an 

addition reaction as shown in Figure 6.4. Here, the addition of [2 (methacryloyloxy) 

ethyl] - trimethylammonium chloride (META) using cerium nitrate as the initiator. This 

will render the cryogel with a positive charge allowing the attachment of negatively 

charged citrate stabilised gold nanoparticles.  

 

Figure 6.4: Schematic of the reactive group graft polymerisation procedure used to 

allow for gold nanoparticle attachment. 

 A preliminary modification using gold nanoparticles is shown in Figure 6.5.Here 

the cryogel was grafted overnight in triplicate In Figure 6.5 (b) (i) and (ii) it can clearly 

be seen that the gold nanoparticles are attached to the exterior surface of the cryogels. 

However, upon closer inspection, there was no attachment of gold to the inner region 

of the cryogel (Figure 6.5 (a) (i)). Imaging via FESEM showed the region where the 

cryogel was homogenously agglomerated successfully with the gold nanoparticles 
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illustrated in Figure 6.5 (b) and the area where the grafting solution did not penetrate, 

Figure 6.5 (a).  

 

Figure 6.5: FESEM images (a) unmodified area of HEMA cryogel (b) gold nanoparticle 

agglomerated area of HEMA cryogel where (i) and (ii) indicate the regions of the 

cryogel which were imaged. 

 Longer graft polymerisation of HEMA for 72 hours produced preliminary results 

where the first graft attempt gave a cryogel with full gold nanoparticle coverage as 

shown in Figure 6.6 (a). Nevertheless, when the grafting procedure was repeated the 

issue of radial homogeneity was observed again Figure 6.6 (b).  
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Figure 6.6: Digital images of 72 h grated HEMA cryogel (a) fully modified using gold 

nanoparticles (b) replicate of (a) which was unsuccessfully modified. 

 It is certain that the META grafting procedure for modification of cryogels using 

gold nanoparticles requires a significant amount of optimisation. Parameters that could 

be optimised for this grafting procedure include concentration of grafting agent META, 

temperature of graft reaction and the effect of the size of the gold nanoparticles upon 

loading. However, the ease of modification of the materials is demonstrated in the 

preliminary results. Once the cryogel is modified with gold, the material can be further 

modified with lectins. The modified cryogels within the syringe barrels could be used 

in SPE of protein samples. Conversely, the material could be fabricated within fused 

silica capillaries and then after modification could be used in online separations [33, 

34].  
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6.3 Conclusion 

 This thesis has advanced the applicability of polyHIPEs in liquid 

chromatography for analysis of small molecules. RP-HPLC of proteins have been 

shown to deliver fast protein separations [35-37], however, the underlying issue of low 

surface area remains. The chromatographic performance of PS-co-DVB materials 

within microbore silcosteel tubing was initially established. Modification of the surface 

of polyHIPEs by creating gold nanoparticle covered polyHIPEs, and by incorporating 

graphene oxide nanoparticles during emulsion formulation was then pursued. While 

surface area did not increase in the addition of GONPs, the increased adsorption 

mechanism in addition to higher efficiencies was observed. The columns prepared 

have been utilised with success in HPLC and with less success using OTCEC, 

however, the chromatographic performance characteristics have been determined 

readily for all columns. From this study, it is shown that polyHIPEs in their current 

manner and even after attempted modifications have been shown to give increased 

diffusion effects. It is likely that their inherent concave void shape causes this. 

Therefore, where diffusion characteristics are concerned, unless the polyHIPE 

materials remove their iconic void shape and increase surface area, it is likely that 

polyHIPEs are inadequate in comparison to other high surface area organic polymer 

monoliths that can be fabricated. Regardless of having such low surface areas, 

separations of a small molecule series was possible using these materials. Although 

large diffusion effects are present upon using these materials as stationary phases, it 

is likely that their inherent morphology leads to a longer interaction of analytes to the 

stationary phase at slower flow rates. Despite this large diffusion effect and low 

efficiencies demonstrated by polyHIPE materials, they have shown immense 
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capability in terms of superior adsorption when compared to previous polymer 

monoliths of lower surface area [38-40].  
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