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Abstract 

 

Twenty-six different samples of magnesium hydroxide particles were formed from various 

reactants and under varied reaction conditions. The morphologies of the different magnesium 

hydroxide samples were assessed via SEM and TEM and their zeta potentials were also 

measured. The particles were also characterised by XRD and FT-IR. The majority of the 

samples were of around 150-250 nm in diameter and had either a rod-like morphology or were 

platelets. However, some rod-like samples grew much larger, being around 2 µm in length. 

Zeta potential of the samples did not greatly vary and for each of the twenty-six samples; zeta 

potential was in the range of 15 mV ±6 mV. 

Isooctane–in–water and methyl methacrylate–in–water emulsions were produced from the 

samples of magnesium hydroxide. Isooctane–in–water emulsions had much better long-term 

stability than MMA-in-water emulsions, which underwent complete phase separation very 

quickly; the most stable MMA-in-water emulsion destabilised within a week. The long-term 

stability of MMA-in-water emulsions improved upon the addition of an electrolyte, but the 

emulsions destabilised within a month. Factors such as particle concentration, presence of 

electrolyte and temperature were varied for isooctane–in–water emulsions. Emulsions 

containing isooctane and MMA as the oil phase were also prepared, with varied fractions of 

each oil. The greater the fraction of isooctane when in mixtures with MMA, the more stable 

the subsequent emulsion. Contact angle measurements were conducted on brucite, raw 

magnesium hydroxide, proving magnesium hydroxide is hydrophilic. 
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1. Introduction 

1.1 Magnesium hydroxide literature review 

1.1.1 Background information and uses of magnesium hydroxide 

Magnesium hydroxide is a non-toxic, non-corrosive, porous and thermally stable material 

which has tendencies to form a number of different nanostructures 1. It is thought that 

nanotechnology will radically transform many industries and industrial processes in the near 

future. 

Solid magnesium hydroxide comprising of Mg2+ and OH- ions in a 1:2 ratio forms when these 

species are involved in a reaction together. Most commonly, a reaction such as this involves a 

magnesium salt and a base such as sodium, potassium or ammonium hydroxide, although, any 

compound containing a hydroxide species can be used. 

      Mg2+ 
(aq) + 2 OH-

(aq) → Mg(OH)2 (s)              (1) 

Magnesium hydroxide also occurs naturally in the mineral form of brucite. Brucite, discovered 

by Archibald Bruce, was first described in 1824. Brucite adopts the space group P-3m1 and 

has a number of different crystal habits, including tabular crystals, platy masses and a fibrous 

variety called nemalite. A sample of raw brucite can be observed in Figure 1. 

Figure 1. Nemalite, the fibrous form of brucite 2. 
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Mg(OH)2 has a number of uses in industry and also in health products. For example, 

suspensions of magnesium hydroxide in water are used as antacids, in deodorants and to treat 

canker sores. Mg(OH)2 can be also used in laxatives as the magnesia suspension acts to draw 

fluids from the body to the bowels. Magnesium hydroxide is a smoke suppressor and a fire 

retardant due to its endothermic decomposition at around 330 oC, as outlined below. 

   Mg(OH)2 (s) → MgO (s) + H2O (g)          (2) 

The heat absorbed by the above reaction delays the ignition of the fuel and the steam produced 

acts to dilute combustible gases and prevents oxygen from feeding the flame. Thus each aspect 

of the fire triangle is retarded 3,4. In industry, magnesium hydroxide powder is used as an alkali 

to neutralise acidic wastewaters and as a fire retardant in plastics, roofing and coatings 5.  

Nanostructures of Mg(OH)2 are currently being investigated to determine their suitability as 

the solid component in oil -in-water Pickering emulsions. The paper by Tan et al.6 is the only 

current article discussing the use of magnesium hydroxide as a Pickering emulsifier. Upon 

gathering information from past studies, it is apparent that the crystals of magnesium hydroxide 

produced in any reaction are strongly affected by the conditions in which their synthesis is 

undertaken. 6-39. Temperature, pH, concentrations of reactants and duration of reaction are all 

important factors to consider when carrying out a reaction to produce Mg(OH)2. Different 

conditions resulting in different nanostructures of Mg(OH)2 shall be discussed in this literature 

review. Different morphologies of magnesium hydroxide nanocrystals shall also be observed. 

The ageing process of Mg(OH)2 shall be considered in this literature review. 
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1.1.2 Structures of magnesium hydroxide found in literature 

A number of different types of reactions have been used to synthesise magnesium hydroxide 

crystals. Precipitation reactions 6-8, 11, 12, 28, 40 , hydrothermal/ solvothermal techniques 9, 10, 15, 18, 

20, 23, 30-32, 34, liquid- solid arc discharge and microwave assisted synthesis 19, 25 have all been 

used as novel techniques in the synthesis of magnesium hydroxide nanoparticles. Many of the 

above techniques lead to different morphologies of magnesium hydroxide. Although traditional 

Mg(OH)2 has a hexagonal structure, there are a number of different possible morphologies of 

magnesium hydroxide available. For example, nanorods 1, 14, 18, 20, 36, nanoflowers 10, 26, 38, 

nanofibers 19, nanotubes 23 and nanoneedles 35  have all been synthesised in past studies as well 

as standard, hexagonal platelets 17, 33. A number of the available morphologies are shown in 

Figure 2. 

Figure 2. SEM and TEM micrographs of magnesium hydroxide particles formed in past 

experiments. (a) 33 and (b) 17 represent traditional magnesium hydroxide as they show 

hexagonal platelet structures. (c) represents magnesium hydroxide nanofibers 19, (d) is a 

magnesium hydroxide nanoflower 10, (e) is a TEM image of platelet like magnesium hydroxide 

particles which are not hexagonal 7 and (f) shows how irregular the morphology of magnesium 

hydroxide can be 8. 
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It has been difficult to find a correlation between reaction conditions and morphology of 

particles produced. Very similar conditions can form different products and some reactions 

yield a mixture of morphologies. For example, in work by Lv et al. 7, both lamellar and rod-

like magnesium hydroxide particles are the product of one reaction. However, in an almost 

identical reaction conducted by Henrist et al.12, only lamellar particles were produced. The 

magnesium hydroxide particles of Henrist et al. 12 also had a much greater diameter on average 

than the product of Lv et al. 7, shown in figure 3. 

Figure 3. (a) Mixture of lamellar and needle-like magnesium hydroxide particles synthesised 

from ammonia and magnesium chloride, via a precipitation reaction, at 20 oC. 7. (b) The 

lamellar produced by Henrist et al.12 in a precipitation reaction between magnesium chloride 

and ammonia conducted at 25 oC. 

 

Another notable contradiction in the literature regarding the synthesis of magnesium hydroxide 

is when using sodium hydroxide as the base. Henrist et al. 12 state that the use of a strong base 

as a reactant will lead to globular, spherical structures due to reaction pH levels being very high 

and promoting aggregation of particles, as in figure 4. However, Lv et al. 7 successfully 

produced magnesium hydroxide crystals with lamellar and rod-like structures. Sodium 

hydroxide was also used to form magnesium hydroxide particles in the work of Tan et al.6 and 

again the product was lamellar particles.  
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Figure 4. An SEM micrograph of the magnesium hydroxide particles formed by Henrist et al. 

[12] from sodium hydroxide and magnesium chloride. 

 

The vast quantity of different morphologies magnesium hydroxide is capable of adopting 

suggests that much more extensive research is required in order to understand exactly why 

magnesium hydroxide forms different morphologies under different reaction conditions 23. 

Despite the fact there are many different morphologies available for magnesium hydroxide, X- 

ray diffraction patterns show that they each stem from a hexagonal unit structure which arise 

due to the octahedral complexes magnesium hydroxide forms, shown in Figure 5 (a). 

The octahedral structures of magnesium hydroxide anions are involved in a growth mechanism, 

outlined in Figure 5, which leads to a product with a hexagonal crystal structure. The growth 

mechanism begins when a condensation reaction occurs between two hydrides belonging to 

two adjacent magnesium hydroxide octahedral structures, a growth unit is formed, as shown in 

figure 5 (a). In figure 5 (b), growth units begin to “pile up”.  
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Figure 5. Growth mechanism and formation process of standard magnesium hydroxide unit 

cells. Adapted from the work of Wu et al.23 Dark spheres = Mg, light spheres = OH. 
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1.1.3 How reaction conditions can affect magnesium hydroxide morphology 

There are many different synthesis routes which have been used to synthesise magnesium 

hydroxide particles. However, the precipitation of magnesium hydroxide and the reaction 

conditions affecting the morphology of magnesium hydroxide particles produced in this way 

are of great interest. A useful paper for noting how the conditions and reactants used affect the  

crystals formed is by Henrist et al.12. In this paper, temperature was varied, counter ion to 

magnesium in the magnesium salt used was varied and both a strong and weak base were used, 

meaning structures formed from different OH- concentrations and pH levels were also 

observed. In the experiment outlined in this article, the samples were obtained by reacting a 

magnesium salt (0.75 mol/l) with a base (1.50 mol/l) at a controlled temperature. Both reactants 

were simultaneously added at 3 ml/ min into an ultrasonicated vessel, containing alkaline water 

(450 ml, pH 10). Once reacted, the precipitate was allowed to age in the mother liquor at 

synthesis temperature for one day, and at room temperature for a following two days. Vigorous 

stirring was applied throughout. The solid phase was then recovered via centrifugation (3500 

rpm) and washed with slightly alkaline water. The samples were then air dried at 60 oC. 

Table 1. Summary of the different methods of producing magnesium hydroxide crystals used 

in ref. 12 and shows the different morphologies produced. 

Sample Magnesium Salt Base Temperature (oC) Morphology  

1 MgCl2 NaOH 60 Large 

aggregates  

2 MgCl2 NH4OH 60 Platelet- like 

(aggregated) 

3 MgCl2 NH4OH 25 Circular 

platelets 

4 Mg(NO3)2 NH4OH 25 Circular 

platelets 
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5 MgSO4 NH4OH 25 Randomly 

tangled 

particles 

6 MgCl2 NH4OH 10 Circular 

platelets 

7 MgCl2 NH4OH 47 Circular 

platelets 

 

For experiment 1, as shown in Table 1, sodium hydroxide was used to synthesise the 

magnesium hydroxide crystals. Sodium hydroxide is a strong base and therefore will fully 

dissociate, yielding more OH- ions than the weak base ammonium hydroxide. A high OH- 

concentration led to pH levels exceeding pH 13. It is documented that the isoelectric point of 

magnesium hydroxide is around pH 12 which means that the net residual electric charge on the 

surface of the magnesium hydroxide particles formed is expected to be negative. Na+ ions, 

which were also of a high concentration, were attracted to the developing crystals during 

nucleation, hindering the entry of magnesium ions and, in turn, inhibiting crystal growth 

resulting in very small particles. 

 In the formation of sample 2, ammonium hydroxide was used as the base which led to the pH 

of the suspension being around pH 10, lower than the isoelectric point of magnesium hydroxide 

in water. This means the crystals being formed are now positively charged, and the adsorption 

of cations is no longer favoured.  The ammonium ions do not interfere in the same way sodium 

ions did when the base source was NaOH, because ammonium ions are larger and are not 

readily adsorbed onto the crystal facets. OH- ions adsorb onto the basal plane of the forming 

crystals (a plane parallel to horizontal axis) which promotes the edgewise growth of particles. 

Platelets with an apparent high surface area to volume ratio were the result of this reaction, 

with intergrowth of crystals, and the particles from experiment 2 are much larger than those 

formed in experiment 1. Sample 2 also has an increased nucleation rate due to high reaction 

temperatures. This leads to small, not well defined nuclei which agglomerate to form larger 
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particles, as Na+ ions do not inhibit crystal growth during the precipitation of sample 2 as in 

sample 1 12. 

Sample 3, which was formed from magnesium chloride and ammonium hydroxide at room 

temperature, had much smaller particles than sample 2 and apparently larger particles than in 

sample 1. It is suggested that this could be due to the rate of nucleation in experiment 3 being 

slower than in experiment 1 and 2. This meant small crystals were not formed and the crystals 

did not need to agglomerate to compensate for a fast nucleation time. Experiments 3-5 were all 

used to note the influence of using different counter ions in the magnesium salt used on the 

magnesium hydroxide crystals formed. Sample 3 used MgCl2 as the magnesium source. Using 

chloride ions to counter the Mg2+ ions is the most common method of producing magnesium 

hydroxide. Experiment 4 used Mg(NO3)2 as the magnesium salt. The product from experiment 

4 was similar to that produced in experiment 3. Both samples contain de-agglomerated, circular 

platelets with similar diameter (~ 350 nm). The particles of sample 5 appear to be of a larger 

size compared to those in sample 3 and 4. However, the morphology looks slightly different 

and the platelets look thinner and are not as spherical. A possible explanation offered by Henrist 

et al. is that the sulfate ions from magnesium sulfate have weak basic properties, in turn, 

increasing the supersaturation of OH- ions in the solution and increasing the rate of nucleation, 

in a similar way seen in the synthesis of sample 2. SEM micrographs of the magnesium 

hydroxide particles formed by Henrist et al.12 are shown in Figure 6. 
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Figure 6. (a) SEM micrograph of magnesium hydroxide sample 1, synthesised from NaOH 

and MgCl2 at 60 oC. (b) SEM micrograph of magnesium hydroxide sample 2, synthesied from 

NH4OH and MgCl2 at 60 oC. (c) SEM micrograph of magnesium hydroxide sample 3, 

synthesised from NH4OH and MgCl2 at room temperature. (d) SEM micrograph of magnesium 

hydroxide sample 4, synthesised from NH4OH and Mg(NO3)2 at room temperature. (e) SEM 

micrograph of magnesium hydroxide sample 5, synthesised from NH4OH and MgSO4 at room 

temperature. (f) TEM micrograph of magnesium hydroxide sample 3. Each reaction was 

stoichiometric with sonication 12. 
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Henrist et al.12 also carried out an experiment to see how reaction temperature affected the size 

and morphology of magnesium hydroxide particles. It has been noted through observations of 

the particles of sample 2 and 3 that at temperatures of around 60 oC, particles with a greater 

diameter were formed. However, from 10 oC to 47 oC, little variation in morphology, size and 

size distribution curve for these samples is observed, shown if Figure 7. 

Figure 7. Size distribution curves for magnesium hydroxide particles formed at various 

temperatures, obtained with the use of a Malvern Mastersizer Hydro2000S granulometer12. 

 

Figure 7 shows the sample formed at 62 oC has a greater average particle size (diameter) and 

also a greater size distribution than the samples formed at lower temperatures. From 10 oC to 

50 oC, reaction temperature does not appear to have a great effect on sample morphology or 

size. The instrument used to assess particle size distribution in this study, the Malvern 

Mastersizer Hydro2000S utilises dynamic light scattering in order to measure particle size and 

assumes that all particles are perfect spheres. In the case that particles are not spherical, the 

data gathered may  indicate the sample is more polydisperse than it actually is, particularly if 

the particles have faces of different lengths. 
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The work of Lv et al.7 also notes that reaction temperature has an effect on particle morphology. 

The temperatures in this study were lower than the reaction temperatures quoted in Henrist et 

al. 12. In the article by Lv et al.7 at temperatures of 2 oC, magnesium hydroxide had a needle-

like morphology with a very small surface area. As temperature was increased to 10 oC, a rod-

like morphology is observed and upon further increase in temperature to 20 oC, lamellar and 

rod-like particles form. This suggests that at temperatures below 20 oC, crystal growth is not 

equal in all planes. The temperature of reaction can also affect the crystallinity of the 

magnesium hydroxide particles produced, see Figure 8. Where (a) has been formed at a higher 

temperature and is more crystalline. 

Figure 8. An XRD pattern produced by Mg(OH)2 crystals formed at different temperatures, 

but the same pH (9.5), (a) 115 oC and (b) 95 oC. 10 

 

 

1.1.4 Ageing of Mg(OH)2 

It has been documented in a number of research papers, most notably in work by Mullin et al. 

40, that Ostwald ripening is a major factor in the ageing of Mg(OH)2 particles. The objective of 

their paper was to identify causes behind the ageing of magnesium hydroxide crystals and to 

further explore the nature of the ageing process. To achieve this, magnesium chloride (200 ml) 

and sodium hydroxide (200 ml) were added to each other rapidly at 25 oC and left to react for 

24 hours. Three different concentrations of the reactants, in stoichiometric ratio were used, 

giving Mg(OH)2 concentrations of 12.5 mol m-3, 25 mol m-3 and 50 mol m-3 respectively after 

reaction. The precipitating solution was agitated with a four blade paddle impeller located in 

the centre of the reaction vessel. After the addition of Mg(OH)2 and NaOH, 50 ml samples 
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were removed with the use of a pipette at fixed times to allow precipitate surface area and 

particle size distribution to be measured after certain times. Ostwald ripening is the dissolution 

of small crystals and the re-deposition of the dissolved species on the surface of the larger 

crystals present in the system.42, 43.  Ostwald ripening occurs because the equilibrium solubility 

increases as the size of the crystal decreases. This means the solution can become deficient in 

small crystals during precipitation but remain supersaturated with respect to larger crystals. 

Having a low concentration of small crystals and supersaturated with large crystals leads to the 

smaller crystals dissolving at the surface of the larger crystals. Larger crystals are more 

energetically favoured than smaller crystals. Whilst it is more kinetically favourable for many 

small crystals to form, large crystals are thermodynamically favourable. 

There are a number of methods which can be undertaken to reduce and prevent Ostwald 

ripening. For example, Mullin et al.44 suggest that agitating a solution with Mg(OH)2 forming 

a uniform precipitate would decrease agglomeration and in turn the ageing process. Ostwald 

ripening can be minimised by reducing the particle size distribution in the system. A sample of 

magnesium hydroxide displaying monodispersity should prevent Ostwald ripening from 

occurring as there would be no small particles to be deposited onto the larger particles if the 

particles were uniform. A study by Wu et al.41 discusses the synthesis and characterisation of 

superfine magnesium hydroxide displaying monodispersity. 

In this study, magnesium chloride hexahydrate, MgCl2.6H2O, was used as the Mg2+ source and 

NH3.H2O was used as the OH- source. Hydrogen peroxide, H2O2, was used to treat the resultant 

magnesium hydroxide particles. The magnesium chloride hexahydrate (152.3 g) and hydrogen 

peroxide (2 ml) were dissolved in a water/ acetone (20/80, v/v) mixture in a 1000 mL round- 

bottom flask, the concentration of Mg2+ was fixed at 1.5 mol/l. The ammonia solution was fed 

into the reaction via a peristaltic pump. The reaction temperature and ageing time were 

maintained at 25 oC and 2.5 hours respectively. During the reaction and the ageing process 

vigorous stirring was applied and a white solid was eventually obtained from the mother liquor.  
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Figure 9. Size distribution of Mg(OH)2 particles present in the product synthesised in distilled 

water 41. 

 

Figure 10. Size distribution of Mg(OH)2 particles synthesised in a water/ acetone (20/80, v/v) 

solvent 41. 

 

As Figure 9 and Figure 10 indicate, the size distribution of Mg(OH)2 crystals is much greater 

in the control sample, where the solvent was water, than in the other synthesised sample, where 

the solvent was water/ acetone, (20/80, v/v). The average diameter of the particles produced 

was also reduced from 1106.9 nm to 314.0 nm. The monodispersity present in the synthesised 

sample is thought to be due to pH value and supersaturation. The acetone speedily diluted the 
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NH3.H2O which contributed to a lower ionic product. The acetone decreased the effective 

concentration of the OH- and Mg2+ ions and led to lower supersaturation. 

 

1.1.4 Mg(OH)2 as a Pickering emulsifier 

In the paper by Tan et al.6 magnesium hydroxide was used as a Pickering emulsifier for 

emulsions of liquid paraffin and water (1:1 volume). In this study, it was shown that magnesium 

hydroxide can act as a successful Pickering emulsifier in this particular system, closely binding 

to the interface of oil droplets. In this study, magnesium hydroxide particles encapsulated 

emulsion droplets, acting as a steric barrier and aiding in the prevention of coalescence of 

droplets and, in turn, increasing the stability of the emulsion. See Figure 11 which indicates the 

presence of particles at the water-oil interface. 

Figure 11. Confocal fluorescence microscope images of paraffin droplets in a continuous 

aqueous phase. The red colour on the micrograph indicates the presence of the magnesium 

hydroxide particles at the liquid-liquid interface surrounding the paraffin droplets 6. 

 

In the experiment resulting in the above micrograph, the magnesium hydroxide particles were 

fluorescently labelled and confocal laser scanning microscopy was used to assess the emulsions 

formed. Cryo-SEM could have been used as an alternative to view how the particles had 

adsorbed at the liquid- liquid interface. 

In terms of the relationship between the concentration of magnesium hydroxide particles and 

the stability of the emulsion, the results in this experiment follow a slightly different trend to 

what is expected. It has been recognised in many emulsion systems that as concentration of 
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emulsifier increases, the stability of the emulsions initially increase and the mean droplet 

diameter decreases. However, beyond a certain concentration of emulsifier, the stability and 

mean droplet diameter remain constant. 

The results of this particular study are in agreement with the above trend in terms of an initial 

increase in concentration of magnesium hydroxide (0.01 – 1 wt.%) leads to an increase in 

emulsion stability and a decrease in droplet size. Above 1 wt. %, the mean droplet size and 

stability of the emulsion did not level off, they began to increase and decrease respectively. 

This is unusual behaviour for Pickering emulsions. This effect is outlined in figure 12. 

Figure 12. Emulsion volume as a function of [Mg(OH)2], collected 48 hours after emulsion 

formation 6. 

 

The aim of the study by Tan et al.6 was to observe the behaviour of magnesium hydroxide 

particles as an emulsifier at different pH levels. The study concluded that at pH 9.5 or below, 

the emulsion would destabilise and phase separate. However, at pH levels exceeding 9.5, 

magnesium hydroxide particles acted as successful Pickering emulsifiers. This indicates that 

magnesium hydroxide particles are pH dependent when used as an emulsifier. 

There is very limited literature with regards to magnesium hydroxide particles and their use as 

Pickering emulsifiers and no paper to compare the work of Tan et al. to 6. It will be interesting 

to investigate this topic further. 
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1.2 Pickering emulsions 

1.2.1 Emulsions and Pickering emulsions 

An emulsion is a thermodynamically unstable mixture of two immiscible phases, such as oil 

and water, stabilised by emulsifiers. Energy is required in order for an emulsion to form, 

outlined in the following equation 45, 

              ∆𝐺 = ∆𝐴𝛾12                     (3) 

where ∆G  is the associated free energy,  ∆A  is the change in interfacial area and γ12  is the 

interfacial tension between phases 1 and 2. 

In an emulsion, droplets of one liquid phase are dispersed within another continuous liquid 

phase. During homogenization, both phases are turned into droplets, the phase which has the 

droplets that coalesce at a faster rate will be the eventual continuous phase. Without an 

emulsifier, the emulsion would soon destabilise as the droplets would fuse together and 

complete phase separation is expected to occur due to the immiscibility and difference in 

density of the two phases. Possible emulsifiers include surfactants 46-50, polymers 51, 52, proteins 

53, 54 and solid particles 55, 56. Emulsions can either be described as oil-in-water (o/w) or water-

in-oil (w/o). In o/w emulsions, oil droplets are dispersed in water. In w/o droplets, water 

droplets are dispersed in oil. There are a number of methods used to distinguish between the 

two kinds of emulsions. One of which being the drop test, where drops of emulsion are 

deposited into a container of water and a container of the oil used. If the drop disperses in the 

water, the emulsion is o/w and vice versa. Another method which is widely used to identify the 

classification of an emulsion is to assess electrical conductivity. 

Pickering emulsions are those stabilised solely by solid particles 56, stemming from the early 

work of Ramsden 57 and Pickering 58. Pickering emulsions generally possess a higher stability 

to coalescence than emulsions stabilised by surfactants as the solid particles have a higher 

energy of attachment and are held very strongly at the interface. This means they are ideal for 

use in stabilising emulsions over a long period of time. The minimum energy required to 

remove a stabilising particle from the interface is given by equation 59, 

                                               ∆𝐺𝑑 =  𝜋 γ𝑜𝑤 𝑟2 (1 − │cosθ│)2                (4) 
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 where ∆𝐺𝑑 is the energy required to detach a particle from the liquid interface, γ is interfacial 

tension, r is radius of the particles and θ is contact angle. 

Therefore, as radius of the particle and surface tension at oil-water interface increase, and as 

the three-phase contact angle nears 90 o, the energy required to remove the particle from the 

interface increases. 

Contact angle indicates wettability of a particle which is the ability of a liquid to maintain 

contact with a solid. Particles which have a contact angle of around 90 o are well wetted by 

both the water phase of the emulsion and the oil phase, meaning they are roughly equally 

submerged in the two phases. Generally speaking, for hydrophilic particles, θow < 90 o which 

means a large portion of the particle shall remain submerged by the water phase of an emulsion. 

For hydrophobic particles, θow > 90 o meaning a large portion of the particle shall remain 

submerged by the oil phase of an emulsion. Figure 13 illustrates the way in which a particle 

may be positioned at an oil – water interface 59,60. 

Figure 13. (a) Position of a spherical particle at an oil-water interface with θow < 90 o (left), 

θow  = 90 o (centre) and θow > 90 o (right). (b) Predicts the position of a hydrophilic (left) and a 

hydrophobic (right) particle at a curved oil – water interface. Taken from Ref. 60. 

 

 

 

 

 

 

 

 

If particles are too hydrophilic/ hydrophobic, they will be unable to stabilise an emulsion as 

they remain completely submerged by the phase they are so strongly attracted to. 

Contact angle and wettability of a particle by a liquid is one of the major factors in determining 

the type of emulsion formed in terms of o/w or w/o as shown in Figure 14. 
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Figure 14. Pickering emulsion stabilised by hydrophobic solid particles (θ > 90o, W/O) (a) and 

a Pickering emulsion stabilised by hydrophilic solid particles (θ < 90o, O/W) (b). 

 

 

Contact angles can be determined with the use of Young’s equation 61, 

        γGS= γSL + γLG cos θ             (5) 

where γ  is interfacial tension, θ is contact angle and s, l and g are solid liquid or gas 

respectively. (Figure 15). 

Figure 15. Notation of the three phase boundaries of a drop of liquid deposited onto a solid 

surface when gas is the third phase. 

 

 

 

 

 

 

In a three-phase contact, the drop spreads along the solid interface creating a new liquid-solid 

interface and reducing the original solid-gas interface, until it is no longer energetically 

favourable to do so 62, 63. Energy is gained by reducing the air-solid interface.  

Contact angles are dependent on cohesive forces between the molecules in the liquid and the 

adhesive forces between the liquid and the solid surface. If the liquid which is deposited onto 

the solid surface is water, and the solid surface consists of polar groups, strong adhesive forces 

will arise and lead to a small contact angle as the water wets the solid. This indicates that the 

solid surface in question is hydrophilic. Therefore, a hydrophobic solid surface is made up of 
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non-polar groups and will give rise to a contact angle of above 90 o. If contact angle < 5 o, 

complete wetting has occurred. 

Advancing and receding contact angle measurements can be measured. An advancing contact 

angle is the maximum contact angle possible without increasing the solid-liquid interfacial 

area. To achieve the advancing contact angle, the volume of the drop is increased dynamically. 

A receding contact angle is the minimum contact angle possible without decreasing the solid- 

liquid interfacial area, which is achieved by reducing the volume of the drop dynamically. The 

difference in values between an advancing contact angle and a receding contact angle is known 

as hysteresis, which can arise due to chemical heterogeneity of the surface and roughness of 

the surface 63.  

1.2.2 Aging mechanisms of emulsions 

Emulsion stability is considered in terms of droplet number, droplet size and also the fraction 

of oil phase and water phase which remains within the emulsion. There are a number of 

different aging mechanisms which lead to the destabilisation and breakdown of emulsions. An 

emulsion can be subject to more than one of these mechanisms at any given time. According 

to the Derjaguin Landau Verwey Overbeek theory, outlined in Figure 16, an emulsion will 

become unstable when attractive van der Waals forces between droplets overcome the 

repulsive electrostatic forces 64.  

Figure 16. Graphical representation of the DLVO theory for two emulsion drops in their 

continuous phase 65. 
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One example of the destabilisation of emulsions is coalescence. Coalescence sees two or more 

droplets combine to produce a single larger droplet. In coalescence, the thin film of continuous 

phase separating droplets rupture due to the droplets approaching each other 69. In an o/w 

emulsion, coalescence is the binding of oil droplets and subsequent liberation of oil from the 

emulsion. The forces leading to the thinning and eventual rupture of this film have been 

discussed in previous articles 66-68. 

Creaming is also a very common form of aging in emulsions and is mainly due to gravity 

affecting the system 69. In o/w systems, water is liberated from the system due to differences 

in density between the phases. Normally, the water is more dense than the emulsion and oil 

phases and the water will collect at the bottom of the container. Creaming can be reduced by 

decreasing the density difference between the phases, decreasing droplet size or increasing the 

viscosity of the continuous phase. This can be achieved by increasing particle concentration. 

Creaming is reversible, unlike coalescence. 

Flocculation is an aging mechanism which sees droplets gather together to form aggregates. 

There is a net attraction between droplets. Although the droplets form aggregates, a thin layer 

between droplets remains and therefore the droplets are still separate structures 70. 

Ostwald ripening is a thermodynamically favourable process which can occur when the 

droplets in an emulsion are polydisperse. In an o/w emulsion, smaller oil droplets are more 

soluble in water than the larger oil droplets. Once smaller droplets have dissolved, the 

molecules make their way through the continuous phase to a larger oil droplet and adsorb onto 

it. This process leads to the system containing less small oil droplets and the larger droplets in 

the system becoming larger. Ostwald ripening can be combatted with the use of a disperse 

phase which is less soluble in the continuous phase 71.  

Figure 17 shows each of the instability methods emulsions can undergo. 
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Figure 17. The various destabilisation mechanisms which act on emulsions. Taken from Ref. 

72. 

 

1.2.3 Methods of activating highly hydrophilic particles 

There are methods which can be used to activate highly hydrophilic particles, which do not 

adsorb to oil – water interfaces spontaneously 73. Many of these methods involve reducing the 

surface charge of the particles, which in turn decreases electrostatic repulsion between particles 

and therefore encourages floc formation. For example, electrolytes have been used to improve 

emulsion stability to coalescence 74 – 78. Studies have shown that despite an initial increase in 

stability to coalescence, at high concentrations of added salt, flocs form which are too large, 

leading to less stable emulsions possibly due to decreased adsorption of large flocs at the oil-

water interface. The salt can either be added to the aqueous phase of the emulsion or the oil 

phase. When an oil-soluble salt is used, the salts dissociate to produce oppositely charged ions 

to the stabilising particles, reducing the repulsion between particles and allowing particles to 

pack closely at the interface. The oppositely charged ions in the oil phase can lead to the 

stabilising particles partially submerging in the oil phase 79 as shown in Figure 18. 

Figure 18. Illustration of the effect of the presence of ions in the oil phase possessing an 

opposite charge to the hydrophilic particles. (a) No added salt, therefore no oppositely charged 

ions. (b) Added salt, system contains added ions. Adapted from the work of Xu et al. 79. 
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Another method which may be used to activate highly hydrophilic particles is to vary pH. The 

work of Amalvy et al. notes how sterically-stabilised polystyrene latex particles are affected 

by pH levels 80. The hydrophilicity of particles with ionisable surface groups will be different 

at different pH values. This is because as pH levels near the isoelectric point of the particles, 

they will be less strongly charged and repel each other less strongly. They will begin to 

agglomerate and pack closely at the oil-water interface. 

Short- chain alcohol molecules can be also be used to reduce the surface charge of stabilising 

particles. This was evident in the work of Younan et al. which noted the effect the presence of 

alcohol molecules had on citrate coated gold nanoparticles 81. It is thought that the alcohol 

molecules displaced the citrate ions on the surface of the gold nanoparticles. This reduced the 

electrostatic repulsion between the gold particles and allowed them to form a gold film at the 

water-1,2-dichloroethane interface, seen in Figure 19. 

Figure 19. Gold film with yellow reflectance forming from citrate-coated gold nanoparticles, 

at a water and 1,2-dichloroethane interface. From the work of Younan et al 81.  

 

 

 

 

 

 

 

 

 

The addition of oppositely charged particles has also been used to reduce electrostatic repulsion 

between highly hydrophilic, emulsifying particles. For example, Binks et al. used a mixture of 

positively charged and negatively charged silica particles to form emulsions 82. The oppositely 

charged particles formed heteroaggregates which reduced the net charge of the particles, 

rendering them more hydrophobic. Positive/ negative silica particles were unable to stabilise 

emulsions alone as they were too hydrophilic. A similar outcome is observed when oppositely 
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charged polymers are mixed and when oppositely charge surfactants are added 83-85. It is also 

possible to reduce hydrophilicity of particles by dissolving functional oil in the aqueous phase 

of the emulsion, which in turn form hydrogen bonds with the particle surface, acting to decrease 

the surface charge of the particles 86. 

1.3 Aims of project 

The aim of this project was to form magnesium hydroxide particles under various reaction 

conditions and then determine how successful they are as Pickering emulsifiers in oil-in water 

systems.  

This was achieved by varying the following conditions in the synthesis of magnesium 

hydroxide samples; reactant concentration, reaction temperature, reaction time, extent of 

agitation, counter ion to Mg2+ and strong/weak base were all varied. The samples were analysed 

via XRD and FT-IR and their size and morphology was assessed by SEM and TEM.  Aqueous 

magnesium hydroxide dispersions were prepared in order to measure zeta potential. 

In order to determine how successful each magnesium hydroxide sample was as a Pickering 

emulsifier, emulsions of isooctane-water, methyl methacrylate-water and isooctane + methyl 

methacrylate-water were formed from each of the samples. In the preparation of emulsions, 

concentration of magnesium hydroxide, storage temperature, concentration of added 

electrolyte and fraction of isooctane in oil when in mixtures with MMA were all varied. 

Such emulsions are used industrially in the suspension polymerisation of polymer 

microspheres which encapsulate organic compounds. When heated, the organic compounds 

boil and the microsphere expands. 
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2 Experimental 

2.1 Materials 

The water in this experiment was purified with the use of an Elga Prima reverse osmosis unit 

and treated with a Milli-Q reagent system, until a resistivity of 10 – 18 M Ω cm was reached. 

In the synthesis of magnesium hydroxide, the two OH- sources used were sodium hydroxide 

pellets (purity >98 %) and ammonium hydroxide solution (≥99.99 %) both purchased from 

Sigma – Aldrich. The three Mg2+ sources used were magnesium chloride hexahydrate (purity 

>99 %), magnesium nitrate hexahydrate (purity 99 %) and magnesium sulfate hexahydrate 

(purity > 99 %), which were also purchased from Sigma-Aldrich. Sodium chloride (purity >99 

%) was purchased from Fisher Chemicals. When measuring contact angles, raw brucite 

purchased from Treasure Mountain Mining, U.S. was used. Isooctane (purity >99 %, density 

0.6958 g/cm3 at 22 oC) and methyl methacrylate (purity >99 %, density 0.9509 g/cm3 at 17.5 

oC ) were used as the oil phase of the emulsions formed in this experiment, purchased from 

Fisher Chemicals and Sigma-Aldrich respectively. The structures of both isooctane and MMA 

are shown in Figure 20.  

Figure 20. Chemical structures of (a) isooctane and (b) methyl methacrylate. 

 

 

 

 

2.2 Methods 

2.2.1 Synthesis of magnesium hydroxide samples 

Mg2+ containing solutions and OH- containing solutions were prepared with the use of Milli- Q 

water. Volumes and masses were measured accurately with the use of pipettes and an analytical 

balance respectively. Each reacting solution was of 60 cm3 in volume and were clear and 

colourless in appearance.  

(a) (b) 
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When synthesising magnesium hydroxide samples, a basic solution was added to a magnesium 

containing solution from a burette at around 10 cm3 min-1. The reaction was allowed to occur 

at room temperature for 2.5 hours with agitation from a magnetic stirrer bar (560 rpm), unless 

otherwise specified. Each reaction took place in a round bottom flask. Upon formation of 

magnesium hydroxide, the reaction mixture turned cloudy and viscous. 

During this experiment, samples of magnesium hydroxide were produced via different 

synthetic routes and under different reaction conditions. Variables in this experiment included 

the concentrations of reacting solutions (samples 1-5, 16-20), source of Mg2+ (samples 1, 9, 10, 

14 and 15), base used (1 and 16), reaction temperature (samples 1, 6, 7, 8, 21, 22 and 23), extent 

of agitation during reaction (samples 1, 11, 12, 24 and 25) and rate of addition of the two 

reactants (samples 1, 13 and 26) as shown in table 2. The latter half of the syntheses explores 

how reactant conditions affect the growth of magnesium hydroxide produced from magnesium 

chloride hexahydrate and sodium hydroxide. 

Table 2. Reaction conditions under which each magnesium hydroxide samples was prepared. 

Sample Magnesium 

Compound Solution 

Basic Solution Average Reaction 

Temperature/ oC 

1 MgCl2.6H2O (0.6 M, 

60 cm3) 

NH4OH (1.2 M, 60 

cm3) 

25 

2 MgCl2.6H2O (1.2 M, 

60 cm3) 

NH4OH (0.6 M, 60 

cm3) 

25 

3 MgCl2.6H2O (0.6 M, 

60 cm3) 

NH4OH (2.4 M, 60 

cm3) 

24 

4 MgCl2.6H2O (2.4 M, 

60 cm3) 

NH4OH (0.6 M, 60 

cm3) 

24 

5 MgCl2.6H2O (1.2 M, 

60 cm3) 

NH4OH (1.2 M, 60 

cm3) 

22 

6 MgCl2.6H2O (0.6 M, 

60 cm3) 

NH4OH (1.2 M, 60 

cm3) 

51 

7 MgCl2.6H2O (0.6 M, 

60 cm3) 

NH4OH (1.2 M, 60 

cm3) 

38 

8 MgCl2.6H2O (0.6 M, 

60 cm3) 

NH4OH (1.2 M, 60 

cm3) 

10 
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9 Mg(NO3)2.6H2O (0.6 

M, 60 cm3) 

NH4OH (1.2 M, 60 

cm3) 

23 

10 MgSO4.6H2O (0.6 M, 

60 cm3) 

NH4OH (1.2 M, 60 

cm3) 

22 

11 a MgCl2.6H2O (0.6 M, 

60 cm3) 

NH4OH (1.2 M, 60 

cm3) 

24 

12 b MgCl2.6H2O (0.6 M, 

60 cm3) 

NH4OH (1.2 M, 60 

cm3) 

23 

13 c MgCl2.6H2O (0.6 M, 

60 cm3) 

NH4OH (1.2 M, 60 

cm3) 

22 

14 MgSO4.6H2O (0.6 M, 

60 cm3) 

NaOH (1.2 M, 60 

cm3) 

24 

15 Mg(NO3)2.6H2O (0.6 

M, 60 cm3) 

NaOH (1.2 M, 60 

cm3) 

23 

16 1.2 M, 60 cm3, 0.072 

mol. 

2.4 M, 60 cm3, 

0.144 mol. 

22 

17 2.4 M, 60 cm3, 0.144 

mol. 

1.2 M, 60 cm3, 

0.072 mol. 

20 

18 1.2 M, 60 cm3, 0.072 

mol. 

4.8 M, 60 cm3, 

0.288 mol. 

20 

19 2.4 M, 60 cm3, 0.144 

mol. 

0.6 M, 60 cm3, 

0.036 mol. 

23 

20 1.2 M, 60 cm3, 0.072 

mol. 

1.2 M, 60 cm3, 

0.072 mol. 

24 

21 1.2 M, 60 cm3, 0.072 

mol. 

2.4 M, 60 cm3, 

0.144 mol. 

50 

22 1.2 M, 60 cm3, 0.072 

mol. 

2.4 M, 60 cm3, 

0.144 mol. 

40 

23 1.2 M, 60 cm3, 0.072 

mol. 

2.4 M, 60 cm3, 

0.144 mol. 

10 

24 a 1.2 M, 60 cm3, 0.072 

mol. 

2.4 M, 60 cm3, 

0.144 mol. 

22 
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25 b 1.2 M, 60 cm3, 0.072 

mol. 

2.4 M, 60 cm3, 

0.144 mol. 

20 

26 d 1.2 M, 60 cm3, 0.072 

mol. 

2.4 M, 60 cm3, 

0.144 mol. 

24.9 

a – No agitation, b – 72 hours agitation, c – Rate of addition of reactants = 5 ml/min, d-Reactants completely 

added within 30 s. 

 

2.2.2 Analysis of magnesium hydroxide products 

The products formed were collected under vacuum with the use of a Simax S4 sinter funnel 

(porosity of sinter disc, 16 to 10 µm). The products were then re-dispersed in Milli Q water 

(200 ml). Water was chosen as the solvent to wash off any impurities on the magnesium 

hydroxide samples as magnesium hydroxide is sparingly soluble in water whereas any 

conceivable impurities are all very readily soluble in water. The product was ground with use 

of a pestle and mortar prior to analysis. 

2.2.2.1 SEM and TEM analysis 

SEM analysis was undertaken on the dried sample using a Zeiss EVO 60 instrument. The 

ground sample must be carbon sputter coated in an Edwards High Vacuum, (model E12E2) 

prior to SEM analysis. 

TEM analysis was also carried out using a Jeol 2010 electron microscope with a lanthanum 

hexaboride crystal filament to produce the electron beam at 200 kV. To prepare the sample for 

the TEM, the crushed powder was suspended in water and sonicated. 5 µl of this was added to 

a carbon coated copper grid. The water was left to evaporate. If the original powder had been 

used as opposed to the suspensions, it would not have adhered itself to the grid and would have 

been unable to stay on the grid under the vacuum of the TEM. 

2.2.2.2 XRD analysis 

XRD analysis was used when identifying the sample and to note the crystalline structure of the 

product. A PANalytical EMPYREAN instrument was used operating with copper Kα1 

radiation, 0.15408 nm. 2θ values in the range of 5o – 70o were measured. A photograph of an 

XRD sample holder containing an Mg(OH)2 sample can be seen in Figure 21. 
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Figure 21. Photograph to show how a sample should appear when packed in the sample holder 

properly prior to XRD analysis.  

 

2.2.2.3 Fourier Transform-Infrared analysis 

Fourier transform-infrared analysis was carried out when identifying synthesised products. A 

Thermo Fisher, Nicolet iS5 FT-IR Spectrometer was used to carry out this analysis. A small 

mass of the sample was secured into place by the clamping device on the instrument and data 

shall be collected, as shown in Figure 22. 

Figure 22. Illustration of how magnesium hydroxide powder is secured into place when FT-

IR is carried out. 
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2.2.3 Preparation of magnesium hydroxide dispersions 

Each of the dispersions referenced in this thesis was sonicated by the same method. In order to 

observe the properties of the magnesium hydroxide samples in water, magnesium hydroxide 

dispersions from the 26 samples were prepared. Each of the magnesium hydroxide samples 

was dispersed into Milli-Q water. The dispersions were of 0.2 wt. % and 100 ml in volume. 

They were sonicated for 1 minute at 30 % amplitude using a Branson Digital Sonifier, sonic 

probe tip 0.6 mm in diameter. The natural pH of each of the dispersions was measured with a 

Jenway 3510 pH meter at around 24 oC and was established to be in the region of pH 10.5. The 

dispersions were cloudy/ milky in appearance. 

It was necessary to dilute the dispersions to around 0.02 wt. % magnesium hydroxide in order 

to analyse the samples using a Malvern Zetasizer ZS-Nanoseries instrument. In order to assess 

the effect of salt, stock solutions of different concentrations of NaCl were first produced by 

dissolving an appropriate mass of NaCl in 1 L Milli-Q water. The series of stock solutions of 

NaCl included concentrations of 10-3 M, 10-2 M, 10-1 M, 0.2 M and 0.5 M. Magnesium 

hydroxide (sample 19) dispersions (0.1 wt. %, 10 mL) with different concentrations of NaCl 

solution as the continuous phase were then formed by adding the appropriate NaCl solution to 

a constant mass of magnesium hydroxide followed by sonication. 

2.2.4 Analysis of magnesium hydroxide dispersions 

2 ml of each dispersion was added to a disposable cuvette in preparation to be analysed with a 

Malvern Zetasizer ZS-Nanoseries instrument in order to measure particle diameter and zeta 

potential.  

2.2.4.1 Particle diameter measurements 

The Malvern Zetasizer ZS-Nanoseries instrument uses dynamic light scattering to measure the 

Brownian motions of particles in a sample, which means the refractive index of magnesium 

hydroxide is important. DLS is achieved by illuminating the particles with a red laser (633 nm) 

and analysing the intensity fluctuations in the scattered light. Small particles scatter light to a 

greater extent than large particles. As particles scatter light, a speckle pattern will form with 

light and dark regions. The light regions are a result of constructive interference of signals, 

dark regions are a result of destructive interference. As the particles in the sample move, the 

correlation between signals will reduce. This is the characteristic used to measure the size. If 
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particles are large, the correlation between signals would reduce more slowly as large particles 

do not scatter light as efficiently as small particles. 

The Stokes- Einstein equation links particle diameter with Brownian motion 87, 

                                                                       𝐷 =
𝑘𝑇

6𝜋𝑅𝜂
           (6)  

where D is the diffusion coefficient, k is Boltzmann’s constant, T is temperature, η is the 

viscosity of the solution and R is the hydrodynamic radius of the particle. 

2.2.4.2 Zeta potential measurements 

The Malvern Zetasizer ZS-Nanoseries instrument is able to measure the electrophoretic 

mobility of the particles, obtained by electrophoresis and measuring the velocity of the particles 

via laser Doppler velocity. Henry’s equation is applied to calculate the zeta potential of the 

particles 88. 

              UE=
2𝜀𝑧𝑓(𝑘𝑎)

3𝜂
         (7)  

where UE is the electrophoretic mobility, 𝜀 is the dielectric constant of solvent, z is the zeta 

potential, f(ka) is the Henry’s function and η is the viscosity of dispersant. 

The instrument has two settings in order to set the value of f(ka). If an aqueous dispersant with 

a moderate electrolyte content (electrolyte concentration including and exceeding 10-3 M) and 

the universal dip cell is used, the Smoluchowski approximation should be selected 89. The f(ka) 

value is then set at 1.5. If a non-aqueous sample is being measured, the Hückel approximation 

should be used which sets f(ka) to 1.0. In this experiment, the Smoluchowski setting was 

selected. Laser doppler velocimetry is used to measure UE. This measures the flow of tiny 

particles in a stream of fluid and in the Malvern Zetasizer ZS-Nanoseries this is measured via 

DLS. 

2.2.5 Preparation of emulsions 

All emulsions referenced in this thesis were prepared by adding the appropriate oil phase (5 

ml) to a magnesium hydroxide aqueous dispersion of the appropriate magnesium hydroxide 

concentration (5 ml). The emulsions were homogenised for 2 minutes at 13,000 rpm with the 

use of an Ultra Turrax homogeniser with a low diameter rotor (8 mm). The rotor of the 

homogeniser was moved vertically through the emulsion by hand in order to homogenise the 

emulsion completely. 
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2.2.5.1 Isooctane-in-water emulsions 

For each of the 26 magnesium hydroxide samples prepared, isooctane-in-water emulsions (1:1 

volume ratio) were formed. Magnesium hydroxide concentration of each emulsion remained 

constant in this series of emulsions at 1.0 wt. % (with respect to entire emulsion). This was 

calculated to be around 0.0845 g magnesium hydroxide. 

2.2.5.2 Isooctane-in-water emulsions with varied [Mg(OH)2] 

Appropriate masses of magnesium hydroxide samples 17, 22 and 24 were measured and 

isooctane-in-water emulsions (1:1 volume ratio) were formed. For each of the three magnesium 

hydroxide samples, emulsions with varied magnesium hydroxide concentration were formed. 

This included emulsions of 0.5 wt. %, 1.0 wt. %, 2.0 wt. %, 3.0 wt. %, 4.0 wt. % and 5.0 wt. 

% magnesium hydroxide. 

2.2.5.3 Isooctane-in-water emulsions with added electrolyte 

Isooctane-in-water (1:1 volume ratio) emulsions with varied [NaCl] were also formed. This 

series of emulsions contained [NaCl] of 0 M, 10-3 M, 10-2 M, 10-1 M, 0.2 M and 0.5 M. 

Magnesium hydroxide concentration remained constant at 1.0 wt. % for each of the emulsions. 

2.2.5.4 Isooctane-in-water emulsions at varied temperature 

An isooctane-in-water emulsion (1:1 volume ratio, 1.0 wt. % magnesium hydroxide 

concentration) was formed at room temperature, 21.4 oC. The emulsion was then stored at 

controlled temperatures for 24 hours with the use of a Grant LTD – 6 water bath. These 

temperatures included 10 oC, 30 oC, 40 oC, 50 oC, 60 oC and room temperature. 

2.2.5.5 MMA-in-water emulsions 

For each of the magnesium hydroxide samples formed from MgCl2. 6H2O and NaOH (samples 

16-26) in this experiment, MMA-in-water emulsions (1:1 volume ratio) were formed. 

Magnesium hydroxide concentration of each emulsion remained constant in this series of 

emulsions at 1.0 wt. % (with respect to entire emulsion). This was calculated to be around 

0.0975 g magnesium hydroxide. 

 

 

 



39 

 

 

2.2.5.6 MMA-in-water emulsions with added electrolyte 

MMA-in-water (1:1 volume ratio) emulsions with varied [NaCl] were also formed. This series 

of emulsions contained emulsions with [NaCl] of 0 M, 10-3 M, 10-2 M, 10-1 M, 0.2 M and 0.5 

M. Magnesium hydroxide concentration remained constant at 1.0 wt. % for each of the 

emulsions. 

2.2.5.7 Variation of isooctane fraction in mixtures with MMA 

From magnesium hydroxide sample 19, 1 wt. %, Pickering emulsions were formed between an 

isooctane/MMA oil phase and a Milli- Q water phase (phase volume 1:1). The oil phase was 

prepared using desired volumes of both isooctane and MMA. Each of the oil phases prepared 

were 5 cm3 in total volume and was added to the appropriate magnesium hydroxide aqueous 

dispersion. The volume fraction of isooctane was calculated by, 

                                                          ᶲiso =
𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑖𝑠𝑜𝑜𝑐𝑡𝑎𝑛𝑒

𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑜𝑖𝑙
                    (8) 

 

2.2.6 Characterisation of emulsions 

2.2.6.1 Stability of the emulsions 

Each of the emulsions formed was allowed to settle to see if they had been successfully 

stabilised by the magnesium hydroxide particles or if phase separation was evident. 

Photographs of the emulsions were taken using a digital camera after different time periods to 

see how they aged. The stability of the o/w emulsions shall be discussed in terms of droplet 

diameter and values of fO and fW, where fO is the fraction of oil liberated from the emulsion 

and fW is the fraction of water liberated from the emulsion.  

                                                 𝑓o =  
𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑜𝑖𝑙 𝑙𝑖𝑏𝑒𝑟𝑎𝑡𝑒𝑑 𝑎𝑡 𝑡𝑖𝑚𝑒

𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑜𝑖𝑙 𝑖𝑛𝑖𝑡𝑖𝑎𝑙𝑙𝑦
               (9) 

                                            

                                              𝑓w =  
𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 𝑙𝑖𝑏𝑒𝑟𝑎𝑡𝑒𝑑 𝑎𝑡 𝑡𝑖𝑚𝑒

𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 𝑖𝑛𝑖𝑡𝑖𝑎𝑙𝑙𝑦
             (10) 
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2.2.6.2 Optical microscopy 

A single drop of each emulsion was placed onto a microscope slide and observed with the use 

of an Olympus BX51 optical microscope, transmission mode, two days after emulsions were 

formed. Images were taken using a DP50 digital camera fitted to the microscope. ImageJ was 

used to analyse subsequent micrographs and determine the average droplet size of each 

emulsion. 

2.2.6.3 Malvern Mastersizer 2000 

In order to support the mean droplet diameter determined from optical micrographs, 

Mastersizer 2000 instrument was used. Once the small volume sample dispersion unit had been 

cleaned, 150 ml of Milli- Q water was added. 150 μl of emulsion was placed in the water within 

the small volume sample dispersion unit with the use of a micropipette. The Malvern dispersion 

unit controller was set to 400 rpm as measurements of the droplets were being taken. Because 

the Malvern Mastersizer 2000 is reliant on light diffraction in order to obtain results, the 

refractive index of the dispersed phase (isooctane) and the continuous phase (Milli-Q water) 

were important. Values of each were measured and placed into the Mastersizer 2000 software 

before measurements were taken. The light source used was a red, laser light (λ = 633 nm). 

2.2.6.4 Cryo-SEM  

Cryo – SEM was carried out on emulsion from sample 17 at 5.0 wt.% to show the presence of 

magnesium hydroxide particles in the continuous water phase. A drop of the emulsion was 

deposited on a 12 mm aluminium SEM stub and layered so that it protruded from the surface 

of the stub, This was submerged in liquid nitrogen and frozen at -140 oC with use of a Quorum 

Technologies Ltd. PP3010T system. The sample was transferred to the sample stage where a 

blade was used to fracture the emulsion to produce a new surface. The sample was then coated 

in platinum and insterted into the Zeiss EVO 60 SEM chamber at -170 oC using a beam voltage 

of 15 kV. 

2.2.6.5 Drop test 

The drop test was conducted on each of the emulsions in order to determine emulsion type. 

This involved using a Pasteur pipette to add a small amount of each emulsion into a container 

of water and a container of isooctane respectively. If the emulsion was O/W, the emulsion 
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would disperse in the water and sediment in the oil. If the emulsion was W/O, it would disperse 

in the oil or sit above water, due to differences in densities. 

2.2.7 Contact angle measurements 

Samples of raw brucite were cut using a Metkon Geoform saw supplied by Kemet International. 

The samples were cut so that they had two near parallel, flat surfaces and were around 1 cm in 

thickness, as shown in Figure 23. The saw yielded a smooth brucite surface. Once cut, the flat 

surfaces were rinsed with water and allowed to dry in air. The surfaces were then left untouched 

in order to keep them clean. 

Figure 23. An image of raw brucite upon cutting. (a) image of the smooth, clean surface. (b) 

image displaying the thickness of the brucite sample 

 

 

 

 

 

Contact angles were measured using a Kruss DSA10 shape analysis instrument. The 

magnesium hydroxide sample was placed in a cell and a water drop (10 µl) was deposited under 

air. This gave the advancing contact angle θa,w. Two different procedures were used in order to 

obtain liquid-liquid contact angle measurements. In the first method, a drop of water (10 µl) 

was injected onto the surface of the magnesium hydroxide sample in air and the cell was then 

filled with isooctane. This provided the advancing contact angle, θw,o. In order to obtain the 

other liquid- liquid contact angle, θo,w, the cell was first filled with isooctane and then a water 

drop (10 µl) was deposited onto the surface of the magnesium hydroxide. This procedure was 

repeated with the use of MMA in place of isooctane. 

In order to measure the receding contact angle in each scenario, the water drop was decreased 

to the minimum volume possible without causing change in the contact surface area between 

the substrate and the water drop. This minimum volume was around 5 µl in each case. Each of 

the measurements were repeated 3 times and an average taken. A repeat of the entire 

experiment was also conducted using a fresh sample of brucite. Water drops of natural pH and 

also pH 10.5 were deposited onto the magnesium hydroxide in this experiment. 

1 cm 

5 cm 

3 cm 

a b 
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3. Results 

The magnesium hydroxide samples formed in this project have been characterised via SEM, 

TEM, XRD and FTIR analysis. Zeta potential and particle size of the magnesium hydroxide 

samples were obtained via analysis of aqueous dispersions. fo and fw values and mean droplet 

diameter have been recorded for isooctane-in-water emulsions, MMA-in-water emulsions and 

emulsions with an oil phase comprising of an isooctane-MMA mixture. Contact angle 

measurements of water drops on a brucite substrate were also taken. The findings of these tests 

are to be outlined in this section of the thesis.  

3.1 Characterisation of Mg(OH)2 samples 

3.1.1 SEM and TEM analysis 

SEM and TEM analysis was carried out on magnesium hydroxide samples formed from 

ammonium hydroxide in order to note differences in particle size or morphology. Figures 24 – 

36 show both SEM and TEM images for magnesium hydroxide samples 1 – 13 respectively. 

Figure 37 shows variation of particle diameter of the 13 samples. 

Figure 24. (a) SEM image and (b) TEM image of magnesium hydroxide powder sample 1, 

synthesised from magnesium chloride hexahydrate (0.6 M) and ammonium hydroxide (1.2 M) 

with agitation (2.5 hours) at room temperature. 

 

 

 

 

 

 

 

 

 

 

a b 



43 

 

Figure 25. (a) SEM image and (b) TEM image of magnesium hydroxide powder sample 2, 

synthesised from magnesium chloride hexahydrate (1.2 M) and ammonium hydroxide (0.6 M) 

with agitation (2.5 hours), at room temperature. 

 

 

 

 

 

 

 

 

 

Figure 26. (a) SEM image and (b) TEM image of magnesium hydroxide powder sample 3, 

synthesised from magnesium chloride hexahydrate (0.6 M) and ammonium hydroxide (2.4 M) 

with agitation (2.5 hours), at room temperature. 

 

 

 

 

 

 

 

 

 

a b 

a b 



44 

 

Figure 27. (a) SEM image and (b) TEM image of magnesium hydroxide powder sample 4, 

synthesised from magnesium chloride hexahydrate (2.4 M) and ammonium hydroxide (0.6 M) 

with agitation (2.5 hours), at room temperature. 

 

 

 

 

 

 

 

 

Figure 28. (a) SEM image and (b) TEM image of magnesium hydroxide powder sample 5, 

synthesised from magnesium chloride hexahydrate (1.2 M) and ammonium hydroxide (1.2 M) 

with agitation (2.5 hours), at room temperature. 
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Figure 29. (a) SEM image and (b) TEM image of magnesium hydroxide powder sample 6, 

synthesised from magnesium chloride hexahydrate (0.6 M) and ammonium hydroxide (1.2 M) 

with agitation (2.5 hours), at 50 oC.  

 

 

 

 

 

 

 

 

Figure 30. (a) SEM image and (b)TEM image of magnesium hydroxide powder sample 7, 

synthesised from magnesium chloride hexahydrate (0.6 M) and ammonium hydroxide (1.2 M) 

with agitation (2.5 hours), at 40 oC.  
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Figure 31. (a) SEM image and (b) TEM image of magnesium hydroxide powder sample 8, 

synthesised from magnesium chloride hexahydrate (0.6 M) and ammonium hydroxide (1.2 M) 

with agitation (2.5 hours), at 10 oC. 

 

 

 

 

 

 

 

 

 

Figure 32. (a) SEM image and (b) TEM image of magnesium hydroxide powder sample 9, 

synthesised from magnesium nitrate hexahydrate (0.6 M) and ammonium hydroxide (1.2 M) 

with agitation (2.5 hours), at room temperature. 
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Figure 33. (a) SEM image and (b) TEM image of magnesium hydroxide powder sample 10, 

synthesised from magnesium sulfate hexahydrate (0.6 M) and ammonium hydroxide (1.2 M) 

with agitation (2.5 hours), at room temperature. 

 

 

 

 

 

 

 

 

 

Figure 34. (a) SEM image and (b) TEM image of magnesium hydroxide powder sample 11, 

synthesised from magnesium chloride hexahydrate (0.6 M) and ammonium hydroxide (1.2 M), 

no agitation, at room temperature. 
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Figure 35. (a) SEM image and (b) TEM image of magnesium hydroxide powder sample 12, 

synthesised from magnesium chloride hexahydrate (0.6 M) and ammonium hydroxide (1.2 M) 

with agitation (3 days), at room temperature.  

 

 

 

 

 

 

 

 

 

Figure 36. (a) SEM image and (b) TEM image of magnesium hydroxide powder sample 13, 

synthesised from magnesium chloride hexahydrate (0.6 M) and ammonium hydroxide (1.2 M) 

with agitation (2.5 h), at room temperature. Reactants added at a slower rate. 
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Figure 37. Mean particle diameter/ length of powdered magnesium hydroxide samples formed 

from a weak base via analysis of SEM micrographs. 

 

 

 

 

 

 

 

 

 

 

 

 

SEM micrographs of the 13 magnesium hydroxide samples were analysed with the use of 

ImageJ software in order to assess average particle dimensions. When viewing platelets, 

diameter was recorded. When viewing rods, length of particle was measured. Upon observing 

SEM micrographs of magnesium hydroxide samples 1-13, it would appear that there are two 

main categories in terms of morphology and length/ diameter. Samples 1, 7, 8, 9, 10, 11, 12 

and 13 are very similar, with mean particle diameter/ length being between 150 nm and 350 

nm for each of the samples and morphology being a mixture of rods and platelets. Samples 2, 

3, 4, 5 and 6 would fall into the same category as they are much larger than the other samples 

mentioned and consist of very long rods and highly agglomerated platelets. SEM micrograph 

of sample 1 shows rods and platelets, similar to the findings of Lv et al. under very similar 

reaction conditions 7. Sample 2-5, where either OH- or Mg2+ ions are in excess all display very 

large rod-like particles, in the region of 2 µm and also large agglomerates of platelets. Because 

the particles are so long, it is difficult to view exactly where they begin and end and therefore, 

the length readings for the particles in magnesium hydroxide samples 2-5 lack accuracy. The 

longer particles and large agglomerates present in samples 2-5 could be due to an increased 

0

50

100

150

200

250

300

350

400

450

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

m
ea

n
 p

ar
ti

cl
e 

d
ia

m
et

er
/l

en
g
th

/ 
n
m

sample number

particles too large (>2 

μm to take meaningful 

average.  



50 

 

nucleation rate due to increased supersaturation of either OH- or Mg2+ ions leading to small 

crystals agglomerating to form large particles and reduce their surface energy.  

The rate of heterogeneous nucleation is 90, 

   
𝑑𝑁

𝑑𝑡
= 𝑁𝑜𝑍𝛽` exp (−

𝑑𝐺

𝑘𝑇
) exp (−

𝑇


)              (11) 

where No is the number of available sites for heterogeneous nucleation, Z is de Zeldovich non- 

equilibrium factor, k is Boltzmann constant (J K -1), β’ is rate at which the atoms are being 

added to the critical nucleus (s-1), T is absolute temperature (K),  is the incubation time (s), 

dN is change number of molecules per unit volume, dG is the Gibbs energy of formation of a 

critical spherical nucleus (J) and Rc is the radius of the critical spherical nucleus (m). 

The above equation could also explain why sample 6, formed at 50 oC, also contains long, rod-

like particles as an increase in temperature also increases the rate of nucleation. The fact that 

sample 7 displays small platelets indicates that this temperature is not high enough to impact 

on morphology. When the temperature is decreased from room temperature to 10 oC, this also 

does not affect particle size or morphology as small platelets are observed. 

TEM micrographs do not show these large, rod–like particles. This could either be because 

said particles are broken up during the sonication process, or simply because the particles are 

too large to be observed by TEM, which has instead shown particles with diameters in the range 

of 150 – 250 nm. 

The absence of agitation did not appear to affect particle size or morphology as the rods and 

platelets seen in sample 11 strongly resemble sample 1. When the reaction time was increased 

to 3 days, particles were more likely to adopt a platelet-like morphology as no rod-like particles 

formed under these conditions. Decreasing rate of addition of reactants also did not appear to 

affect particle size or morphology as the particles of sample 13 did not differ greatly from the 

particles of sample 1.  

The magnesium hydroxide samples synthesised from NaCl were also assessed via SEM and 

TEM, see Figures 38–50. Variation of particle diameter/ length (depending on whether 

morphology is platelet or rod-like) between magnesium hydroxide samples 14–26 can be seen 

in Figure 51. 
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Figure 38. (a) SEM image and (b) TEM image of magnesium hydroxide powder sample 14, 

synthesised from magnesium nitrate hexahydrate (0.6 M) and sodium hydroxide (1.2 M) with 

agitation (2.5 h), at room temperature. 

 

 

 

 

 

 

 

 

 

Figure 39. (a) SEM image and (b) TEM image of magnesium hydroxide powder sample 15, 

synthesised from magnesium sulfate hexahydrate (0.6 M) and sodium hydroxide (1.2 M) with 

agitation (2.5 h), at room temperature. 
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Figure 40. (a) SEM image and (b) TEM image of magnesium hydroxide powder sample 16, 

synthesised from magnesium chloride hexahydrate (0.6 M) and sodium hydroxide (1.2 M) with 

agitation (2.5 h), at room temperature. 

 

 

 

 

 

 

 

 

 

Figure 41. (a) SEM image and (b) TEM image of magnesium hydroxide powder sample 17, 

synthesised from magnesium chloride hexahydrate (1.2 M) and sodium hydroxide (0.6 M) with 

agitation (2.5 h), at room temperature. 
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Figure 42. (a) SEM image and (b) TEM image of magnesium hydroxide powder sample 18, 

synthesised from magnesium chloride hexahydrate (0.6 M) and sodium hydroxide (2.4 M) with 

agitation (2.5 h), at room temperature. 

 

 

 

 

 

 

 

 

 

Figure 43. (a) SEM image and (b) TEM image of magnesium hydroxide powder sample 19, 

synthesised from magnesium chloride hexahydrate (2.4 M) and sodium hydroxide (0.6 M) with 

agitation (2.5 h), at room temperature. 
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Figure 44. (a) SEM image and (b) TEM image of magnesium hydroxide powder sample 20, 

synthesised from magnesium chloride hexahydrate (1.2 M) and sodium hydroxide (1.2 M) with 

agitation (2.5 h), at room temperature.  

 

 

 

 

 

 

 

 

 

Figure 45. (a) SEM image and (b) TEM image of magnesium hydroxide powder sample 21, 

synthesised from magnesium chloride hexahydrate (0.6 M) and sodium hydroxide (1.2 M) with 

agitation (2.5 h), at 50 oC. 
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Figure 46. (a) SEM image and (b) TEM image of magnesium hydroxide powder sample 22, 

synthesised from magnesium chloride hexahydrate (0.6 M) and sodium hydroxide (1.2 M) with 

agitation (2.5 h), at 40 oC. 

 

 

 

 

 

 

 

 

 

Figure 47. (a) SEM image and (b) TEM image of magnesium hydroxide powder sample 23, 

synthesised from magnesium chloride hexahydrate (0.6 M) and sodium hydroxide (1.2 M) with 

agitation (2.5 h), at 10 oC. 
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Figure 48. (a) SEM image and (b) TEM image of magnesium hydroxide powder sample 24, 

synthesised from magnesium chloride hexahydrate (0.6 M) and sodium hydroxide (1.2 M), no 

agitation, room temperature. 

 

 

 

 

 

 

 

 

 

 

Figure 49. (a) SEM image and (b) TEM image of magnesium hydroxide powder sample 25, 

synthesised from magnesium chloride hexahydrate (0.6 M) and sodium hydroxide (1.2 M) 

with agitation (3 days), room temperature. 

 

 

 

 

 

 

 

 

a b 

a b 



57 

 

Figure 50. (a) SEM image and (b) TEM image of magnesium hydroxide powder sample 26, 

synthesised from magnesium chloride hexahydrate (0.6 M) and sodium hydroxide (1.2 M) with 

agitation (2.5 h), room temperature. Fast rate of addition of reactants. 

 

 

 

 

 

 

 

 

 

Figure 51. Mean particle diameter/ length of powdered magnesium hydroxide samples, formed 

from a strong base, via analysis of SEM micrographs. 
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Particles formed from NaOH do not vary greatly when reaction conditions are varied and the 

samples possess a number of common characteristics. The same variation in particle 

morphology and size are not as evident in comparison to particles formed from NH4OH, the 

particles in samples 14-26 are very similar to samples 1, 7, 8, 9, 10, 11, 12 and 13.  Despite an 

excess of Mg2+ ions during the synthesis of samples 17, 19 and 20, the long rods formed under 

similar conditions when NH4OH was used as the base are not seen. One theory for this could 

be when a strong base is used to synthesise Mg(OH)2, pH increases past the isoelectric point 

of magnesium hydroxide leading to the forming magnesium hydroxide particles having a 

negative charge. This negative charge attracts the dissociated Na+ ions which hinder the growth 

of the crystals, leading to smaller particles. This effect is also noted in the work of Henrist et 

al.12. 

 

3.1.2 XRD analysis 

XRD analysis suggested initial impurities in samples synthesised when Mg2+ was in excess or 

from NaOH when samples were washed with 10 ml Milli-Q water. However, impurities were 

removed when particles were redispered. The XRD patterns formed for each of the magnesium 

hydroxide samples in this experiment each suggested a hexagonal crystal structure, arising as 

a result of the octahedral anions magnesium hydroxide forms. This pattern is widely seen in 

the literature and is accepted as the official XRD pattern of magnesium hydroxide, shown in 

Figure 52 along with the XRD pattern for sample 16 produced in this study for reference. 

The literature values for the d-spacing for 001 peaks and 110 peaks are 0.4767 nm (2θ = 18.59 

o) and 0.1574 nm (2θ = 58.56 o) respectively, and were used as references when comparing 

XRD patterns of samples prepared here 23. d-spacing values can be calculated with the use of 

Bragg’s equation, 

                                                                               2𝑑 𝑠𝑖𝑛𝜃 = 𝑛λ                        (12) 

where θ is the scattering angle, d is the spacing between layers of atoms, n is an integer and λ 

is the wavelength of the X – ray. 

The d-spacing values for 001 and 110 peaks agreed with values found in the literature, with 

values ranging from d(001) = 0.4679 nm to 0.47914 nm and d(110) = 0.1574 – 0.1575, further 

proof that magnesium hydroxide was indeed synthesised. 
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Figure 52. XRD stick reference pattern for standard magnesium hydroxide (JCPDS 00-044-

1482) 91 (blue) with XRD pattern for magnesium hydroxide sample 16, synthesised from 

magnesium chloride hexahydrate (0.6 M) and sodium hydroxide (1.2 M) with agitation (2.5 h) 

at room temperature (black). 

 

 

 

 

 

 

 

One of the main differences witnessed in XRD patterns for samples prepared here to some 

patterns found in the literature is the intensity of the 001 peak. For the majority of the samples 

formed, the 001 peak is less intense than the 110 peak, evident in Figure 52 with sample 16. 

The sample which had an XRD pattern with a more intense 001 peak than 110 peak was sample 

25, which was produced from a reaction which was allowed to run for 3 days, relevant XRD 

pattern shown in Figure 53. 
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Figure 53. XRD pattern for magnesium hydroxide sample 25, synthesised from magnesium 

chloride hexahydrate (0.6 M) and sodium hydroxide (1.2 M) with agitation (3 days) room 

temperature. 

 

This could suggest that the magnesium hydroxide crystals develop more slowly in the 001 

direction than in the 110 direction. In the literature, it is suggested that when the 001 peak is 

less intense than the 110 peak, the samples are more likely to undergo agglomeration 12. 

The XRD patterns for the remaining magnesium hydroxide samples can be found in 

Appendices 1 – 26. The XRD patterns of samples 4 and 18 are also notable as peaks from 

impurities are present in the region of 20o-35o. It is thought that these peaks have arisen from 

magnesium chloride hexahydrate impurities, as these samples were both formed via reactions 

where magnesium chloride hexahydrate was in excess. 
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3.1.3 FT-IR analysis 

FR-IR analysis was carried out on each of the magnesium hydroxide samples prepared, 

example given in Figure 54. The spectrum for each Mg(OH)2 sample was similar to those found 

in the literature. Each of the spectra had the 5 peaks expected for a sample of magnesium 

hydroxide. Absorption bands at around 3693 cm-1 were assigned to O-H stretching vibrations, 

which are also represented by the very broad peak at 3300 – 3400 cm-1. The absorption peak at 

around 1630 cm-1 was assigned to the bending vibration of the Mg-O bond and the peak at 1430 

cm-1 represents the bending vibration of O-H bonds. The peak at around 500 cm-1 is attributed 

to lattice vibrations of Mg – O 92. 

Figure 54. FT-IR spectrum for magnesium hydroxide sample 19, synthesised from magnesium 

chloride hexahydrate (2.4 M) and sodium hydroxide (0.6 M) with agitation (2.5 hours) at room 

temperature. 

 

The spectra for the other samples can be found in Appendices 27 – 52.  
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3.2 Aqueous dispersions 

When using the Malvern Zetasizer ZS-Nanoseries instrument to assess particle diameter and 

zeta potential of magnesium hydroxide particles, dispersions of very low magnesium hydroxide 

concentration were required. This was because, in dispersions of high magnesium hydroxide 

concentration, sedimentation of particles occurred very quickly due to magnesium hydroxide 

being much more dense than water (2.36 g cm-3) 98. As magnesium hydroxide concentration 

decreases, the rate of sedimentation also decreases. 

Each of the dispersions, 0.2 wt. % of Mg(OH)2 , formed from the 26 magnesium hydroxide 

samples in this experiment appeared milky/ cloudy. There was no apparent difference in 

turbidity between them when observed by eye. Once the dispersions had been diluted to an 

appropriate concentration (0.02 wt. %) to, the sample was clear and colourless, evident in 

Figure 55. 

Figure 55. (a) Aqueous dispersion of magnesium hydroxide sample 1, 0.2 wt. %, directly 

following. (b) Aqueous dispersion of magnesium hydroxide sample 1, 0.02 wt. %, directly 

following sonication. 

 

 

 

 

 

 

 

 

 

As the Malvern Zetasizer ZS–Nanoseries measures the mean particle diameter of a dispersion, 

it produces a Z-average of the data it records. The Z-average is the weighted mean 

hydrodynamic size of the particles in the sample measured by dynamic light scattering. When 

measuring particle diameter or zeta potential, the Zetasizer produces a distribution curve of the 

results, as can be seen in Figures 56 and 57. 

a b 
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The refractive index of magnesium hydroxide is 1.559 93. 

Figure 56. Distribution curve of Z-average particle diameter of sample 16, 0.02 wt. % 

magnesium hydroxide aqueous dispersion at 25 oC and natural pH, 10.5.  

 

Figure 57. Distribution curve of zeta potential of magnesium hydroxide sample 20, 0.02 wt. 

% magnesium hydroxide aqueous dispersion at 25 oC and natural pH, 10.5. 
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For each of the 26 magnesium hydroxide samples, aqueous dispersions were formed and the 

mean particle diameter and zeta potential was measured, shown in Figures 58 and 59 for 

samples 1 – 13 and Figures 60 and 61 for samples 14 – 26. 

Figure 58. Mean particle diameter for 0.02 wt.% aqueous dispersions of magnesium hydroxide 

samples synthesised from a weak base (samples 1-13). Measurements were taken at 25 oC and 

natural pH, 10.5. 

 

Figure 59. Mean zeta potential for 0.02 wt.% aqueous dispersions of magnesium hydroxide 

samples synthesised from a weak base (samples 1-13). Measurements were taken at 25 oC and 

natural pH, 10.5. 
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Figure 60. Mean particle diameter measurements for 0.02 wt.% aqueous dispersions of 

magnesium hydroxide samples synthesised from a strong base (samples 14-26). Measurements 

were taken at 25 oC and natural pH, 10.5. 

 

 

Figure 61. Mean zeta potential measurements for 0.02 wt.% aqueous dispersions of 

magnesium hydroxide samples synthesised from a weak base (samples 14-26). Measurements 

were taken at 25 oC and natural pH 10.5. 
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Primary particle diameter was successfully measured by using the Malvern Zetasizer ZS-

Nanoseries to analyse magnesium hydroxide dispersions with concentration of 0.02 wt. %. 

Particle diameter measurements were in agreeance with those obtained from SEM 

micrographs. For example, particle diameter for sample 1 from SEM was around 210 nm, and 

was found to be around 240 nm through dynamic light scattering. The particle diameter 

measured for sample 26 from SEM and dynamic light scattering were also identical. However, 

the measurements recorded with use of the Malvern Zetasizer may be slightly inaccurate as the 

DLS method assumes all particles are spherical. This is not true for the particles in the majority 

of the magnesium hydroxide samples. 

 

There is no apparent correlation between the zeta potential of magnesium hydroxide particles 

and the reaction conditions they were synthesised under. The average zeta potential value for 

the samples synthesised from a strong base, + 15.5 mV ± 5 mV, was slightly greater than the 

average zeta potential value for samples synthesised from a weak base, + 14.2 mV ± 6 mV. 

However, this slight difference can be considered negligible due to the uncertainty within the 

zeta potential recorded for each sample. The maximum zeta potential value was of sample 1 

which was around + 21 mV. The minimum zeta potential value was of sample 3, which was 

around +10 mV. The zeta potential values for magnesium hydroxide samples formed in this 

study are in agreeance with those recorded by Tan et al. 6 at similar values of pH. 

 

When an electrolyte is introduced to the aqueous dispersions of magnesium hydroxide, the 

electrostatic repulsion between particles is reduced 56, 60. NaCl was dissolved in water before 

magnesium hydroxide was added. In theory, this should lead to increased agglomeration of 

particles in the dispersion as the van der Waals forces of attraction overcome the repulsive 

forces which arise due to the like charges of the particles. Flocs of particles subsequently form. 

The dispersions with added electrolytes formed in this study support this theory. 

 

In the series of dispersions which contained varied [NaCl], the turbidity of the dispersions 

immediately following sonication did not appear to increase with salt concentration. However, 

an increased rate of sedimentation could be observed in NaCl dispersions as opposed to 

dispersions from Milli–Q water. 
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Figure 62. Aqueous dispersions of magnesium hydroxide sample 22, 0.2 wt. %, containing 

different concentrations of NaCl immediately after dispersion. [NaCl]/ M: (a) 0. (b) 10-3. (c) 

10-2. (d) 10-1. (e) 0.2. (f) 0.5. 

 

 

 

 

 

 

 

 

 

 

Figure 63. Aqueous dispersions of magnesium hydroxide sample 22, 0.2 wt. %, containing 

different concentrations of NaCl 2 minutes after dispersion. [NaCl]/ M: (a) 0. (b) 10-3. (c) 10-2. 

(d) 10-1. (e) 0.2. (f) 0.5. 

 

 

 

 

 

 

 

Size measurements by light scattering, Figure 64, also showed that agglomeration of particles 

increases with [NaCl]. The faster rate of sedimentation in dispersions containing NaCl can be 

explained by the Stokes equation due to their increased apparent size. 
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Figure 64. Mean particle diameter of Mg(OH)2 sample 19, 0.02 wt. %, as a function of [NaCl]. 

 

3.3 Isooctane-in-water emulsions 

3.3.1 Emulsions stabilised by 26 different magnesium hydroxide Samples  

Isooctane-in-water emulsions have been stabilised successfully by Mg(OH)2 particles of 

different size, morphology and zeta potential. All emulsions of isooctane-in-water remained 

stable and showed very little variation in fO, fW or mean droplet diameter beyond 48 hours since 

homogenisation. Emulsions from magnesium hydroxide samples synthesised from NH4OH, 

samples 1 – 13, shall be discussed first and then the emulsions stabilised by magnesium 

hydroxide samples synthesised from NaOH, sample 14 – 26 shall follow. Each of the isooctane-

in-water emulsions produced were o/w systems. The appearance of the emulsions formed from 

samples 1 – 7 are shown in the photographs of Figure 65. The clear, top layer of each system 

is isooctane which has been liberated from the emulsion. The white layer directly below any 

liberated isooctane is the layer of emulsion. The clear layer below the emulsion is water and 

any particles which did not adsorb at the interface sediment at the bottom of the container, 

which can be seen as a white layer. Optical micrographs of each emulsion, from samples 1 – 7 

can be seen in Figure 66. Figures 67 and 68 contain photos of emulsions from samples 8 – 13 

and their respective optical micrographs. Figure 70 shows fo and fw of the emulsions from 

samples 1 – 13 and Figure 71 shows the mean droplet diameter for these emulsions. 
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Figure 65. Photographs of isooctane-in-water emulsions (volume 1:1) 100 days after 

homogenisation. The emulsions were stabilised by 1.0 wt.% of various magnesium hydroxide 

samples, synthesised from a weak base. (a) Sample 1, (b) sample 2, (c) sample 3, (d) sample 4, 

(e) sample 5, (f) magnesium hydroxide sample 6, (g) sample 7. 
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Figure 66. Optical micrographs of isooctane-in-water emulsions (volume 1:1) 2 days after 

homogenisation. The emulsions were stabilised by 1.0 wt.% of various magnesium hydroxide 

samples, synthesised from a weak base. (a) Sample 1, (b) sample 2, (c) sample 3, (d) sample 4, 

(e) sample 5, (f) magnesium hydroxide sample 6, (g) sample 7.  
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Figure 67. Photographs of isooctane-in-water emulsions (volume 1:1) 100 days after 

homogenisation. The emulsions were stabilised by 1.0 wt.% of various magnesium hydroxide 

samples, synthesised from a weak base. (a) Sample 8, (b) sample 9, (c) sample 10, (d) sample 

11, (e) sample 12, (f) magnesium hydroxide sample 13. 
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Figure 68. Optical micrographs of isooctane-in-water emulsions (volume 1:1) 2 days after 

homogenisation. The emulsions were stabilised by 1.0 wt.% of various magnesium hydroxide 

samples, synthesised from a weak base. (a) Sample 8, (b) sample 9, (c) sample 10, (d) sample 

11, (e) sample 12, (f) magnesium hydroxide sample 13. 

 

  
a b 

c d 

e f 



73 

 

Figure 69. Variation of fO and fW values of isooctane-in-water emulsions (1:1 volume) 

stabilised by different magnesium hydroxide samples which were synthesised under different 

reaction conditions from a weak base. 1 wt.% Mg(OH)2, 100 days after homogenisation. 

 

For fo and fw, the maximum limit = 1 and minimum limit = 0. When fo or fw = 1, the emulsion 

is completely stable to coalescence or creaming respectively. When  fo or fw = 0, complete 

phase separation has occurred. 

 

 

 

 

 

 

 

 

0

0.2

0.4

0.6

0.8

1

0

0.2

0.4

0.6

0.8

1

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

fwfo

sample number

fo fw



74 

 

Figure 70. Mean droplet diameter of isooctane-in-water emulsions (1:1 volume) stabilised by 

different magnesium hydroxide samples which were synthesised under different reaction 

conditions, from a weak base. 1 wt. % Mg(OH)2, 100 days after homogenisation. 

Measurements from microscopy. 

 

 

In this series of emulsions, emulsion 4 was the least stable in terms of coalescence and 

creaming, indicated by high fO, (0.44) and fW, (0.83), values, seen in Figure 67. Emulsion 10 

was also unstable in terms of fO.  The mean droplet diameter of emulsion 4, 726 μm, was also 

much greater than the average droplet size for the emulsions in this series, 130 μm, shown in 

Figure 68. The average fO and fW values were 0.25 and 0.72 respectively.  It would appear from 

this set of results that morphology is not an important factor in determining how successful 

magnesium hydroxide particles are as emulsifiers. Sample 2 and sample 4 have a similar 

morphology, but sample 2 is one of the most successful stabilisers as fO = 0.17, fW = 0.67 and 

the mean droplet diameter is 40 μm, whereas sample 4 is the least successful. Sample 8, a 

sample which possesses a small, rod-like morphology has similar potential to sample 2 in terms 

of producing stable emulsions, despite a completely different size and morphology of particles. 

When viewing this series of isooctane-in-water emulsions, there is no obvious correlation 
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between particle diameter/length and emulsion stability in terms of mean droplet diameter and 

fO and fW values, as shown in Figure 71 and 72. 

Figure 71. fO and fW of isooctane-in-water emulsions (1:1 volume) stabilised by magnesium 

hydroxide. 1 wt. % Mg(OH)2, 100 days after homogenisation as a function of mean particle 

length of different magnesium hydroxide samples formed from a weak base. 

 

Figure 72. Mean droplet diameter of isooctane-in-water emulsions (1:1 volume) stabilised by 

magnesium hydroxide. 1 wt. % Mg(OH)2, 100 days after homogenisation as a function of mean 

particle length of different magnesium hydroxide samples formed from a weak base. Droplet 

diameter measurements determined from optical microscopy. 
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There is also no apparent correlation between zeta potential of magnesium hydroxide particles 

and isooctane-in-water emulsion stability when observing this series of emulsions in terms of 

mean droplet diameter and fO and fW values, as shown in Figures 73 and 74.  

Figure 73. fO and fW of isooctane-in-water emulsions (1:1 volume) stabilised by magnesium 

hydroxide. 1 wt. % Mg(OH)2, 100 days after homogenisation as a function of zeta potential of 

different magnesium hydroxide samples formed from a weak base. 

 

Figure 74. Mean droplet diameter of isooctane-in-water emulsions (1:1 volume) stabilised by 

magnesium hydroxide. 1 wt. % Mg(OH)2, 100 days after homogenisation as a function of zeta 

potential of different magnesium hydroxide samples formed from a weak base. Droplet 

diameter measurements determined from optical microscopy. 
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The appearance of the emulsions formed from samples 14 – 20 (samples formed from NaOH) 

are shown in the photographs of Figure 75. Optical micrographs of each emulsion, from 

samples 14 – 20 can be seen in Figure 76. Figure 77 and 78 contain photos of emulsions from 

samples 21 – 26 (samples formed from NaOH) and their respective optical micrographs. Figure 

79 shows fo and fw of the emulsions from samples 14 – 26 and Figure 80 shows the mean 

droplet diameter for these emulsions. 

Figure 75. Photographs of isooctane-in-water emulsions 100 days upon homogenisation. The 

emulsions were stabilised by 1.0 wt.% of various magnesium hydroxide samples, synthesised 

from a strong base. (a) Sample 14, (b) sample 15, (c) sample 16, (d) sample 17, (e) sample 18, 

(f) sample 19, (g) sample 20. 
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Figure 76. Optical micrographs of emulsions of isooctane-in-water emulsions (volume 1:1) 2 

days after homogenisation. The emulsions were stabilised by 1.0 wt. % of various magnesium 

hydroxide samples synthesised from a strong base. (a) Sample 14, (b) sample 15, (c) sample 

16, (d) sample 17, (e) sample 18, (f) sample 19, (g) sample 20. 
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Figure 77. Photographs of isooctane-in-water emulsions, 100 days after homogenisation. The 

emulsions were stabilised by 1.0 wt.% of various magnesium hydroxide samples, synthesised 

from a weak base. (a) Sample 21, (b) sample 22, (c) sample 23, (d) sample 24, (e) sample 25, 

(f) sample 26. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a b c f d e 



80 

 

Figure 78. Optical micrographs of emulsions of isooctane – in – water emulsions (volume 1:1) 

2 days after homogenisation. The emulsions were stabilised by 1.0 wt. % of various magnesium 

hydroxide samples synthesised from a strong base. (a) Sample 21, (b) sample 22, (c) sample 

23, (d) sample 24, (e) sample 25, (f) sample 26. 
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Figure 79. Variation of fO and fW of isooctane – in – water emulsions (1:1 volume) stabilised 

by different magnesium hydroxide samples which were synthesised under different reaction 

conditions, from a strong base. 1 wt.% Mg(OH)2, 100 days after homogenisation. 

 

Figure 80. Mean droplet diameter of isooctane – in – water emulsions (1:1 volume) stabilised 

by different magnesium hydroxide samples which were synthesised under different reaction 

conditions, from a strong base. 1 wt.% Mg(OH)2, 100 days after homogenisation, from 

microscopy. 
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The emulsions produced from magnesium hydroxide samples 14-26 appeared to show little 

variation in terms of stability to coalescence and creaming. The mean droplet diameter did not 

vary to the same extent as in the series of emulsions produced from magnesium hydroxide 

samples synthesised from a weak base and fO and fW values also appeared to be more constant. 

Sample 20 appeared to be less effective at stabilising the emulsion than the other samples, 

which is indicated by a high fO value and also increased sedimentation levels. However, the 

mean droplet diameter for emulsion from sample 20 is comparable to the other emulsions in 

this series. The isooctane–in–water emulsions formed from sample 14- 26 appeared to produce 

slightly more stable emulsions with respect to both coalescence and creaming in comparison 

to the emulsions from Mg(OH)2 samples 1-13.  

There was also no correlation between zeta potential/ particle length/diameter and isooctane-

in-water emulsion stability when stabilised by magnesium hydroxide particles formed from a 

strong base, shown in Figures 81-84 in terms of fO and fW values and droplet diameter. 

 

Figure 81. fO and fW of isooctane – in – water emulsions (1:1 volume) stabilised by magnesium 

hydroxide. 1 wt. % Mg(OH)2, 100 days after homogenisation as a function of zeta potential of 

different magnesium hydroxide samples formed from a strong base. 
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Figure 82. Mean droplet diameter of isooctane-in-water emulsions (1:1 volume) stabilised by 

magnesium hydroxide. 1 wt. % Mg(OH)2, 100 days after homogenisation as a function of zeta 

potential of different magnesium hydroxide samples formed from a strong base. Droplet 

diameter measurements determined from optical microscopy. 

 

 

Figure 83. fO and fW of isooctane-in-water emulsions (1:1 volume) stabilised by magnesium 

hydroxide. 1 wt. % Mg(OH)2, 100 days after homogenisation as a function of mean particle 

length of different magnesium hydroxide samples formed from a strong base. 
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Figure 84. Mean droplet diameter of isooctane-in-water emulsions (1:1 volume) stabilised by 

magnesium hydroxide. 1 wt. % Mg(OH)2, 100 days after homogenisation as a function of mean 

particle length of different magnesium hydroxide samples formed from a strong base. Droplet 

diameter measurements determined from optical microscopy. 

 

For isooctane-in-water emulsions, creaming occurred rather quickly due to the significant 

density difference between isooctane (density = 0.69194 g/cm3 at 20 oC) and water 93. 

The sponsors of this research project, AkzoNobel are particularly interested in the colloidal 

characteristics of magnesium hydroxide samples formed from magnesium chloride 

hexahydrate and sodium hydroxide. Therefore, the magnesium hydroxide samples which 

proved to be better Pickering emulsifiers in the original isooctane-in-water emulsions (1:1 

volume, 1 wt.% Mg(OH)2) have been used in further experiments. For example, isooctane-in-

water Pickering emulsions containing different concentrations of magnesium hydroxide 

particles were formed from samples 17, 22 and 24 in order to assess the effect of magnesium 

hydroxide concentration on emulsions stability. The stability of isooctane-in-water emulsions, 

stabilised by sample 22 were also assessed as a function of storage temperature and 

concentration of added electrolyte. Sample 22 was explored further as the original isooctane-

in-water emulsion from this sample had the lowest fO and fW values. 
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3.3.2 Isooctane-in-water emulsions with varied concentration of Mg(OH)2 

Particles act to stabilise emulsion droplets in a number of ways depending on particle 

concentration. In theory, when the particle concentration is high, the surface of the droplets 

will be completely encased by the emulsifying particles. The close packed nature of the 

particles bound to the surface of the droplet means a physical barrier forms around the droplets, 

providing steric and electrostatic repulsion. Also, at high particle concentrations, the stability 

of the thin film of continuous phase which forms between droplets, and requires a greater 

capillary force to break. Networks of particles can also form between droplets of an emulsion. 

As particle concentration increases initially, stability to coalescence will also increase as more 

particles bind at the interface. However, after a certain concentration of particles, stability to 

coalescence will remain constant. This is because there is no longer space at the interface for 

additional particles to adsorb to. The additional particles will enter the continuous phase. As 

particle concentration increases, the emulsion becomes more viscous, which results in greater 

stability to creaming, which can be explained by the Stokes equation, 

                                                                 𝑣 =
𝑑2(𝑝1−𝑝2)𝑔

18𝑛
                        (13) 

where v is the rate of sedimentation or velocity of the sphere, d is the diameter of the sphere, 

p1 is the particle density, p2  is the medium density, n is the viscosity of the medium and g is 

the gravitational force. 

To investigate the effect of magnesium hydroxide concentration on emulsion stability, series 

of emulsions were produced containing different concentrations of sample 17, 22 and 24. This 

is because these samples were effective stabilisers in isooctane-in-water emulsions of 1 wt.% 

Mg(OH)2. 

Photographs of emulsions of different particle concentration can be seen in Figure 85 (sample 

17), Figure 87 (sample 22) and Figure 89 (sample 24). Their respective optical micrographs 

are shown in Figure 86, 88 and 90. fO and fW for each of these emulsions are shown in figure 

91. See Figure 92 – 94 for mean droplet diameter measurements for each of the emulsions. 
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Figure 85. Emulsions of isooctane and Milli-Q water (1:1 volume) stabilised by magnesium 

hydroxide sample 17 42 days after homogenisation. (a) 0.5 wt.%, (b) 1 wt.%, (c) 2 wt.%, (d) 3 

wt.%, (e) 4 wt.%, (f) 5 wt.%. 
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Figure 86. Optical micrographs of emulsions of isooctane and Milli-Q water (1:1 volume) 

formed at room temperature stabilised by magnesium hydroxide sample 17. Images 48 hours 

after homogenisation. (a) 0.5 wt.%, (b) 1 wt.%, (c) 2 wt.%, (d) 3 wt.%, (e) 4 wt.%, (f) 5 wt.%. 
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Figure 87. Emulsions of isooctane and Milli-Q water (1:1 volume) stabilised by magnesium 

hydroxide sample 22 42 days after homogenisation. (a) 0.5 wt.%, (b) 1 wt.%, (c) 2 wt.%, (d) 

3 wt.%, (e) 4 wt.%, (f) 5 wt.%. 
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Figure 88. Optical micrographs of emulsions of isooctane and Milli-Q water (1:1 volume) 

formed at room temperature stabilised by magnesium hydroxide sample 22. Images 48 hours 

after homogenisation. (a) 0.5 wt.%, (b) 1 wt.%, (c) 2 wt.%, (d) 3 wt.%, (e) 4 wt.%, (f) 5 wt.%. 
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Figure 89. Emulsions of isooctane and Milli-Q water (1:1 volume) stabilised by magnesium 

hydroxide sample 24 42 days after homogenisation. (a) 0.5 wt.%, (b) 1 wt.%, (c) 2 wt.%, (d) 

3 wt.%, (e) 4 wt.%, (f) 5 wt.%. 
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Figure 90. Emulsions of isooctane and Milli-Q water (1:1 volume) stabilised by magnesium 

hydroxide sample 24 48 hours after homogenisation. (a) 0.5 wt.%, (b) 1 wt.%, (c) 2 wt.%, (d) 

3 wt.%, (e) 4 wt.%, (f) 5 wt.%. 
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Figure 81. Variation of fO and fW as a function of magnesium hydroxide concentration in 

isooctane-in-water emulsions (1:1 volume). 40 days after homogenisation for 3 different 

samples. 

 

Figure 92. Variation of mean droplet diameter with particle concentration for isooctane-in-

water emulsions (1:1 volume) stabilised by 3 samples of magnesium hydroxide after 48 hours, 

from microscopy. 
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Figure 93. Variation of d(0.5) values (a percentile indicating half of the droplet diameters are 

smaller than the given value) with particle concentration for isooctane-in-water emulsions (1:1 

volume) stabilised by 3 samples of magnesium hydroxide 45 days after homogenisation from 

light diffraction. 

 

Figure 94. Variation of D[4,3] values (mean weighted volume of the droplets) with particle 

concentration for isooctane-in-water emulsions (1:1 volume) stabilised by 3 samples of 

magnesium hydroxide 45 days after homogenisation, from light diffraction. 
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As previously seen in the literature 94, there was an initial increase in stability to coalescence, 

followed stability to coalescence remaining constant beyond a certain particle concentration. 

For each of the series of emulsions prepared at different magnesium hydroxide concentration, 

fO decreased as particle concentration was increased from 0.5 wt.% to 1 wt.%. For example, 

sample 24 at 0.5 wt.% fO was 0.35, which decreased to 0.2 when magnesium hydroxide 

concentration was increased to 1 wt.%. Beyond 1.0 wt.% Mg(OH)2, fO remained fairly 

constant. Generally remaining within the range of 0.2 ± 0.05 as shown in Figure 84. This trend 

in stability to coalescence was also evident in the mean droplet diameter values, which sharply 

decreased from between 100 µm – 200 µm at 0.5 wt.% to around 40 µm for magnesium 

hydroxide concentration 1.0 wt.% and above. 

The expected trend was also observed in terms of stability to creaming. As magnesium 

hydroxide concentration increased, viscosity of the emulsions also increased, due to an 

increased solid content being present in the emulsion, leading to a decrease in rate of creaming. 

This is reflected by fW values in Figure 89. The emulsion stabilised by sample 22 at 3.0 wt.% 

had a particularly low fW value of 0.3. This could perhaps be anomalous as it does not follow 

the trend within the series of emulsions stabilised by sample 22. The fW value of 0.6 for the 

emulsion stabilised by sample 22 at 4.0 wt.% is slightly higher than expected due to 

unexplained sedimentation of particles seen in Figure 80 (e) which is perhaps due to human 

error during homogenisation of this emulsion. Droplet diameter was apparently unaffected and 

followed the expected trend. 

The mean droplet diameter measurements from light scattering, Figures 93 and 94 were in 

agreement with measurements based on optical micrographs. 

Figure 95 suggests that at high magnesium hydroxide concentration, there is no longer room 

for particles to adsorb at the isooctane – water interface as it indicates the presence of Mg(OH)2 

in the continuous water phase which is typically amorphous and smooth. The carbon shown in 

the EDX spectrum is due to isooctane droplets, Oxygen is mainly attributed to the presence of 

water and Mg is from the magnesium hydroxide. Pt is present due to the coating of the sample. 
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Figure 95. Cryo-SEM images of isooctane-in-water emulsion from magnesium hydroxide 

sample 17 at 5.0 wt.% and accompanying EDX spectrum.  
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3.3.3 Stability of isooctane-in-water emulsions containing NaCl 

As [NaCl] increased from 0 M to 0.2 M, stability to coalescence increased overall, shown in 

Figure 96-Figure 99. This could be due to the weak flocculation leading to a more dense film 

of particles forming around the droplets 95. The particles then provide increased steric and 

electrostatic repulsion which prevents coalescence. However, as [NaCl] increased further from 

0.2 M to 0.5 M, stability to coalescence appeared to level off. This could indicate 0.2 M NaCl 

is the optimum concentration in terms of emulsion stability to coalescence. There was very 

little difference between floc size when [NaCl] was 0.2 M and 0.5 M as floc diameter was 

measured to be 1131 nm and 1356 nm respectively, Figure 65.  When the concentration of 

electrolyte is increased too much, flocs may be too large to improve stability to coalescence, 

as they do not adsorb at the interface quickly during homogenisation. Values of fW displayed 

little variation as a function of [NaCl]. This is because the major factors affecting creaming, 

density difference of the two phases, mean droplet diameter and viscosity did not appear to 

vary to a great extent. 

 

Figure 96. Emulsions of isooctane and NaCl solutions of varied concentration (1:1 volume 

ratio) formed from magnesium hydroxide sample 22 at 1.0 wt.% 30 days after homogenisation. 

[NaCl]/ M is: (a) 0, (b) 10-3, (c) 10-2, (d) 10-1, (e) 0.2, (f) 0.5. 
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Figure 97. Optical micrographs of emulsions of isooctane and NaCl solutions of varied 

concentration (1:1 volume ratio) formed from magnesium hydroxide sample 22 at 1.0 wt.% 48 

hours after homogenisation. [NaCl]/ M is: (a) 0, (b) 10-3, (c) 10-2, (d) 10-1, (e) 0.2, (f) 0.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a b 

c d 

f e 

200 μm 200 μm 

200 μm 200 μm 

100 μm 100 μm 



98 

 

Figure 98. Variation of fO and fW as a function of [NaCl] in isooctane-in-water emulsions 

(1:1 volume) stabilised by Mg(OH)2 sample 22 at 1.0 wt.%. 30 days after homogenisation. 

Figure 99. Variation of mean droplet diameter with [NaCl] for isooctane-in-water emulsions 

(1:1 volume) stabilised by Mg(OH)2 sample 22 at 1.0 wt.% 48 hours after homogenisation by 

microscopy. 

 

 

 

0

0.2

0.4

0.6

0.8

1

0

0.2

0.4

0.6

0.8

1

0 0.1 0.2 0.3 0.4 0.5

f Wf O

NaCl/ [M]

fo

fw

0

20

40

60

80

100

120

140

0 0.1 0.2 0.3 0.4 0.5

m
ea

n
 d

ro
p
le

t 
d

ia
m

et
er

/ 
µ

m

[NaCl]/ M



99 

 

3.3.4 Isooctane-in-water emulsions and temperature 

Isooctane-in-water emulsion stability was assessed as a function of storage temperature. An 

isooctane-in-water emulsion was prepared from sample 22 at 1.0 wt.% at room temperature 

and was heated/ cooled to a control temperature for 24 hours. Photographs of the emulsion after 

being stored at different temperatures can be seen in Figure 100, with optical micrographs of 

their respective droplets in Figure 101. As temperature increased from 10 oC to 40 oC, stability 

to coalescence did not change. Despite the fact droplets are more likely to collide as 

temperature increases due to possessing greater thermal energy at elevated temperatures, there 

may not have been enough energy supplied to remove the particles from the isooctane – water 

interface. This means the particles continued to provide steric and electrostatic repulsion 

between droplets preventing coalescence. However, beyond 40 oC, fO values increased slightly 

indicating some coalescence had occurred, seen in Figure 102. Sedimentation also slightly 

increased beyond this temperature, suggesting that some particles had been removed from the 

interface which promoted coalescence of emulsion droplets due to decreased levels of 

repulsion. There is no apparent change in droplet size, evident in Figure 103. Due to magnesium 

hydroxide having a very high melting point, 350 oC, it is not surprising that very little variation 

was seen from 10 oC – 60 o C. In previous studies 96, it was suggested that the emulsion begins 

to destabilise at a temperature where the particles begin to melt and desorb from the interface. 

Figure 100. Isooctane-in-water emulsions (1:1 volume) stabilised by magnesium hydroxide 

sample 22 at 1.0 wt. %, stored at a controlled temperature for 24 hours. (a) 10 oC, (b) 20 oC,  

(c) 30 oC, (d) 40 oC, (e) 50 oC, (f) 60 oC.  
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Figure 101. Optical micrographs of isooctane-in-water emulsions (1:1 volume) stabilised by 

magnesium hydroxide sample 22 at 1.0 wt. %, stored at a controlled temperature for 24 hours. 

(a) 10 oC, (b) 20 oC,  (c) 30 oC, (d) 40 oC, (e) 50 oC, (f) 60 oC.  
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Figure 102. Variation of fO and fW of isooctane-in-water emulsions (1:1 volume) stabilised by 

magnesium hydroxide sample 22 at 1.0 wt.% as a function of temperature after preparation 

(emulsion stored at a controlled temperature for 24 hours). 

 

Figure 103. Mean droplet diameter of isooctane-in-water emulsion (1:1 volume) stabilised by 

magnesium hydroxide sample 22 at 1.0 wt.% as a function of temperature after preparation 

(emulsion stored at a controlled temperature for 24 hours). 
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3.4 MMA-in-water emulsions 

Initially, it appeared as though a good emulsion had formed between MMA and water. For 

emulsions with isooctane, creaming occurs within seconds due to a relatively high density 

difference between isooctane and water. This was not the case with MMA as the emulsion 

remained as a single cloudy phase for a number of minutes as MMA has a significantly higher 

density, 0.9337 g/cm3 at 25 oC 97, than isooctane. The MMA-in-water emulsion from sample 

22 can be seen immediately after homogenisation as an example in Figure 104. 

Figure 104. MMA-in-water emulsion stabilised by sample 22 at 1.0 wt.% immediately after 

homogenisation. 

 

 

 However, as time since homogenisation elapsed, emulsions of MMA-in-water soon began to 

quickly destabilise. Sedimentation of magnesium hydroxide particles occurs, quickly followed 

by coalescence of the oil phase, forming a layer of MMA as the top layer of the system. The 

droplets become visible by eye at around 30 minutes – 1 hour after homogenisation and 

typically, within 48 hours, complete phase separation of emulsions occurred.  MMA-in-water 

emulsions from magnesium hydroxide samples 19 and 22 remained past 48 hours. Figure 105 

shows the MMA-in-water emulsions forty- eight hours after homogenisation. 
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Figure 105. Photographs of MMA-in-water emulsions (volume 1:1) 48 hours after 

homogenisation. The emulsions were stabilised by 1.0 wt.% of various magnesium hydroxide 

samples, synthesised from magnesium chloride hexahydrate and sodium hydroxide. (a) Sample 

16, (b) sample 17, (c) sample 18, (d) sample 19, (e) sample 20, (f) magnesium hydroxide 

sample 21, (g) sample 22, (h) sample 23, (i) sample 24, (j) sample 25, (k) sample 26. 
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However, for all MMA-in-water emulsions in this series, complete phase separation occurred 

within 7 days after homogenisation. The MMA-in-water emulsions formed could be so poor 

due to MMA being somewhat polar and therefore partially water soluble, solubility of MMA 

= (0.016 g/ml in water at 20 oC 97). This is not a problem for isooctane-in-water emulsions as 

isooctane is considered to be insoluble in water. 

Although MMA has a higher liquid surface tension (0.028 N/m 98) than isooctane (0.016 N/m 

99) MMA has a much lower interfacial tension against water (0.019 N/m 98) than isooctane 

(0.058 N/m 100). Equation 2 states that as interfacial tension increases, more energy is required 

to remove the Mg(OH)2 particles from the interface. This may also be a factor leading to 

isooctane-in-water emulsions having a better long-term stability than MMA-in-water 

emulsions when stabilised by Mg(OH)2. It is not thought that contact angle affected long-term 

stability as o,w and w,o values were similar when isooctane and MMA were used as the oil, 

based on the results of this study. o,w and w,o contact angle measurements carried out in this 

study were   Long-term stability of MMA-water emulsions is often not discussed in literature. 

3.4.1 MMA-in-water emulsions with added electrolyte 

When electrolytes were added to the MMA-in-water emulsions, long-term stability slightly 

increased. As [NaCl] increases, very little variation in fW was observed. fO values decrease 

from 0.5 to 0.35, which can be noted in figure 106 and figure 107. Figure 62 shows that as 

[NaCl] increases from 10-2 M to 0.2 M, the mean particle diameter increases from 1169 nm to 

1356 nm. The agglomerated particles at increased [NaCl] could form a thicker layer of particles 

at the interface and this could reduce the rate of dissolution of MMA in water. fW values are 

larger than expected when considering the height of the emulsion layer remaining. This could 

be due to some of the MMA dissolving already, which increases the height of the layer of 

water. There was no obvious correlation between [NaCl] and mean droplet diameter, which 

can be observed in Figure 107 and 109. 

The emulsions continued to destabilise with time. Thirty days after homogenisation, all of the 

emulsions had completely phase separated, evident in Figure 110. 
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Figure 106.  MMA-in-water emulsions (1:1 volume) with varied [NaCl] stabilised by 

Mg(OH)2 sample 22 at 1.0 wt.% 48 hours after homogenisation. [NaCl]/ M: (a) 0, (b) 10-3, (c) 

10-2, (d) 10-1 M, (e) 0.2, (f) 0.5. 
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Figure 107. Optical micrographs of emulsions between MMA and NaCl solutions of varied 

concentration (1:1 volume ratio, formed from magnesium hydroxide sample 22, 1.0 wt. %) 48 

hours upon homogenisation. a. [NaCl] = 10-3 M, b. [NaCl] = 10-2 M, c. [NaCl] = 10-1 M, d. 

[NaCl] = 0.2 M, e. [NaCl] = 0.5 M, 15 days after homogenisation (taken from centre of 

emulsion layer). 
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Figure  108. fO and fW as a function of [NaCl] in MMA-in-NaCl solution (aq.) emulsions (1:1 

volume), stabilised by Mg(OH)2 sample 22, 1.0 wt. %. 48 hours after homogenisation. 

 

Figure 109. Variation of mean droplet diameter with [NaCl] for MMA-in-NaCl solution (aq.) 

emulsions (1:1 volume) stabilised by Mg(OH)2 sample 22, 1.0 wt. %, 48 hours after 

homogenisation, by microscopy. 
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Figure 110. MMA-in-water emulsions (1:1 volume) with varied [NaCl], stabilised by 

Mg(OH)2 sample 22, 1.0 wt.%, 48 hours after homogenisation. a. [NaCl] = 0 M, b. [NaCl] = 

10-3 M, c. [NaCl] = 10-2 M, d. [NaCl] = 10-1 M, e. [NaCl] = 0.2 M, f. [NaCl] = 0.5 M, 30 days 

after homogenisation. 

 

 

 

 

 

 

 

 

3.5 Variation of isooctane fraction in mixtures with MMA 

Emulsions with different mixtures of isooctane and MMA as their oil phase were prepared. 

Emulsion stability to coalescence and creaming increased as fraction of isooctane, ᶲiso, 

increased. Which is evident from the increased volume of oil and water liberated from the 

emulsions at lower ᶲiso, seen in Figure 104. At Φiso 0 and 0.1, complete phase separation 

quickly occurred. At ᶲiso = 0.2, the emulsion did not phase separate but was of poor quality 

and the diameter of the oil droplets were very large and were visible to the eye. As ᶲiso of the 

oil phase increases, the droplet diameter decreases, seen in Figures 105, 106 and 108, indicating 

that the emulsion becomes more stable to coalescence. This was expected due to magnesium 

hydroxide particles successfully stabilising emulsions of water and isooctane (1:1 volume), but 

not so successful in stabilising emulsions of water and MMA (1:1 volume). Between ᶲiso = 0.3 

ᶲiso – 0.5, the mean droplet diameter was almost constant at around 325 μm. From ᶲiso = 0.5– 

0.9, the mean droplet diameter decreased in an almost linear fashion, from 325 μm to around 

50 μm. At ᶲiso = 1, the mean droplet diameter was around 47 μm. As ᶲiso increases, the 

emulsions become more stable which is evident from the mean droplet diameter and fO/fW 

values decreasing, evident in the photographs of Figure 104 and also Figure 107. 

a c d b e f 
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According to the Stokes equation, eq. 11, there are 3 main factors to take into account when 

considering the rate of creaming in this experiment. These are difference in density between 

oil phase and aqueous phase, difference in viscosity and the difference in mean droplet 

diameter. As ɸ iso decreases, the difference in density between oil phase and aqueous phase also 

decreases. However, despite this, as ᶲiso decreases, the stability of the emulsions to creaming 

also decreases. This suggests that the mean droplet diameter has a greater effect on emulsion 

stability in terms of creaming than difference in density between the two phases in this 

experiment.  As  ᶲiso increases, droplet diameter decreases. 

Figure 111. Photographs of emulsions containing Milli-Q water and an oil phase containing 

different ratios of isooctane and MMA (1:1 volume ratio with respect to oil: water) stabilised 

by sample 22 at 1 wt.%, 38 days after homogenisation ᶲiso: (a) 0, (b) 0.1, (c) 0.2, (d) 0.3, (e) 

0.4, (f) 0.5, (g) 0.6, (h) 0.7, (i) 0.8, (j) 0.9, (k) ᶲiso 1.0. 
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Figure 112. Optical micrographs of emulsions of emulsions containing Milli-Q water and an 

oil phase containing different ratios of isooctane and MMA (1:1 volume ratio with respect to 

oil: water) stabilised by sample 22 at 1 wt.%, 48 hours after homogenisation Φiso: (a) 0.2, (b) 

0.3, (c) 0.4, (d) 0.5. 
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Figure 113. Optical micrographs of emulsions of emulsions containing Milli-Q water and an 

oil phase containing different ratios of isooctane and MMA (1:1 volume ratio with respect to 

oil: water) stabilised by sample 22 at 1 wt.%, 48 hours after homogenisation Φiso: (a) 0.6, (b) 

0.7, (c) 0.8, (d) 0.9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

b 

c d 

a 

500 μm 
500 μm 

200 μm 100 μm 



112 

 

Figure 114. Variation of fO and fW as a function of Φiso of the oil phase for oil-in-water 

emulsions (1:1 volume) where isooctane is mixed with MMA stabilised by 1 wt.% of 

magnesium hydroxide sample 19 40 days after homogenisation. 

 

Figure 115. Variation of mean droplet diameter with Φiso for oil-in-water emulsions (1:1 

volume) where isooctane is mixed with MMA stabilised by 1 wt. % of magnesium hydroxide 

sample 19 48 hours after homogenisation from microscopy. 
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3.6 Contact angle measurements 

Contact angle measurements of water drops on brucite were taken in different conditions. 

Brucite was chosen as it was easy to cut and yield a fresh, flat surface. θa,w, θw,o and θo,w of a 

water drop at neutural pH were recorded and are presented in Table 3 and Table 5. Contact 

angles were also recorded for a water drop of pH 10.5 on brucite, seen in Table 4 and 6. During 

the experiment the oil used was also varied. Both isooctane (Tables 3 and 4) and MMA (Tables 

5 and 6) were used. 

Table 3. Average contact angles taken where brucite is the substrate. The droplet is 10 µl Milli-

Q water (neutral pH) and the oil is isooctane. 

 θa,w θw,o θo,w 

Advancing 

contact angle/ o (± 

5o) 

64.3 42.0 83.1 

Receding contact 

angle/ o (± 5o) 

44.5 27.1 72.0 

Table 4. Average contact angles taken where brucite is the substrate. The droplet is 10 µl 

Milli-Q water (pH 10.5) and the oil is isooctane. 

 θa,w θw,o θo,w 

Advancing 

contact angle/ o (± 

5o) 

73.3 45.6 84.9 

Receding contact 

angle/ o (± 5o) 

49.6 31.1 70.3 
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Table 5. Average contact angles taken where brucite is the substrate. The droplet is 10 µl 

Milli-Q water (neutral pH) and the oil is MMA. 

 θa,w θw,o θo,w 

Advancing 

contact angle/ o (± 

5o) 

64.3 49.2 79.8 

Receding contact 

angle/ o (± 5o) 

44.5 33.4 66.5 

 

Table 6. Average contact angles taken where brucite is the substrate. The droplet is 10 µl 

Milli-Q water (pH 10.5) and the oil is MMA. 

 θa,w θw,o θo,w 

Advancing 

contact angle/ o (± 

5o) 

73.3 46.3 83.5 

Receding contact 

angle/ o (± 5o) 

49.6 32.7 74.6 

 

The θa,w values recorded in this experiment support the fact that magnesium hydroxide is 

partially hydrophobic and therefore will stabilise oil-in-water emulsions. Different pH of the 

water droplet did not appear to make a great difference on the contact angle. This could be that 

once the water has been placed on the brucite, pH increases from neutral pH to around 10.5, 

which is the pH of a magnesium hydroxide aqueous dispersion. Contact angles recorded for 

θw,o and θo,w did not change greatly when MMA was used in place of isooctane as the oil. 

Considering the fact that isooctane produces stable emulsions with Milli-Q water, and MMA 

produces very unstable emulsions, this is somewhat surprising. The difference in stability is 

not due to differences in contact angle. 
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The θw,o are the most relevant here to show how magnesium hydroxide is behaving in the 

emulsions formed in this project, because the magnesium hydroxide sample first contacts the 

water, not the oil, during the preparation of each of the emulsions. 

However, the contact angle measurements taken here may be doubtful as it was expected that 

θw,o values would be greater than θa,w. Perhaps the low values of θw,o seen here are due to oil 

penetrating the brucite, having an adverse effect on contact angles. 
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4. Conclusions and Future Work 

When Mg2+ ions or OH- ions were in excess in the formation of magnesium hydroxide, large, 

rod-like particles which were around 2 µm in length were formed. This was also true for 

magnesium hydroxide formed at 50 oC. The other magnesium hydroxide samples formed from 

a weak base in this experiment were around 150 – 200 nm in diameter and possessed platelet 

and rod-like morphologies. The magnesium hydroxide samples formed from a strong base were 

not as strongly affected by reaction conditions and all of the particles had a diameter of around 

100 – 200 nm. Each of the magnesium hydroxide particles had a zeta potential in the range of 

16 mV ±5 mV and there was no apparent correlation between reaction conditions and zeta 

potential of particles. 

The different samples of magnesium hydroxide all produced isooctane-in-water emulsions. 

There was no apparent link between particle size and morphology and emulsion stability. 

Isooctane-in-water emulsions did not destabilise beyond 48 hours after homogenisation. 

When magnesium hydroxide concentration was varied in isooctane-in-water emulsions, fW 

decreased with increasing magnesium hydroxide concentration. An initial decrease of fO was 

observed when magnesium hydroxide concentration was increased from 0.5 wt. % to 1.0 wt. 

%, beyond this point fO values levelled off. When NaCl was introduced to isooctane-water 

systems, stability to coalescence slightly increased. Indicated by a decreasing fO value. This 

trend continued as [NaCl] increased to 0.2 M. Beyond this point, stability to coalescence 

appeared to remain constant until 0.5 M. Increasing temperature had very little effect on 

emulsion stability. 

MMA-in-water emulsions showed very poor long-term stability, completely destabilising 

within 7 days following homogenisation. When NaCl was introduced to the system, long-term 

stability was increased. The emulsions destabilised in around 30 days following evidence of 

deterioration.  

When different ratios of isooctane and MMA were used as the oil phase of emulsions, the 

emulsion containing a greater fraction of isooctane were more stable. 

Suggestions of future work include noting the effect of added electrolytes in systems containing 

both isooctane and MMA in the oil phase. It would also be interesting to note the effect on 

emulsion stability of varied volume of oil: volume of water. Adding a surfactant to the systems 

may also be of interest. 
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6. Appendix 

Appendix 1. XRD pattern for magnesium hydroxide sample 1. 

 

Appendix 2. XRD pattern for magnesium hydroxide sample 2. 
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Appendix 3. XRD pattern for magnesium hydroxide sample 3. 

 

Appendix 4. XRD pattern for magnesium hydroxide sample 4. 
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Appendix 5. XRD pattern for magnesium hydroxide sample 5. 

 

Appendix 6. XRD pattern for magnesium hydroxide sample 6. 

 

 

 

 

 

 

 

 

 

 



129 

 

Appendix 7. XRD pattern for magnesium hydroxide sample 7. 

 

Appendix 8. XRD pattern for magnesium hydroxide sample 8. 
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Appendix 9. XRD pattern for magnesium hydroxide sample 9. 

 

Appendix 10. XRD pattern for magnesium hydroxide sample 10. 
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Appendix 11. XRD pattern for magnesium hydroxide sample 11. 

 

Appendix 12. XRD pattern for magnesium hydroxide sample 12. 
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Appendix 13. XRD pattern for magnesium hydroxide sample 13. 

 

Appendix 14. XRD pattern for magnesium hydroxide sample 14. 
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Appendix 15. XRD pattern for magnesium hydroxide sample 15. 

 

Appendix 16. XRD pattern for magnesium hydroxide sample 16. 
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Appendix 17. XRD pattern for magnesium hydroxide sample 17. 

 

Appendix 18. XRD pattern for magnesium hydroxide sample 18. 
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Appendix 19. XRD pattern for magnesium hydroxide sample 19. 

 

Appendix 20. XRD pattern for magnesium hydroxide sample 20. 
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Appendix 21. XRD pattern for magnesium hydroxide sample 21. 

 

Appendix 22. XRD pattern for magnesium hydroxide sample 22. 
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Appendix 23. XRD pattern of magnesium hydroxide sample 23. 

 

Appendix 24. XRD pattern of magnesium hydroxide sample 24. 
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Appendix 25. XRD pattern for magnesium hydroxide sample 25. 

 

Appendix 26. XRD pattern for magnesium hydroxide sample 26. 
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Appendix 27. FT-IR spectrum of magnesium hydroxide sample 1. 

 

Appendix 28. FT-IR spectrum of magnesium hydroxide sample 2. 
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Appendix 29. FT-IR spectrum of magnesium hydroxide sample 3. 

 

Appendix 30. FT-IR spectrum of magnesium hydroxide sample 4. 
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Appendix 31. FT-IR spectrum of magnesium hydroxide sample 5. 

 

Appendix 32. FT-IR spectrum of magnesium hydroxide sample 6. 
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Appendix 33. FT-IR Spectrum of magnesium hydroxide sample 7. 

 

Appendix 34. FT-IR spectrum of magnesium hydroxide sample 8. 

 

 

 

 

 

 

 

 

 

 

 



143 

 

Appendix 35. FT-IR spectrum of magnesium hydroxide sample 9. 

 

Appendix 36. FT-IR spectrum of magnesium hydroxide sample 10. 
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Appendix 37. FT-IR spectrum of magnesium hydroxide sample 11. 

 

Appendix 38. FT-IR spectrum of magnesium hydroxide sample 12. 
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Appendix 39. FT-IR spectrum of magnesium hydroxide sample 13. 

 

Appendix 40. FT-IR spectrum of magnesium hydroxide sample 14. 
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Appendix 41. FT-IR spectrum of magnesium hydroxide sample 15. 

 

Appendix 42. FT-IR spectrum for magnesium hydroxide sample 16. 
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Appendix 43. FT-IR spectrum for magnesium hydroxide sample 17. 

 

Appendix 44. FT-IR spectrum for magnesium hydroxide sample 18. 
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Appendix 45. FT-IR spectrum for magnesium hydroxide sample 19. 

 

Appendix 46. FT-IR spectrum for magnesium hydroxide sample 20. 
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Appendix 47. FT-IR spectrum for magnesium hydroxide sample 21. 

 

Appendix 48. FT-IR spectrum for magnesium hydroxide sample 22. 
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Appendix 49. FT-IR spectrum for magnesium hydroxide sample 23. 

 

Appendix 50. FT-IR spectrum for magnesium hydroxide sample 24. 
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Appendix 51. FT-IR spectrum for magnesium hydroxide sample 25. 

 

Appendix 52. FT-IR spectrum for magnesium hydroxide sample 26. 
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