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Abstract 

The separation of water and particles from diesel is becoming an increasingly 

pressing issue for the diesel engine. This is as a result of the increase in 

environmental constraints forcing engine manufacturers to reduce the 

emissions of their engines (exhaust gasses and particulate matter). In order to 

do this high-pressure common rail systems were introduced, the increased 

pressure meant that the tolerances within the engine were made to be tighter. 

The tighter tolerances mean that the removal of particles and water to avoid 

the effect of abrasion and corrosion is even more imperative. 

This thesis will first examine filters that have been fouled in real engines. The 

filters have been fouled in three different fuel markets (Sweden petroleum, 

Brazil petroleum and Brazil biodiesel). The chemical physical changes to the 

filter as a result of the fouling have been examined. Any differences between 

the different fuel markets have been noted. It was shown conclusively that 

there are two main factors that affect the water separation efficiency, the 

surface free energy and the trans filter pressure (shear force at the pore walls) 

The findings of this informed the development of a new coating intended to 

not only increase the immediate water separation efficiency of the filter, but 

the end-of-life performance as well. 

The coating was formed using a modified Stöber process, in which a 

hydrophobic functionalising agent is used to create hydrophobic 

microspheres that were applied to the surface of the filter. Three different 

functionalising agents were examined, two silane-based agents and one acid 

based. It is shown that it is possible to create superhydrophobic silica spheres 

using a facile one-pot method for all the functionalising agents examined. It 

was found that the fluorine containing silane was the most hydrophobic 

followed by the hydrocarbon-based silane and finally the acid based 

functionalising agent. 

Using a flow rig the immediate effect of the coatings was examined, this will 

be the most effective method for imitating the real running conditions for the 

filter. It is shown that all the coatings examined resulted in an increased 

instantaneous water separation efficiency when compared to an uncoated 

sample. A novel accelerated fouling technique was developed, this was vital 

in order to determine the end-of-life performance in a lab environment. It is 

shown that this technique is representative of what is seen in the samples 

returned from the field when applied to an uncoated sample. Once the filters 

were fouled, they were again tested in the flow rig to determine their end-of-
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life performance. The coated filters performed significantly better than the 

filter that was uncoated. The coatings formed with the fluorine containing 

functionalising agent had the greatest improvement when compared with the 

uncoated filter. 
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Chapter 1  

Introduction 

1.1 Research Proposal 

Water in fuel emulsions are common within diesel engines and can cause 

issues due to increased corrosion, development of microbial contaminants, 

and abrasion due to the high pressure (1). Water can enter the fuel in a number 

of ways, through atmospheric precipitation, changes in humidity and/or 

temperature or during transport and storage (1). The current technology that 

is used in diesel engines for the separation of water in fuel emulsions is 

filtration, the main challenge that is associated with this type of separation is 

the degradation of the filter due to fouling throughout its operational life. 

Additionally, it is difficult to ascertain whether a filter is separating water 

effectively while the filter is installed in the engine. The pressure drop across 

the filter is measured, but this will not indicate the water separation 

performance of the filter. The water level within the filter can be measured (2). 

However, without knowing the initial concentration of water in the fuel, the 

separation efficiency cannot be known. 

Currently, there are two different types of filters that are used in industry to 

separate water-in-diesel emulsions. One is the depth coalescence filter that 

uses a convoluted pathway to promote the coalescence of the water droplets 

within the diesel continuous phase and the effectiveness of this filter is 

dependent on a number of factors including, pore size distribution, fibre 

diameter and wettability of the fibres (3). These factors are all affected 

negatively by fouling. As the filter becomes fouled it loses its effectiveness 

significantly. The second is a barrier type filter that allows the passage of 

diesel but stops water from passing through. It is well known that the 

wettability of the fibres that make up the filter significantly affect the 

efficiency of the filter (3). It is also relatively well published that applying 

coatings or modifying surface functional groups changes the wettability of the 

material (4-6). Again, fouling is the main limitation of this type of filter. The 

foulant layer effects the wettability reducing the filters effectiveness also the 

barrier filter is particularly sensitive to blockages because it is a dead end filter 

(7). 
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1.1.1 Aims and Objectives 

The overall aim of the project is to develop a barrier filter to remove water 

from water in diesel emulsions. The project will take a barrier filter currently 

manufactured by Parker Hannifin and improve it in two ways, the 

instantaneous water separation efficiency should be improved as well as the 

end of life water separation once the filter has been fouled.  

The first aim of the project is to assess the fouling that occurs in the field. It is 

necessary to determine whether the fuel market has an effect on the type of 

fouling that is seen. This will help ascertain whether different solutions are 

required for different fuel markets. Fuel markets can differ in terms of diesel 

quality, biodiesel blend and running climate. 

This will be achieved by: 

1. Examining the physical changes that occur during the fouling process. 

Using filters fouled in different fuel markets assess whether the fuel 

market has an impact upon the physical change to the filter. 

2. Examining the chemical changes to the filter, with particular emphasis 

to the changes at the surface. Again, the impact of the different fuel 

markets should be determined. 

3. Identify the key factors effecting the water separation efficiency, 

especially the end-of-life water separation efficiency. 

4. Develop a model or index to determine the level of fouling that has 

occurred and how this is likely to have related to the water separation 

efficiency. 

 

The second aim of the project will be to develop a superhydrophobic coating 

that will be applied to the currently used melt blown non-woven polymer 

filters. The coating will be required to increase the roughness of the fibres and 

decrease the surface energy. 

This will be achieved by: 

1. Developing three different one stage processes for forming silica 

microspheres functionalised with low surface energy compounds. 

2. Forming a range of particles with different properties. 

a. Diameter. 

b. Morphology. 

c. Thickness of the functionalised shell. 

3. Assessing the hydrophobicity of the of the as prepared microspheres. 
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4. Applying the microspheres to the surface of the filter material and 

determining whether the coating process has significantly changed the 

physical properties of the filter. 

5. Selecting an appropriate number of coatings to be examined further 

based on the key factors that affect the water separation identified in 

the first aim. 

  

The third and final aim of the project will be to show that the coating has 

improved both the immediate water separation efficiency and increased end 

of life performance.  

This will be achieved by: 

1. Assessing the instantaneous water separation efficiency of the filter. 

Determine whether the theory that increasing the hydrophobicity 

results in an improvement in water separation efficiency for water in 

diesel emulsions. 

2. Developing a method for determining the end-of-life water 

separation efficiency of the coated filters. 

a. Through examining the response of water separation efficiency 

to an increase in face velocity, mimicking the pore scale 

increase in face velocity that occurs with pore blinding. 

b. Applying a foreign material to the surface that mimics the 

physical and chemical changes that were identified in the first 

aim. 

1.2 Motivation  

The motivation for this research has come as a result of a number of different 

changes to both diesel engines themselves and to the fuel being used. In order 

to comply with tightening environmental regulations, significant 

developments have been made in the efficiency of diesel engines, one of these 

developments is the introduction of the high pressure common rail (HPCR) 

(8). The introduction of HPCR diesel engines allowed for more control over 

the burn temperature and the completeness of the burn, these are the two 

driving factors of nitrous oxides (NOx) and particulate matter production. The 

high pressure allows for increased atomisation of the fuel, additionally 

multiple small injection volumes, in the order of micro litres, are used to help 

control the emissions. This move to small volumes and high pressure result 

in very small tolerances meaning that the removal of contaminants is even 
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more pertinent (1). One of the main contaminants that is required to be 

removed is water, this is because water can contribute to corrosion and 

microbial growth, also at high pressures the water droplets within the fuel 

may act like hard particles if sufficient surfactant is present (9). 

Another change that has been required is the reduction in sulphur within the 

fuel, this was done in stages dependant on the geographical location and the 

regulator of that area. Overall the current limit is around 15ppm for most 

developed countries (1, 10). The reason that the reduction in sulphur is of 

concern is that the process of removing the sulphur appears to dramatically 

reduce the lubricity of the fuel, this resulted in a drastic increase in the number 

of engine failures that were observed. The decrease in lubricity was found to 

be caused by the removal of the polar compounds during 

hydrodesulphurisation. In order to counter the reduced lubricity surfactants 

are added, the downside of adding the surfactants is that the water droplets 

within the fuel become more stable and smaller making them more difficult 

to remove (1). 

The addition of biodiesel has become more commonplace in recent years, this 

also brings with it some issues. It is known that biodiesel is more hygroscopic 

than petroleum diesel, meaning that it can hold more dissolved water (11). 

This property means that in humid climates with large fluctuations in 

temperature will have a higher free water concentration. Not only is this an 

issue because it means having to remove more water from the system, there 

is also a possibility that the water may have an adverse reaction with the esters 

in the biodiesel creating carboxylic acids and alcohols (11). 

There would be a significant benefit in developing a coating that can improve 

the end-of-life performance of a currently used filter. If this were successful it 

would be possible to continue manufacturing filters using the same 

methodology with only a slight change in which the filters are coated with the 

superhydrophobic coating at some point in the process. This would be 

preferable to developing a novel material because the process of development 

would be significantly more challenging and the outcome would be 

significantly more expensive to implement. 

Currently there is no commonly used method for determining the water 

separation efficiency of diesel fuel filters installed on trucks in situ. One 

motivation is to provide a lab scale method for accelerated fouling that is 

representative of what is seen in the field. This will allow filter manufacturers 

to estimate the water separation efficiency based on the pressure drop across 

the filter, something that is much easier to monitor in situ. This is something 
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that can be tailored for the specific fuel market in which the filters are being 

used. 

In summary the motivation for this research has come from a change in both 

the types of engines that are being used and from changes to the fuel market, 

resulting in reduced performance and premature failure of fuel filters. It is 

possible that this will be a continuing and even worsening issue as more 

stringent environmental regulations force more changes to the fuel and to 

engine running parameters. 

1.3  Overview of the issue 

Water can enter the fuel system through a number of different routes. The 

main route is condensation and precipitation or from the humidity in the air, 

this can happen during transit of the fuel, during the storage of the fuel and 

to a more minor degree during the refining process (12). Once there is water 

within the fuel it can exist in two way’s dissolved and free water, the water 

that is dissolved within the fuel cannot be removed through filtration, 

therefore this project will be focussing on the effects of free water (13). It 

should be noted that while the dissolved water is not directly being studied 

the solubility of water is temperature dependant meaning that if the 

temperature drops some of the dissolved water will become free water 

provided that the fuel is saturated with water (13).  

As can be seen from Figure 1-1 below for pure diesel a drop of 20°C would 

result in an increase in the free water content of 40mg/kg which is not 

considerably high. However, the addition of biodiesel has a significant impact 

of this effect. Biodiesel is more hygroscopic and therefore has a higher 

dissolved water content when saturated, this means that a drop in 

temperature would result in an increased amount of free water being released 

into the system. An example of a saturation curve for pure biodiesel can be 

seen in Figure 1-2. A saturation curve shows the maximum amount of water 

that can be dissolved within a specific insoluble liquid for a given 

temperature. If the liquid at a high temperature is at saturation and the 

temperature drops, the water in the solution will condense and become free 

water. It is this water that needs to be removed by the water separation filter 

being examined in this project.  
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Figure 1-1: Solubility curve for pure diesel [7]. 

 

Figure 1-2: Solubility curve for pure biodiesel [7]. 

The addition of additives results in another issue, due to the fact that some 

additives are inherently surfactants they result in the reduction of the 

interfacial tension between the diesel fuel and the water droplets. Interfacial 

tension is defined as the energy required to create a unit area at the interface 

between two immiscible fluids (14). This essentially means that smaller 

droplets (i.e. larger surface area per volume of liquid) will be more stable at 

lower interfacial tensions due to the fact that the thermodynamic driving force 

for coalescence is reduced (14). The more stable the smaller droplets are the 

more difficult it will be to separate the water in diesel emulsion. 
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Fuel regulation has a significant effect upon the composition of the fuel, this 

type of regulation strives to provide consistent fuel that will not cause any 

unexpected harm to the vehicle. Another type of legislation that can have an 

effect upon the fuel is legislation that concerns the environmental impact of 

diesel-powered vehicles. This can have an effect because while in some cases 

it is possible to feasibly modify the engine in order to improve the emissions, 

it is sometimes necessary to change the composition of the fuel in order to 

bring the emissions levels within the required constraints (15). The most 

commonly used example for this is the move to lower sulphur fuels that has 

been necessary. It should be noted that due to the fact that the composition is 

primarily controlled through legislation, it is likely that the legislation and 

therefore the fuel composition are not consistent throughout the world (15). 

1.3.1 Sulphur content 

The majority of developed countries have particularly strict fuel quality 

regulations when it comes to the restriction of sulphur. The maximum limits 

for sulphur content in these developed counties is 50ppm or in some cases 

10ppm (10). The EU regulation currently is for a maximum sulphur content 

of 10ppm, this has come down significantly over the past 20-30 years. The 

table below summarises the change in maximum sulphur level regulations 

over time by the EU. 

Table 1.1: Change in the maximum sulphur regulations for the EU over 

time. (16-18) 

Year Sulphur Level (ppm) 

1994 2000 

1996 500 

2000 350 

2005 50 

2009 10 

Similarly in the USA there have also been reductions in the maximum allowed 

sulphur content. The reduction in the sulphur levels was not done as 

incrementally as was done in the EU. It reduced to a maximum level of 

500ppm in 1993, then down to a maximum level of 15ppm in 2006 and finally 

to a maximum content of 10ppm in 2017 (19).  

Another country with a large market share of the fuel consumption market is 

China. China overall has not historically had as stringent limits in place to 
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reduce sulphur associated gases. Up until 2009 the maximum allowable 

sulphur content in diesel fuel was 500ppm, this was reduced to 350ppm in 

2011 (20). There was some variance with mega cities like Beijing requiring 

more stringent limits (50ppm) to maintain suitable air quality (21). Euro V 

standards are a regulation put in place by the European Union to regulate the 

emissions of motor vehicles, it states the maximum allowable nitrous oxides 

(NOx) and particulate matter (pm) that can be emitted by vehicles per 

kilometre (120mg/km – NOx and 5mg/km – pm) it also sets the maximum 

allowable sulphur content of liquid fuels (22). It was expected that China 

would bring its fuel sulphur regulations in line with Euro V standards 

(10ppm) in 2013, however this was not possible because of the inability to 

supply sufficient quantities of high quality fuel (23). However, it was possible 

to supply 50ppm diesel nationwide in 2013 and the 10ppm diesel was made 

available nationwide in 2017 bringing China in line with the Euro V standards 

(21). 

The other country of interest is India, again due to the fact that India is a 

developing country the phase in of lower sulphur fuels was slower that was 

seen for the USA and Europe. There was limited supply of the lower sulphur 

diesel, therefore in certain cities, mainly Delhi, the lower sulphur limits were 

implemented earlier (24). In 2001 500ppm diesel was implemented in selected 

cities, this limit was then brought into effect nationwide in 2005. Also in 2005, 

the limit of sulphur in fuels was reduced to 350ppm in selected cities, this limit 

was rolled out nationwide in 2010. Selected cities had the sulphur limits 

lowered to 50ppm in 2010, with the nationwide rollout coming in 2017. It is 

planned that the sulphur limit will again be lowered in 2020 to 10ppm to bring 

the regulations in line with the current Euro V regulations (24). 

The majority of countries are widely using ultra-low sulphur fuels, and those 

that are not have plans to in the near future. This means that if the lowering 

of the sulphur in fuels is causing an issue with the fouling of filters it is a 

global issue. It has been well documented that removing the sulphur 

containing contaminants from the fuel results in a decrease in lubricity (25). It 

is important that diesel fuel has certain lubricity because it is used to lubricate 

sliding and rolling parts within the pumps and injectors. It was found that 

upon the introduction of ultra-low sulphur diesel there was a dramatic 

increase in the number of engine failures observed, it was concluded that this 

was caused by the reduction in lubricity (25). 

Initially it was thought that the sulphur components were providing the 

lubricity of the fuel and for that reason removing them was reducing the 



- 9 - 

lubricity. It was found that by adding sulphur compounds back to the fuel 

after the hydrodesulphurisation process the lubricity was not returned to the 

original value, this shows that there is no clear link between the sulphur 

compounds and the lubricity (25). Some sulphur compounds slightly reduced 

wear, others had no effect, and some increased the wear. Therefore, it was 

concluded that some other compound must be removed during the process 

that provides the lubricity (26). Nitrogen compounds are also removed during 

the hydrodesulphurisation process, it was shown that there was some 

correlation between the concentration of nitrogen compounds within the fuel 

and the lubricity. However, the concentrations that were required to make a 

significant difference were extremely high (26). It was concluded that the 

lubricity comes from the combination of all of the polar components within 

the fuel, not one specific type. 

It has been found that the majority of the lubricity in diesel fuels is provided 

by polar compounds (27). The reason that polar compounds are effective at 

providing lubricity is that the polar head interacts with the metal oxide and 

the carbon chain then aids in the formation of an organic film (28). While 

initially it seems that this would not be a problem for the blocking of filters, 

in order to counteract the effect of removing the polar components additives 

were used in order to restore the lubricity of the fuel (29). Generally, the 

additives that are used for increasing the lubricity are high molecular weight 

polymers, it should be noted that if a fuel is over treated with additives, then 

filter blockages can occur. It is also of a concern that the lubricity additives 

may have adverse reactions with other additives further exacerbating the 

issue  (29). Additionally in some cases biodiesels are used as lubricity 

enhancers, this is possible because they are predominantly made up of polar 

fatty acid methyl esters (30). The effect of the biodiesel addition will be 

discussed further in the next section. 

1.3.2 Biodiesel content 

There is currently a drive to increase the amount of biodiesel blended with 

petroleum diesel worldwide. The reason the governments are attempting to 

increase the concentration of biodiesel is that it is seen as a carbon neutral 

source of energy, thus reducing the overall carbon footprint associated with 

transport. Currently the worldwide policy driver for the use of biodiesel is the 

USA. This has been achieved by enforcing a minimum use of biodiesel per 

year in the country, this was set at 500 million gallons/ year in 2009 increasing 

to 1 billion gallons/ year in 2012 this is approximately 2.5% of the total diesel 

usage (31). 
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It may be difficult to ascertain whether biodiesel has been added to fuels in 

the EU because there is no need to label the fuel as such until the concentration 

is in excess of 5% (32). In low concentrations the biodiesel is used as a lubricity 

improver as stated in the previous section, however in many countries are 

attempting to increase the amount of biodiesel in fuels in order to comply with 

EU directive 2003/30/EU (32). This directive ensures that all member states 

promote the use of biofuels, it does not give a minimum concentration in 

regular diesel fuel but rather gives a minimum target for the proportion of the 

energy for transport that must be provided by biofuels at 2% increasing every 

year by 0.75% until 2008 when it will be 5.75% (32). 

Various countries have used biodiesel indifferent concentrations, Germany 

has some vehicles that run on 100% biodiesel although this is not widespread. 

A seemingly more viable and more common method for incorporating 

biodiesel is by blending it with petroleum diesel, as has been mentioned 

already this is done in different quantities (32). In the US there are some 

demonstration fleets that have been successfully run on a blend of 20% 

biodiesel and 80% petroleum diesel (B20). There are financial benefits of 

running with biodiesel in the US due to a government backed initiative called 

the ‘Biodiesel Fuel Use Credit Ruling’. However, many fleets do not go with 

a very high percentage of biodiesel due to concerns that issues may arise with 

the longevity of engine components. B5 (5% biodiesel blends) are commonly 

used and this concentration is widely approved by engine manufacturers and 

often is the standard factory fill fuel (32). 

Many different feedstock can be used to create fatty acid methyl esters 

(FAME) and it has been shown that the feedstock used to create the biodiesel 

can have an effect upon the tendency of the fuel to block filters (33). An 

example of a FAME molecule can be seen in Figure 1-3. In a study by Fersner 

and Galante-Fox (33) various biodiesels from different feedstock were tested 

for the filter blocking characteristics, additionally differing amounts of sterol 

glucosides, saturated mono-glycerides and sodium carboxylates were added 

to assess their effect of filter blocking. The four different feedstock that were 

tested were rapeseed (RME), used cooking oil (UCOME), coconut (CME) and 

soy (SME). It was found that when testing B10 (10% biodiesel, 90% petroleum 

diesel) blends that the following trend with respect to filter blocking was 

observed UCOME>RME>CME>SME with UCOME performing the best and 

SME performing the worst. Interestingly when adding saturated mono-

glycerides the following trend was seen RME>UCOME>CME>SME (33). 
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Figure 1-3: Example of a fatty acid methyl ester. 

Various countries use different sources of biodiesel, this means that different 

countries are more likely to have issues with filter blocking related to 

biodiesel than others. In the US and Brazil the most commonly used feedstock 

for biodiesel is soy, in the EU the most common feedstock is rapeseed and in 

Asia palm oil is the most common (34). It is known that biodiesel from a soy 

feedstock is more susceptible to blocking filters, additionally it is known that 

the blocking effect is increased significantly with the presence of 

contaminants like mono-glycerides, sterol glucosides and carboxylate salts. 

This would suggest that the addition of biodiesel with a soy feedstock is more 

likely to cause issues, especially if contaminants are present within the fuel 

(33). 

Another important factor to consider is the oxidation stability of the various 

types of biodiesel. The reason that this is of interest is that the species that are 

formed as a result of the oxidation are often insoluble, these insoluble species 

may then contribute to filter blockages (35). Lopes and Geng (36) conducted a 

study looking at the elemental composition of biodiesels from various 

feedstock, as a part of this the oxidation stability was assessed using the 

EN14112 test method (36). In the study biodiesel from the following feedstock 

were investigated: soy (SME), rapeseed (RME), corn (CME), animal fat (AME) 

and waste vegetable oil (WVOME). It was found that biodiesel from the soy 

feedstock has the worst oxidation stability at 3 hours and biodiesel from the 

animal fat feedstock had the best at 8.5 hours. The complete order was as 

follows AME>RME>WVOME>CME>SME (36). It is though that the oxidation 

stability is effect by the degree of unsaturation of the esters in the fuel, with 

oxidation stability being worse with increasing unsaturation. It was found in 

a study by Wadumesthrige et al. (35) that SME had significantly larger content 

of unsaturated species, this helps confirm the link between unsaturation and 

oxidation stability.  

Schwab et al. (37) conducted a study looking at the effect of different additives 

on internal injector deposits, specifically looking at the problem in the US. It 

was noted that the issue was not found in engines located in California, there 

was no theory provided on why this might be. However, in an article in 

Render magazine it was stated that the major feedstock that is used in 
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California is corn, followed by animal tallow. As discussed before, in the US 

the primary feedstock is soy bean (38). This further solidifies the theory that 

the biodiesel feedstock may have an impact upon the fuel propensity to block 

filters because the soybean feedstock was found to be the worst in terms of its 

sensitivity to contaminants and was also had the worst oxidation stability. 

1.3.3 Additive interactions 

It has been suggested that in some cases the interaction between additives 

within the fuel can lead to the formation of insoluble compounds. In some 

cases the additives that are present in the fuel alone may interact with each 

other, although it is possible that if the fuel becomes contaminated with oil 

then the additives that are present within the oil could interact unfavourably 

(39, 40). The interaction between dimer acids that are often used as lubricity 

enhancers in the fuel and over based detergents that are in the oil can result 

in aggregations of particles that may contribute to the blockage of filters (40). 

Another common problem that is found is the interaction between sodium 

contaminants and additives within the fuel, this is a problem for both injector 

deposits and for filter blocking. The primary issue is when acidic additives 

react with sodium compounds that have found their way into the fuel forming 

carboxylate salts, these carboxylate salts are insoluble in the fuel and thus 

precipitate and form deposits on either the injectors of the fuel filters (39). It 

was shown by Barker and Cook that sodium in the form of sodium hydroxide 

was the most likely to cause issues with carboxylate formation and 

subsequent filter blockages (39). It is well known that sodium hydroxide is 

used in both the hydrodesulphurisation and transesterification processes, 

although it should be completely removed if good housekeeping practices are 

observed (39). 

Another additive that is known to cause an issue is dodecenyl succinic (DDS) 

acid that is commonly used to inhibit corrosion. It was found by Schwab et al. 

(37) that this additive has a high likelihood of reacting with any sodium in the 

fuel to form insoluble carboxylates. It was found that only very small 

concentrations of sodium were required for this reaction to occur. In the 

experiments that were conducted in this study concentrations of 3ppm were 

used, it was conceded that this is higher than the 1ppm limit that is in place 

for diesel fuel in the US (the area of interest in the study). However it was 

concluded that there are many ways that more sodium could be introduced, 

namely through poor housekeeping in the diesel production system, poor 

housekeeping in the biodiesel production system or through the introduction 

of salt during transport (37).  
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Figure 1-4: Timeline of the known changes to fuel regulation in the EU 

(16-18, 32) 

1.3.4 Conclusion 

One of the major drivers for the change in the fuel composition in recent times 

was increased environmental regulations. This meant that the sulphur content 

of the fuel needed to be reduced, incidentally the lubricity of the fuel was 

decreased and an increase in lubricity additives were required. Additionally, 

there was an increase in the amount of biodiesel that was being blended with 

conventional diesel, this was also in order to reduce the environmental impact 

of diesel vehicles. A brief timeline of these events is seen in Figure 1-4 using 

the EU as the frame of reference. Similar trends are seen for most developed 

countries, developing countries are slightly behind but in recent times have 

broadly adopted similar legislation.  

It is clear that in reducing the sulphur content of the diesel fuel the lubricity 

is also reduced, this was a result of the process removing both the sulphur 

containing components and the polar components. It is important to 

reintroduce lubricity back to the diesel fuel in order to ensure that the 

longevity of components (specifically the high-pressure supply pump). There 

are various additives used to provide this lubricity, one of which is biodiesel. 

It has been shown that the feedstock of the biodiesel can have a significant 

role upon the likelihood of the fuel to block a filter. 

Another area of concern is the interaction of various additives with either 

contaminants, biodiesel or other additives. It has been shown that there is a 

possibility for an unfavourable reaction with additives in the fuel and 

additives in the lubricating oil if cross contamination occurs. The major area 

of interest is with the interaction of sodium contaminants and fuel additives, 
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this can cause the formation of highly insoluble carboxylates that would 

significantly increase filter blockages. 

Overall, there are two major contributors to the increase in fouling seen on 

diesel filters. The interaction of additives required due to the decrease in 

lubricity caused by the removal of sulphur and the increase in biodiesel 

content. The project aims to quantify the impact of the fouling specifically to 

the water separation efficiency. Using this information a coating will be 

developed and applied to the surface of manufactured diesel filters in an 

attempt to improve the end-of-life performance of the filter. This process will 

not solve the issue and make the filters last longer, it will only ensure that 

once the filter becomes physically blocked, it is still functioning as a water 

separator. 
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Chapter 2  

Literature Review 

2.1 Techniques for separation 

There are a number of possible methods for the separation of emulsions and 

whilst in this work filtration is the focus, it is important to understand the 

physics behind other methods and the reasons that they have not been 

selected for an engine application. This section of the literature review gives 

background on the reason that filtration is the most appropriate separation 

technique to be used for the separation of water in diesel emulsions in diesel 

engines. 

2.1.1 Gravity settling 

This is a phenomenon that occurs due to the fact that the densities of the two 

immiscible liquids in question are different. However, this process is very 

slow especially when attempting to separate emulsions with very finely 

dispersed droplets. The process is made even more difficult when considering 

emulsions stabilised by surfactants. (41) The process of purely using gravity 

to separate a water-in-diesel emulsion would only be feasible in a batch 

process or continuously with a very large separation vessel compared to the 

throughput. This is therefore not feasible for an in-line filtration unit within 

an engine system. There has been some research attempting to improve the 

effectiveness of this method, discussed in the next section. (41)  

2.1.2 Centrifugation 

Centrifuges can be used to speed up the process of separation. The effect that 

is applied using a centrifuge is similar to that that is found in gravity settling, 

only it is exaggerated, through increasing the effective gravitational constant. 

The presence of emulsifiers has a drastic effect on the effectiveness of the 

centrifuge method for separation. It was observed by Hahn and Mittal (42) 

that having different emulsifiers made a significant difference to the 

effectiveness of the centrifuge to separate the emulsion. One emulsion was 

separated to an efficiency of 89%, whereas a second emulsion could only be 

separated to an efficiency of 7%.  The discrepancy is caused by the variation 

stability of the emulsions formed. In addition to the low separation 

efficiencies that may be achieved the process takes a significant amount of 

time, in the region of 2 – 4 hours likely due to the similarity in the density 

between the two phases.  
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Equation 2-3 can be used to determine the time it would take to settle a particle 

(or droplet) of a specified density, it is an adaptation of Stokes’ law This is 

achieved by replacing gravitational acceleration with centrifugal acceleration 

in the traditional format of Stokes law (Equation 2-1), assuming that the 

acceleration due to gravity is much smaller than the acceleration due to 

centrifugation. The equation shown in 2-2 is obtained, then integrating within 

the limits 𝑟 = 𝑟 at 𝑡 = 0 and 𝑟 = 𝑟𝑓 at 𝑡 = 𝑡 gives equation 2-3 (43). 

𝑣 =
Δρ𝐷2𝑔

18𝜇
 2-1 

dr

dt
= 𝑣 =

Δρ𝐷2𝜔2𝑟

18𝜇
 2-2 

t =
ln (

r
rf
) 18μ

ΔρD2ω2
 2-3 

𝑣 is the settling velocity, r is the initial position of the particle, rf is the final 

position of the particle, Δρ is the difference in density between the two phases, 

𝑔 is the acceleration due to gravity, 𝜇 is the viscosity of the continuous phase, 

D is the diameter of the droplet, ω is the angular velocity of the centrifuge, t 

is the time it will take to get from point r to point rf and μ is the viscosity of 

the continuous phase. This equation is only relevant for laminar flow (43). As 

can be seen increasing the difference in density, the diameter of the droplet or 

the angular velocity will decrease the settling time. Also, if the viscosity of the 

continuous phase is decreased the settling time will decrease. These 

techniques are often used in order to improve the speed of separation 

processes. 

2.1.3 Electrostatically enhanced gravity settling. 

The electrostatic enhancement method can only be used in an emulsion in 

which the water is the dispersed phase, and the oil is the continuous phase. 

This method of improving the gravity settling method utilises electrodes in 

order to promote the coalescing of the water droplets within the emulsion. 

This increases the effect of gravity on these, now larger, droplets, resulting in 

a reduced time to separate. (44) 

An electrostatic coalescing vessel consists of a tank for containing the 

emulsion, within the tank there would be a set of electrodes with one being 

earthed, and the other being suspended by an insulator (44). An electrical 

potential then applied, the electrical potential acts upon the water droplets 

within the emulsion and polarises them meaning that there is a negative and 

positive side to the droplet, thus the droplets become attracted to each other 
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due to the attraction of opposite charges. This attraction promotes 

coalescence, the larger the droplet becomes due to coalescence the greater the 

effect of gravity upon it and the quicker the emulsion will separate into two 

distinct phases. (45) Again, while this method has improved the gravity 

settling process it is still not fast enough for application within a commercial 

diesel engine. In addition to this the efficiencies seen are not sufficiently high, 

Kwon et al. (46) were managing to achieve maximum removal efficiencies of 

77%. The time taken to achieve this was in excess of 10hrs.  

2.1.4 Microwave enhanced gravity settling 

Heating a water-in-oil emulsion is known to increase the settling velocity of 

the water droplets within the emulsion. It does this by increasing the 

temperature thus reducing the viscosity of the oil and breaking the outer film 

of the water droplets, thus increasing the settling velocity of the water 

droplets. The electrical charge of the droplets is also re-arranged in such a way 

that promotes the coalescence of the water droplets. (47) 

The benefit of using microwaves to heat the emulsion over using conventional 

heating methods is that it is possible to selectively heat the water within the 

emulsion. This will dramatically decrease the costs associated with heating 

the emulsion. Another benefit is that microwave heating is volumetric, this 

means that the water within the emulsion is heated simultaneously removing 

the limitations of convective and conductive heat transfer. (48) It was found 

by Binner et al. (48) that using the microwave heating method resulted in an 

order of magnitude improvement for separation time. (48) In addition to 

affecting the interfacial tension between the water and oil it has been 

suggested that the microwave radiation induces molecular rotation thus 

neutralising the zeta potential of the droplets in the emulsion. The processes 

of heating and neutralising zeta potential are usually achieved by 

conventional heating and chemical addition. (49)  

2.1.5 Chemical demulsification 

Chemical demulsification occurs in three steps, firstly the surfactant film that 

is at the surface of the water droplet is displaced, secondly the water droplets 

flocculate and finally the water droplets coalesce and separate through 

gravity or other means (50). It is thought that the most important step in this 

process is the destabilisation of the surfactant film that is surrounding the 

droplet (51). Chemical demulsifiers are surface active molecules, this means 

that they have a hydrophilic side and an oleophilic side. This is similar to the 
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surfactants that are used to stabilise emulsions, however these surfactants 

promote flocculation and coalescence (52). 

The effectiveness of demulsifiers depends heavily on the specific 

characteristics of the emulsion being separated. In the oil industry chemical 

demulsifiers are a popular method of aiding the breaking of emulsions. It is 

common practise in this industry to use trial and error in order to establish 

the best demulsifier for a specific task (52). It was found by Temple-Head et 

al. (53) that the solubility of the molecules influenced their effectiveness for 

breaking emulsions in heavy oil. It was also shown that molecules with long 

chains tended to promote coalescence better, it was postulated that this was 

due to the fact that the molecules were poorly packed at the interface resulting 

in a film that was more elastic (53). The main disadvantage of using chemical 

demulsifiers is the disposing/ removal of the molecules from either the waste 

or the product, due to the expense of the molecules it is advantageous to be 

able to reuse them (44). 

2.1.6 Summary of alternative techniques 

It has been determined that the alternative techniques are not appropriate for 

the separation of water in diesel emulsions. Table 2.1 below summarises the 

shortfalls. The primary shortfall is the fact that the processes are batch 

processes rather than being continuous. For the centrifuge the radius was 

assumed to be 50mm, approximately the same radius as a commercial large 

engine diesel filter. The densities of water and diesel were taken to be 

1000kg/m3 and 785kg/m3 respectively (54). The viscosity of the continuous 

phase was taken to be 1.352mPa.s (54). 
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Table 2.1: Summary of alternative techniques 

Process 
Settling velocity 

Batch/Continuous 
[mm/s] 

Gravity 0.02 Batch 

Centrifuge at 5000rpm 3.38 Batch 

Centrifuge at 10000rpm 13.5 Batch 

Electrostatic 
N/A (10hrs to achieve 77% 

removal of oil from water) 
Semi-Batch 

Microwave 
0.20 (order of magnitude 

greater than gravity (48)) 
Batch 

Chemical Demulsification N/A Batch 

 

The settling velocities for gravity settling were calculated using the Stokes 

equation (equation 2-1), and the settling velocity for centrifuge settling was 

calculated using the modified Stokes equation outlined above in equation 2-2. 

Overall the main problem with these techniques is the fact that they are batch 

processes. This is without considering the additional equipment that would 

be required to make the system work would add weight, complexity and 

maintenance cost to a vehicle that would be unacceptable. 

2.2 Filtration overview 

As discussed, there are a number of alternatives to the use of filters to 

demulsify water-in-oil emulsions. However, many of the methods above have 

serious drawbacks. The main drawback is usually the energy expense of the 

process, for example centrifuging, electro-coalescence and microwave heating 

are all energy intensive processes, and this will increase the cost significantly. 

(42, 44, 48) Any chemical additive is used in order to aid in the de-

emulsification usually incurs significant financial cost of materials and 

potentially will need to be removed after separation is complete. Membrane 

filtration offers a potential solution to this due to the fact that the membranes 

themselves are inexpensive to manufacture and provide a very high 

separation efficiency (55). 

Porous filtration membranes work in a relatively simple way, the most basic 

of which would be to stop particles of a certain size passing through. 

Typically, filters have micron sized pores if not smaller. For this project 
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surface active membranes will be required in order to remove the water from 

a water-in-diesel emulsion. Two approaches will be discussed; firstly, a 

barrier type filter, this will allow the passage of oil and stop the flow of water 

thus resulting in separation (56). A general schematic of a barrier filter can be 

seen in Figure 2-1, the surface wettability combined with the size of the pores 

allows diesel to pass through freely, whereas the water droplets are stopped 

at the surface. The second type will be a depth coalescing method, this method 

relies on the dispersed phase being caught in the fibrous filter and then 

coalesce with other droplets, and these coalesced droplets should then 

migrate through the filter medium continuing to coalesce until they are 

sufficiently large to fall out of the flow due to gravity (57). A schematic 

diagram of the depth coalescence filter is shown in Figure 2-2, as the droplets 

flow through the filter they become entrained on the surface of the fibres and 

coalesce, the average diameter of the droplets increases through the depth of 

the filter. The aim is to increase the droplets to the size at which they would 

settle out of the flow within a reasonable time. 

 

Figure 2-1: Schematic of a barrier filter (red - oil, blue - water) 
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Figure 2-2: Schematic diagram of a depth coalescence filter. 

2.2.1 Methods used to assess the efficacy. 

In a number of the papers that have been reviewed the efficiency of the filter 

is not directly evaluated, the reason for this is that the objective of the studies 

was to create a film/ coating with certain wettability characteristics. In these 

cases, it was determined that the contact angle was sufficient in order to 

evaluate the success of the coating, this was more often applied when creating 

super hydrophobic films (58-61). The contact angle is a quantification of the 

wettability of a surface. It is the angle that forms between a droplet, usually 

water but sometimes other liquids, and the surface being examined. An image 

is taken and the angle is calculated when the droplet is in equilibrium. 

When the contact angle is not sufficient to determine the success of a study 

there are three main factors that tend to be considered: the purity of the filtrate 

(i.e. the absence of the phase being removed), the separation efficiency 

defined in equation 2-4 and the comparison of droplet diameters in the feed 

and the product. These three factors are more applicable to the barrier type 

filter but are used in some cases for characterising the depth coalescence type 

filter (however separation efficiency, is usually described as coalescence 

efficiency). The factors that are more commonly seen when studying depth 

coalescence filtration are the coalescence efficiency and the quality factor, 

these are discussed in more detail below (62-64). 

The purity of the filtrate can be a relatively crude method of determining the 

separation efficiency of a filter, the reason this is perhaps not the most 

appropriate measure is that the final purity is dependent upon the initial 

concentration of the contaminant. Thus, if there is a disparity between the 
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initial concentration used between studies it makes any comparison more 

difficult. Lee and Baik (65) used this method as a proof of concept, however, 

specific volumes of diesel and water were not used and additionally an 

emulsion was not formed. Cao et al. (66) also used the purity of the filtrate as 

an indication of the effectiveness of the filter, however this experiment was 

more controlled. Surfactant stabilised emulsions were made using four 

different oil bases and span 80 as the surfactant. In order to prove the stability 

of the emulsion containers of each were left for 90 days and images of before 

and after were compared, this showed that the emulsion was highly stable. It 

was shown that the filter in this case could achieve a final oil purity between 

99.96% and 99.98% depending on the oil base used.  

Another method that is sometimes used is the droplet diameter distribution, 

this can be a useful indicator of the ability of a filter to remove certain droplet 

diameters. Lee et al. (67) used this method in order to show that the filter 

created in their study was very effective at removing droplets with diameters 

in excess of 50 micron, however below this diameter the filter was not 

effective. It was concluded in this study that this was due to the size of the 

pores in the filter being approximately 50 microns. Cao et al. (66) also used 

droplet size to supplement the use of the final oil purity, in this study an 

optical microscope was used in order to image the solution before and after 

filtration. It was shown that the number of droplets especially large ones had 

reduced significantly. This is a more rudimentary method than the one that 

was applied by Lee et al. (67) providing only qualitative data. 

By far the most commonly used and therefore the most useful for comparative 

applications is the separation efficiency. This is usually defined as is shown 

below in equation 2-4. 

E =
Ci − Co
Ci

 
2-4 

Where C  is the mass concentration (kg/m3) and the subscripts i  and o 

represent inlet and outlet respectively. Due to the fact that the concentration 

of the droplets is not easily measured the following relationship is often used 

to relate the number of particles of a specific size to the concentration (12). 

C =∑ρ
π

6
Dj
3nj 2-5 

Where C is the concentration (kg/m3), ρ is the density (kg/m3) of the droplet, 

Dj  is the diameter (m) of the droplet and nj  is the number of droplets of 

diameter Dj per unit volume (m-3). A sample is taken from the inlet and outlet 

and these samples are then run through a particle size analyser to determine 



- 23 - 

the particle size distribution allowing for the calculation of the separation 

efficiency. (12, 68, 69) 

In some cases, there are more unique methods being used in order to ascertain 

the water content of filtrates. Zhang et al. (70) added anhydrous cupric 

sulphate to the solution, anhydrous cupric sulphate is white/grey in colour 

but reacts with water to form blue copper sulphate pentahydrate. This was 

used as a visual aid to determine if any water was present in the filtrate. This 

method is only qualitative, and no experiments were conducted to determine 

the minimum amount of water required to have a visual effect. 

When describing the efficiency of depth coalescence filtration often slightly 

different methods are implemented, this is due to the difference in the way 

the filters operate. A depth coalescence filter does not stop the passage of 

water therefore the concentration at the inlet and outlet will be the same, in 

order to solve this issue a settling vessel is used prior to taking a sample. (71, 

72) The addition of the settling vessel may give results that are higher than 

the true value due to gravity settling, however if the dispersion is stabilised it 

is unlikely that the settling vessel will have any effect upon the un-coalesced 

droplets. 

Visual methods are sometimes used in order to determine the effectiveness of 

a filter Sareen et al. (73) used the clarity of the filtrate in order to give an 

indication as to the effectiveness of a filter. This was done in two different 

ways, firstly it was done visually by determining the extent of the turbidity of 

the filtrate categorising the turbidity into three categories: complete, partial or 

incomplete coalescence. The categorisation is subjective and does not describe 

the coalescence well due to the low number of categories available. The 

second method used the same categories but in order to determine the extent 

of coalescence, a beam of light was directed at the filtrate. It was found that 

the more droplets that were present then the more light was reflected. This is 

relatively rudimentary, but it does remove the subjectivity.  

Clayfield et al. (62) also used a visual method for determining the extent of 

coalescence, however spectrophotometry was used to determine turbidity 

rather than operator observation. This removes the subjectivity of the 

operator, it also allowed for a broader range of results because the data were 

not grouped into categories. In order to relate the turbidity of the filtrate to 

that of the feed a ratio between the filtrate and the feed was used as the 

indicator of the effectiveness of the filter, with a value of zero meaning 

complete coalescence and one meaning no coalescence. 
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2.2.2 Equipment 

In order to measure the values that are described above there are a number of 

different experimental equipment set ups used. The end goal of the study 

dictates the type of equipment that is used. For example in some studies the 

mechanisms of coalescence are what is being observed, for this Basu (74) used 

a single disk coalescer. The disk could be swapped out for materials with 

varying wettability and a camera captured the effects of these changes on the 

capture of droplets on the disk. This equipment would not allow for the 

collection of data that would lead to one of the efficiency parameters that are 

described in section 2.2.1. A similar apparatus was used by Moses and Ng (75) 

to study the breakdown of emulsions in coalescers, the primary difference 

was that there were multiple disks used. This allowed for the observation of 

how captured droplets interacted and coalesced with droplets on adjacent 

disks.  

Looking specifically at the barrier filters it is not uncommon for beaker scale 

apparatus to be used. Zhang et al. (70) placed a filter paper within a funnel 

and poured the mixture through it, providing that the filter is a success the 

two phases should be separated with one passing through the filter and the 

other being held above within the funnel. All of these experiments generally 

work under the same principle, the mixture is poured over the filter and 

gravity provides the driving force for the separation of the two phases. Filter 

holders of various shapes and sizes are used to hold the filters but the same 

general principle is used (66, 76). Lee et al. (65) used a similar methodology, 

however the filter was placed above the mixture and a plunger was forced 

downwards at varying pressures in order to separate the two phases. This has 

the advantage of having a more controllable pressure in the system allowing 

for a more accurate representation of reality. Additionally, it was possible to 

calculate the breakthrough pressure of the repelling phase, this is an 

important parameter for a barrier filter.  

The most common equipment that is used for the depth coalescence filtration 

analysis is a pumped circuit, an example schematic of this can be seen in 

Figure 2-3. In many cases there is also a pressure differential measurement 

device across the filter housing, additionally there are sample points 

immediately before and after the filter housing in some cases. (62, 64, 71-73, 

77, 78) This type of equipment is also used in barrier filtration but it 

significantly less common.(12, 68, 79) This equipment most accurately 

represents reality with regards to fuel filtration due to the fact that this is 

essentially what fuel filtration system may look like within an engine. It also 
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allows for the control of the pressure that is seen at the filter and the fluid 

velocity by changing the pumping rate. It allows for the monitoring of the 

pressure drop across the filter, which is a key parameter when considering 

fouling. (72) 

 

Figure 2-3: Example of a simple pumped circuit. 1. Tank containing the 

mixture. 2. Pump. 3. Filter housing. 4. Filtrate Tank. 5. Drain 

Valve 

2.2.3 Depth Coalescing Filter 

Coalescing has been a cost-effective method of separating emulsions for a 

long time, the first patent for this kind of separator was submitted in 1908 (80). 

Othman et al. (81) states that there are three stages in this process, firstly the 

capture of the droplets by the fibrous bed, secondly the coalescence of the 

droplets and their migration through the bed, finally the release and removal 

of the coalesced droplets. This process differs from a regular filter in that the 

process is a steady state, i.e., the concentration of both phases will be the same 

on either side of the filter. It is possible for a coalescence filter to coalesce 

droplets 1/10th the size of the pore size of the fibrous bed, this allows the pore 

sizes to be larger resulting in reduced pressure drop (80).  

There are a number of different theories about the mechanisms that control 

the coalescence of the dispersed phase within the fibrous bed. Austin and 

Jeffreys (82) suggested that there are three ways that a droplet could coalesce 

with another. The first is a spontaneous collision of one droplet with another 

within the dispersed flow. However, Sareen et al. (73) investigated this 

mechanism and found that it was negligible when compared with the other 

two mechanisms. The second is collision with the fibrous media, and the third 

is collision with droplets already attached to the fibrous media. Collision with 

the fibres (60) the filter medium becomes saturated with the dispersed phase. 

1 

2 
3 4 

5 
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The degree to which the filter becomes saturated is dependent on a number 

of factors, namely, the surface chemistry of the fibres, the surface area of the 

fibres and the hydrodynamic properties of the flow (82). 

There are a number of different factors affect the efficiency of a coalescence 

filter. There are some that are more important or influential than others. The 

factors that are most commonly discussed in literature are: Bed depth; fibre 

surface wettability; flow rate; fibre diameter; and droplet size. (62, 73, 83, 84). 

It is important to understand the influence that each of these factors has on 

the efficiency of the filter in order to optimally design a filter for high 

efficiency operation. 

It was shown by Sareen et al. (73) that for the filter thickness there was an 

optimal value. It was seen that when increasing the filter thickness the 

coalescence increased, however once a critical depth was reached no further 

increase in efficiency was seen. It was also noted in this study that increasing 

the filter thickness also increased the pressure drop, this means that it is 

important to find out what the critical depth for maximum separation 

efficiency is in order to maximise efficiency while also limiting the pressure 

drop. A study conducted by Hazlett (85) yielded results that suggested above 

a certain minimal value of filter thickness no further improvement in 

separation efficiency would be seen. Magiera and Blass (86) had again very 

similar results, however they postulated that above a critical bed depth the 

droplets that have coalesced begin to break up reducing the performance.  

Sokolovic et al. (63) addressed some of the variation in the literature, stating 

that the reason is usually due to varying operating conditions used, different 

flow orientations (horizontal or vertical) and differing permeability (63, 77). 

The general theme seems to be that there is an optimal filter depth, and that 

this value will not be universal, it will vary from filter to filter depending on 

the characteristics of the filter, the operating conditions and the dispersion 

being separated. 

Again, there is some disagreement in the literature as to what effect the 

surface wettability has on the separation efficiency of a coalescence filter. Basu 

(74) showed that the wettability does have an effect on the separation 

efficiency of a coalescence filter. In this study an actual coalescence filter was 

not used, rather disks of two different materials, glass and PTFE, were used 

in order to demonstrate the effect that wettability has on both water and oil 

coalescence. It was seen that water would coalesce on the glass surface but not 

on the PTFE surface whereas, oil would coalesce on the PTFE surface but not 

the glass surface. This shows that wettability of a surface clearly has an effect 
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on the coalescence efficiency, however this study cannot be quantitatively 

applied to a coalescing filter because of its vastly different hydrodynamic 

properties between the experimental apparatus used and a typical 

coalescence filter (74). 

Sareen et al. (73) found that the wetting characteristic did not play a part in 

the separation efficiency of the filter. In this study a number of different 

materials were evaluated to determine what factors had the greatest effect on 

the separation efficiency, these materials included cotton, Dynel, glass, 

polyethylene, polypropylene and Teflon. In addition to this a number of 

different mixtures were evaluated, some oil in water dispersions and some 

water in oil dispersions. It was found in this study that the cotton performed 

best for all of the different dispersions used, it was concluded from this that 

preferential wetting does not have a significant effect on the filter separation 

efficiency. The postulated reason that this was observed was that the cotton 

fibres showed significantly greater roughness than the synthetic fibres, this 

may allow for better adhesion of water or oil droplets resulting in increased 

coalescence and therefore increased separation efficiency.  

Clayfield et al. (62) conducted a study looking at the effect that surface energy 

has on the separation efficiency of a filter. In order to modify the surface 

energy of the glass fibres, they were coated with various silanes with different 

functional groups. In this study glass was used as a substrate, two different 

fibre diameters were used, 1.5µm and 7.5µm. It was observed that the smaller 

diameter fibre outperformed the larger diameter fibre in terms of separation 

efficiency, this was expected due to the increases surface area. The differences 

in separation efficiency for the different surface coatings were more apparent 

for the larger diameter fibres, therefore the larger diameter fibres were used 

in order to make comparisons. 

It was found in this study that the surface energy of the coatings did not have 

any effect on the separation efficiency. It was discovered that a filter with the 

coating 3-(Heptafluoroisopro - poxy) propyltrichloro – silane with a critical 

surface tension of 16.7 mN/m had a separation efficiency of only 55.9%, 

whereas a filter with the coating Perfluoroalkyltriethoxy – silane (branched 

chain) with a critical surface tension of 17.1 mN/m had a separation efficiency 

greater than 97%. This shows that wetting is not the only parameter 

influencing the water separation efficiency, and in certain cases the effect of 

the other parameters can outweigh that of wettability. The critical surface 

tension is described as the surface tension required by a liquid to completely 

wet the surface, this is calculated by plotting the contact angles of various 
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liquids with known surface tension on to a Zisman plot. It should be noted 

that this is not the actual surface free energy of the surface, but can be used as 

an analogue (62). 

In order to calculate the critical surface tension in this study, Clayfield et al. 

(62) applied the surface coatings to a glass microscope slide and not to the 

glass fibres in order to make the contact angle measurements to add to the 

Zisman plot. This was done due to the fact that it would not be possible to 

make accurate contact angle measurements from the glass fibres because of 

the porosity. During this study a number of other coatings were attempted, 

however the methods used to adhere the coatings to the glass surface were 

unsuccessful. The application of the coatings to the fibres was not confirmed 

with any surface characterisation. It is possible that when using the same 

method of adherence for the silanes to the glass fibres and glass slides the 

results were not the same. This would mean that the critical surface tension 

would not be the same for both a glass slide and glass fibre coated with the 

same silane, this could explain the fact that there was no correlation seen 

between critical surface tension and separation efficiency. 

Kulkarni et al. (83) looked at the effect that wettability has on separation 

efficiency in a slightly different way, in this study rather than changing the 

wettability of the whole filter media hydrophilic and hydrophobic media 

were layered in different ratios. The hydrophilic media used in this study 

were glass fibres, two different hydrophobic materials were used 

polypropylene or polyethylene terephthalate (PET). The concentrations of 

polymers within the filters varied from 20 – 80% in 20% increments. In order 

to characterise the wettability of the filter mixtures, the modified Washburn 

method was used, it was not possible to use the conventional droplet contact 

angle method because the roughness and porosity of the media stopped 

accurate reproducible results. The metric that was used in order to compare 

the relative wettability of the filters was the lipophilic/hydrophilic balance, 

this is defined in equation 2-6 (83). 

L

H
=
cos(θO)

cos(θw)
 2-6 

Where θO is the contact angle of oil on the surface of the fibres in air, and θW 

is the contact angle of water on the fibres in air. The lipophilic/hydrophilic 

balance is a ratio between the contact angles formed between oil and water 

and the surface being examined. The reason this can be a good metric for the 

wettability of a surface specifically as it pertains to the separation of water in 

oil (or diesel) emulsions because the driving force (particularly for barrier 
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filters) is the difference in water and oil wettability. This technique was not 

used in this project due to the difficulty of measuring the contact angle of 

diesel on the surface. The value obtained was effectively 0°, resulting in an 

L/H value of 0, thus giving very little information. 

This value was calculated using the modified Washburn equation, it was 

found using this equation that as the L/H balance increased the pressure drop 

decreased but so did the separation efficiency. This meant that there must be 

an intermediate L/H balance that provided the best separation efficiency 

while minimising the pressure drop. In order to quantify what this was the 

quality factor was used, this is defined in equation 2-7 (83). 

QF =
− ln(1 − E)

ΔP
 2-7 

When using this factor, it was found that the optimum L/H balance for 

polypropylene was between 3 and 10, whereas for PET was approximately 26. 

Additionally, by making this comparison it was clear that the filters made up 

of polypropylene were more effective, it was determined that this was due to 

the lower pressure drop that was seen when using this media. A likely reason 

for the difference in the pressure drop seen is the difference in permeability 

of the filters made up of the two polymers, with polypropylene filters having 

a permeability between 4 and 6 times greater depending on the L/H balance 

(83). 

Another factor that is somewhat related to the fibre wettability is the fibre 

surface roughness, this is often split into micro and nano roughness. It is well 

known that the roughness of a surface can affect the both the wettability and 

the mobility of droplets upon the surface. It was found by Agarwal et al. (87) 

that in order to effectively separate oil in water emulsions it was necessary to 

have an oleophilic-hydrophobic fibre with sufficient surface roughness to 

have good adhesion from the water droplet. Often this surface roughness was 

required to be in the nanoscale to have the best effect. While this is looking at 

the separation of oil from water, similar principles will apply for the 

separation of water from oil emulsions. 

Han and Kang (71) conducted a series of experiments looking at the effect that 

operating conditions have on the separation efficiency. In this study the 

specific parameter that was varied was the superficial velocity. This is defined 

as the velocity that would be expected through the filter for a given flow rate 

if the area reduction due to the presence of the filter media was neglected. It 

was observed that increasing the superficial velocity of the flow had very little 

effect on the concentration of water in the effluent flow until a critical value 
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of superficial velocity was reached, after this point a very drastic increase in 

water concentration was observed.  

The reason for the reduction in separation efficiency was concluded to be due 

to the increase in hydrodynamic forces that would be experienced by the 

water droplets (71). It was found that the increase in hydrodynamic shear 

forces resulted in water droplets having difficulty adhering to the fibres in the 

filter, this meant that coalescence could not occur as readily. It was also 

suggested that the three-dimensional net structure of the filter would be 

loosened, this would allow droplets to pass through the filter without 

adhering to the fibres more readily resulting in a decrease in the separation 

efficiency (71). At the higher velocities studied, the difference between the 

separation efficiencies seen in filters of different thicknesses and porosities 

was reduced. It was concluded that this was due to the fact that the internal 

structure of the filter was compromised by the high hydrodynamic forces, this 

meant that the thickness and porosity became a secondary impact on the 

separation efficiency (71). 

This same effect was seen in another study conducted by Zhou et al. (88), this 

study differs in that it is looking at oil in water separation rather than at water 

in oil separation. Having said this the effect, the operating conditions have on 

the coalescence should be very similar for both types of emulsion. It was noted 

in this study that increasing the superficial velocity resulted in a decrease in 

separation efficiency at all levels, however at a certain critical point an 

extremely large decrease in separation efficiency was observed. Additionally, 

it was shown that for all of the flow velocities used the separation efficiency 

was relatively stable, Zhou et al. (88) took this as an indication that there was 

no breakthrough even under high flow velocities. 

It was shown by Sokolovic et al. (72) that having a coalescence system 

operating in a state above the critical superficial velocity changes how the 

effluent dispersed phase concentration is affected by other parameters. Again, 

this study is looking at the coalescence of oil and not the coalescence of water, 

but the results should be analogous. It was observed that below the critical 

superficial velocity the inlet oil concentration didn’t have a significant effect 

upon the effluent oil concentration, however for superficial velocities above 

the critical values there was an obvious correlation between increasing inlet 

concentration and increasing effluent concentration (72). Additionally, the 

dependence of the filter depth upon the effluent oil concentration was very 

different above the critical value for superficial velocity. It was seen that the 

effluent concentration increased with increasing filter depth to a point, then 
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began to decrease again. It was postulated that the increase was due to the 

fact that the coalesced droplets began to break up within the filter due to the 

increased hydrodynamic shear forces, the subsequent decrease occurred 

because the droplets began to re-coalesce within the filter (72).  

A study by Shin et al. (89) looked at the effect that adding polymer nanofibers 

to glass fibre coalescing filters has on the separation efficiency. The glass fibres 

have diameters ranging from 2 to 7 microns, where the nanofibers have 

diameters in the range 200 to 300 nanometres. In order to apply the nanofibers 

to the glass fibre substrate the electrospinning process was utilised. Using 

SEM imaging it was shown that the nanofibers cross over the void between 

the larger glass fibres, this will result in a more tortuous path for the droplets.  

It was observed in this study (89) that the addition of nanofibers to the glass 

fibre substrate had a positive impact on the separation efficiency. However, it 

was also shown that after a certain point, the addition of further masses of 

nanofibers had no discernible effect upon the separation efficiency. As the 

mass of nanofibers added increased so too did the pressure drop observed 

across the filter, this means that there would be an optimum mass of 

nanofibers that yields the highest separation efficiency for the lowest pressure 

drop (89). It was found that the addition of nanofibers helped in coalescing 

the small droplets, this was due to the fact that the nanofibers could bridge 

the pores in the glass fibre substrate. This resulted in reducing the pore size, 

due to the very small diameter of the fibres the addition of nanofibers has the 

ability to reduce the pore size without significantly effecting porosity (89). 

A study conducted by Magiera and Blass (86) showed very similar results. 

This paper differed in a number of ways, the primary difference was the fact 

that the fibres in this study were all one diameter and material (glass). It was 

observed that as the diameter of the glass fibres reduced it was possible to 

coalesce smaller droplets, this is the same result as was seen by Shin et al. (89) 

when adding nanofibers. Similarly it was postulated by Magiera and Blass 

(86) that the reason for this is the fact that the for a filters with constant 

porosity but smaller fibre diameters the fibre surface area available for 

droplets adhering and coalescing increases, this results in greater separation 

efficiency.  

Droplet diameter can have a significant effect on the separation efficiency. The 

reason for this is related to the reason that fibre diameter effects separation 

efficiency, in that the decreased separation efficiency due to reduced droplet 

diameter is because the smaller droplets have more chance of passing through 

the filter without adhering to the fibres and coalescing. This was observed by 
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Clayfield et al. (62), when using fibres with average diameters of 7.5µm there 

was no coalescence of droplets less than 3µm when using plain glass. When 

using smaller fibre diameters it was found that it was possible to coalesce 

much smaller droplets (62). This is to be expected considering what was seen 

with changing fibre diameters. 

There are a number of different factors that affect the efficiency of a 

coalescence filter, some studied in more depth than others in the literature. It 

is well established that increasing the filter thickness increases both the 

pressure drop and the separation efficiency, meaning that there is an ideal 

filter thickness that provides a sufficiently high separation efficiency with the 

lowest possible pressure drop. This will likely be different for different filter 

set ups. Similarly, the smaller the fibre diameter the larger both the separation 

efficiency and the pressure drop will be, an ideal fibre thickness should be 

found for each application. The factor that appears to have gained the most 

attention in recent publications is the wettability of the fibres. The likely 

reason for this is that the effect of the other parameters is relatively well 

known, and the alteration of these factors is relatively straight forward. There 

is some dispute as to the effect of the wettability in the literature, however the 

general theme seems to be that an intermediate wettability is favourable. This 

is because the droplet would sufficiently wet the fibre in order to adhere and 

coalesce but would not wet the fibre so much that the accumulation of the 

water droplets would lead to a significant increase in pressure drop. 

Depth filtration summary 

While depth coalescence filtration is not directly being examined in this 

project it is vital that the fundamentals of both separation mechanisms are 

understood. The reason for this is that physically the only thing that differs 

between the two types of filtration is the pore size and the wettability of the 

fibres. This means that depending on the changes to the wettability of the 

fibres as a result of fouling it is possible that the mechanism of separation 

might switch from being predominantly a barrier filter to more of a 

coalescence filter. Understanding the literature on this type of filtration will 

allow and understanding and an explanation as to why the barrier filter if 

performing as a coalescence filter would have very poor performance. 

2.2.4 Barrier filter 

The primary difference between this type of filter and the coalescence filter is 

that the concentration of water on the inlet and outlet will be different, this 

means that the filter is not a steady state filter, it is better described as a dead 
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end filter (80). In order to achieve separation a porous membrane with an 

extremely low affinity to water must be used, in other words a 

superhydrophobic material (58). This can be achieved in a number of different 

ways. Some authors describe methods of creating superhydrophobic coatings 

or films that are usually formed of some sort of polymer or in some cases 

carbon nanotubes to apply to a porous substrate (65, 76, 90). Others create a 

membrane directly from materials that possess the required properties, there 

are various methods of creating these membranes the most popular in recent 

research is electrospinning (12, 68). Another method is by phase inversion 

(56). 

One of the major issues that are encountered with this type of filter is the rapid 

onset of fouling (69). This occurs partially due to the fact that this is a dead-

end filter, this means that water molecules that are blocked from passing 

through the filter may begin to coalesce and cause restriction prior to settling 

via gravity. This was postulated by Scott et al. (91), the study considered the 

difference in flux decline between a corrugated and an un-corrugated 

membrane using a crossflow set up. The rapid decline in flux was deemed to 

be due to a combination of pore blockage due to water droplets and formation 

of a cake layer. It was established in this study that the cake layer reduced the 

flux by adding resistance to flow and changing the pore size distribution. 

While this is a negative with regards to the lifetime of the filter, it was found 

that the cake layer improved the separation efficiency of the filter. After the 

first few minutes of operation with a pristine filter the separation efficiency 

was improved, likely due to cake layer formation (91).  

Another thing that is thought to be an issue is the adsorption of molecules on 

to the surface of the filter, this is likely to either be hydrocarbon molecules 

from within the dispersed phase or it is possible that added surfactants will 

deposit upon the surface. This would be doubly disadvantageous due to the 

fact that it will add to the reduction in pore volume and thus the flux, 

additionally it may have an effect on the surface chemistry of the membrane. 

This is an effect that is well known and has been exploited in the oil industry 

for a number of years in order to change the wettability of rocks and increase 

the oil recovery (92). It has been found that the surface wettability can be 

greatly affected by the introduction of surfactants, it was shown by 

Somasundaran and Zhang (92) that the wettability can be effectively reversed 

as can be seen in Figure 2-4(a). Also looking at Figure 2-4(a) it can be seen that 

with the continued adsorption of surfactant will lead to a further change in 
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wettability, a possible mechanism for this was proposed and is shown in 

Figure 2-4(b).  

 

Figure 2-4: (a) change in wettability with increasing surfactant 

concentration (b) proposed mechanism for the change in 

wettability observed [102] 

If the filter fails in this way it could be very harmful, the reason being that the 

common method for detecting the degradation of a filter is through 

differential pressure, however if the filter were to fail due to the fact that it is 

no longer superhydrophobic the change in differential pressure may not be 

sufficiently large to detect. 

The primary factor that affects the efficiency of a barrier type emulsion filter 

is its wettability. The hydrophobicity of the filter stops the water droplets 

from deforming sufficiently to fit through the pores. This effectively causes 

the water droplets to act like particles becoming trapped on the surface of the 

filter, they then coalesce as more droplets are deposited and settle via gravity 

(1). Similar to the depth coalescence filter droplet diameter or pore diameter 

have a significant effect upon the effectiveness of the filter, however in this 

case the droplet must not be smaller than the pore size or separation will not 

occur (5). 

The separation mechanics of a barrier filter are relatively similar compared to 

the mechanics of a depth coalescence filter. Initially it would appear that if the 

surface is sufficiently hydrophobic, and the pore size is smaller than the 

droplet being separated then the droplet would be rejected at the surface. 

While this is true, if the force on the droplet is sufficiently large it is possible 

to deform it forcing it through the pore. Nazzal and Wiesner (93) developed 
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a simple model based on Young-Laplace equation to describe the critical 

pressure that would be required for this deformation. 

The critical pressure is defined in equation 2-8 (94). 

Pc =
2γ(cos θ)

rp
 

2-8 

Where Pc is the critical pressure,  γ is the interfacial tension, rp is the radius of 

the pore θ is the contact angle as defines in Figure 2-5. This model does not 

take into account the diameter of the droplets. Nazzal and Wiesner (95) 

integrated the diameter of the droplet (rd),  the equation developed is shown 

in equation 2-9. 
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It was shown in this paper that the model somewhat follows what is observed 

experimentally. However, it was not a great predictor, highlighting the 

complexity of emulsion separation problems. 

 

Figure 2-5: Definition of contact angle used in the simple model for critical 

pressure. 

There are a number of reasons that this model does not perfectly represent 

reality. The model assumes the pore to have no depth, once the droplet is 

deformed it will require no additional pressure to force the droplet through 

the filter. In reality the pore will likely be a tortuous path, especially in a 

fibrous bed. Another of the limitations with these equations is that they 

describe the interaction between a single droplet and a single pore. If this is 

applied practically there will be a distribution of both pore and droplet size, 

and there would be no simple method for determining which droplets will 

θ 

θ 
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interact with which pore. In addition to this, droplets will also coalesce in the 

flow and at the surface making the droplet size distribution dynamic. 

The complexity of the mechanism behind the separation of water in diesel 

emulsions means that developing a purely theoretical model for determining 

the water separation efficiency is extremely difficult. In addition to this the 

variables that would need to be input into the model would be impossible to 

determine for a system in a diesel engine. Therefore, this project will examine 

the mechanism empirically in order to develop a model to estimate the water 

separation efficiency based on readily measured variables. 

Similar to the problem in coalescence filtration in which there is a trade-off 

between pressure drop and separation efficiency, there will also be one with 

a barrier filter. The pore size must be sufficiently small as to stop droplets at 

the operating pressure, taking into consideration the deformation that will 

take place. This must also be considered when determining at what point the 

filter is no longer working optimally. The fouling process will increase the 

pressure drop for a constant flow rate, it will also have an impact on both the 

pore size and the contact angle. These changes will affect the critical pressure 

at which droplets will pass through the filter. All of the parameters are 

dynamic during the fouling process highlighting the difficulty of using 

pressure drop alone as the indicator for end of life. 

Barrier filtration summary 

A number of things have been identified in this section that are important to 

achieving the aims of the project. The most likely factors that affect the water 

separation efficiency, namely pressure drop and contact angle, have been 

identified. This will help achieve the all the aims of the project, particularly it 

will steer the investigation of the returned filters. The mechanism by which 

water is separated from a continuous phase is also better understood, this will 

help inform the strategy for creating a coating for increasing the instantaneous 

water separation efficiency of the filter. 

2.3 Coatings overview 

This section will review the literature surrounding the formation of coatings 

for superhydrophobic applications. This understanding will aid in the 

achievement of the second aim. It is important to understand the various 

techniques that are used and their benefits and drawbacks in order to justify 

the use of the selected coating method. 
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2.3.1 Plasma 

It is well established that increasing the roughness and decreasing the surface 

free energy of a surface is necessary to create a superhydrophobic surface. 

Authors have attempted to do this in many ways. One common methodology 

is to introduce roughness followed by coating the roughened surface with a 

low surface energy layer. Vasiljevic et al. (96) did this using a plasma etching 

technique, in this study cellulose fibres were roughened using a H2O plasma 

followed by a sol-gel coating of a fluorinated alkyl silane. It was found that 

plasma treatment increased the contact angle from 150° to 154° and decreased 

the sliding angle from 15° to 7°. It was thought that while the increase in 

contact angle was quite small, the decrease in the sliding angle was important 

with respect to the self-cleaning applications of fabrics.  

Fernández-Blázquez et al. (97) adopted a similar approach, however the 

plasma treatment used in their study was an oxygen plasma. Additionally, 

the fibres used were not cellulose but a polymer. Similarly, the resultant 

roughened surface was coated with a low surface energy substance, in this 

case 1H,1H,2H,2H-perfluorodecyltrichlorosilane. Interestingly, once the 

fibres were treated with the plasma and prior to coating with the low surface 

energy substance it was found that the contact angle decreased. This was 

attributed to the fact that the plasma treatment increased the polar oxygen 

containing compounds at the surface of the fibres, a change in the composition 

due to the plasma treatment process was also found by Vasiljevic et al. (96).  

Fernández-Blázquez et al. (97) examined the effect that time under plasma 

treatment had on the hydrophobicity of the surface. It was found that initially 

there was a sharp increase in the contact angle as the treatment time increased, 

however after 20 minutes there was very little difference. The sliding angle 

continued to decrease up to 60mins of treatment (no longer treatment time 

was evaluated). This continued decrease was attributed to the increasing 

length of the nanofibrils, after 2-5mins the nanofibrils had a height of 70nm, 

whereas after 60mins this had increased to 150nm.  

Balu et al. (98) used plasma etching in order to introduce roughness. Oxygen 

plasma was implemented using a similar methodology to Fernández-

Blázquez et al. (97). However, in this case cellulose was used as the substrate. 

The more interesting aspect of this study was the use of plasma to provide the 

low surface energy coating, in order to do this CF4 gas plasma was used. The 

process consisted of first creating a roughened surface by etching the fibres 

with the oxygen plasma at a high power, followed by a shorter process of 

coating the fibres at a lower power with the CF4 plasma. The effect of the 
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oxygen etching was examined by preparing two samples, one that had been 

etched and then coated with the CF4 plasma and one that was only coated 

with the CF4 plasma. It was found that both methods produced a fibrous 

structure with a very high contact angle, however the etched sample had a 

significantly lower contact angle hysteresis, which is analogous to sliding 

angle (3.4°). It was found that without etching droplets of water could not be 

removed from the surface under the force of gravity alone. This proved that 

the roughening process was key in making a self-cleaning surface. 

Yang et al. (99) studied the effect of applying a CF4 plasma coating to a PVDF 

membrane filter used for filtering salt water to create fresh water. It was found 

that by applying the coating that the contact angle was increased to 165° from 

130°. The process of applying the coating also etched the surface somewhat 

leading to an increase in the pore size, after a period of time (20mins) the pores 

began to close again. This was attributed to the coating starting to encroach 

into the pores once a full layer had been produced. This study is interesting 

in that it showed the practical application of plasma etching and coating, the 

efficiency of the process of removing salt could be increased by 30% in using 

this method. 

2.3.2 Chemical Etching 

Another method commonly used in increasing the roughness of surface is 

chemical etching, this is usually followed again by coating with a low surface 

energy compound. This is done for a number of different substrates, Yin et al. 

(100) used nitric acid to etch a magnesium alloy surface. It was shown that it 

was possible to etch this surface, then coat the roughened surface with a silane 

to create a superhydrophobic surface. Using this technique, a maximum 

contact angle of 157° was achieved and the sliding angle was found to be less 

than 10°. The etching process produced pillar like structures similar to those 

seen on the surface of a lotus leaf, these pillars were spaced approximately 

5micron apart. One important thing that was noted was that the pillars 

showed a dual roughness with the pillars themselves being roughened. This 

dual roughness was theorised to increase the contact angle and reduce the 

sliding angle. It was shown that this method of coating the substrate increased 

the corrosion resistance. 

Another way that is often used to chemically etch surfaces is using an alkaline 

etching chemical, by far the most commonly used alkaline compound is 

aqueous NaOH. Xue et al. (101) used aqueous NaOH to introduce a roughness 

to a polymer substrate before coating with PDMS. It was possible to create a 

fibrous surface with a contact angle greater than 160° and a sliding angle of 
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8°. One important thing to note is that the etching process reduced the average 

fibre diameter from 11.45micron to 9.68micron, this is something that should 

be considered for systems in which the strength or the porosity of the 

structure is important (101). Again, in this study it was found that the etching 

was not as important for increasing the contact angle as it was for decreasing 

the sliding angle. It is postulated in this paper that the reason for this is that 

the increase in roughness results in a transition from the Wenzel state to the 

Cassie-Baxter state (101). 

The Wenzel and Cassie-Baxter models are two different models used to 

describe the interaction between three phases. Typically, a rough solid, air and 

a liquid droplet. The Wenzel model supposes that the droplet is completely 

in contact with the surface, this means that with increasing roughness the 

wettability will either increase or decrease depending on whether a smooth 

surface is hydrophobic or hydrophilic (102). The Cassie-Baxter model 

supposes that air can become trapped within pockets provided by the 

roughness, this means that an increase in roughness will always result in a 

decrease in wettability (103). 

Jin et al. (104) also used NaOH in order to etch the substrate they were using. 

In this study cellulose was being examined. First NaOH was used to increase 

the roughness of the surface, followed by also using 2M CH3COOH to help 

continue the etching process. Next a titanium layer was applied using a sol-

gel process followed by a fluorinated alkyl silane. The resultant fabric had a 

contact angle of 158°, in this study the sliding angle was not examined. Again, 

it was found that the etching process removed material, in this case 9.2% of 

the material was removed (104). This could be concerning for work in 

filtration. Another interesting discovery was that the cellulose’s crystalline 

structure was altered by the alkaline treatment, this is something that should 

be considered if using this methodology (104). 

Another technique that can be used when etching cellulose is to use an 

enzyme. Cheng et al. (105) used the enzyme papain in order to etch cellulose, 

followed by coating with methyltrichlorosilane to induce 

superhydrophobicity. It was possible to create a surface with a contact angle 

of 156.7° and a sliding angle of 8.5°. The etching process increased the rms 

roughness from 1-5nm to 30-35nm, interestingly the process of applying the 

methyltrichlorosilane coating resulted in a further increase to 86-91nm. The 

coating was applied through a simple chemical vapour deposition method, 

the increase in roughness was interesting due to the fact that usually the 

process of coating reduced the roughness. This process of etching was found 
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not to change the chemical composition at the surface, confirmed by XPS 

(105). One thing that seemed to be true for all the studies that tested for it was 

that abrasion did not affect the contact angle significantly, but the sliding 

angle was increased significantly. 

2.3.3 Alternative Application Using Microspheres/ Nanospheres 

One of the more common methods of applying a superhydrophobic coating 

is using microspheres. This is sometimes done by creating a 

superhydrophobic microsphere and adhering it to the surface, alternatively 

by adhering a microsphere and subsequently applying a superhydrophobic 

coating. Arfaoui et al. (4) applied ZnO nanospheres to a cellulose fibre 

structure and then used a fatty acid to create a superhydrophobic layer. It was 

found that it was possible to grow ZnO nanorods on the surface of the fibres. 

It was shown that the rods were hexagonal in shape with a diameter of 70nm 

and a length of 2.5micron. Stearic acid was used in order to create a 

superhydrophobic surface, in order to confirm that the nanorods grown were 

vital a pure cellulose sample was also coated with stearic acid. It was shown 

that without the roughness caused by the nanorods the contact angle was only 

120° whereas with the nanorod induced roughness the contact angle was 

increased to 148°. This is an interesting result because it has been possible to 

create a highly superhydrophobic surface without the use of fluorine 

containing compounds, which is often seen as undesirable due to the potential 

toxicity of these compounds (106).  

Wu et al. (107) used a similar approach however a glass slide was used as the 

substrate instead of cellulose. In this study a ZnO microsphere roughness was 

created by growing the ZnO structures from a seed layer on the surface. A 

solution of zinc acetate was sprayed on the surface in an oven at a temperature 

of 180°C for 30mins, then the glass slide was placed in a solution of zinc 

acetate at 180°C for 4hrs to create a roughened surface. It was shown that after 

this coating was completed the contact angle had decreased from 70° to 

approximately 0° (107). The Wenzel state is dominant at this stage, indicated 

by this drop in contact angle. The surface was then spin coated with Teflon, 

this resulted in an increase of the contact angle to 168°. Using SEM, it was 

possible to show that the pillars had a dual scale roughness, the tips of the 

nanorods formed had a rose petal like structure. Using a surface that had a 

ZnO nanowire coating that didn’t display the dual scale roughness it was 

found that the addition of the dual scale roughness resulted in an increase in 

contact angle from 159° to 168° (107). It is likely that the reason for this is an 
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increased Cassie-Baxter effect, the dual scale roughness allows a higher 

portion of air to be trapped beneath the examined droplet. 

Zhu et al. (108) also grew ZnO nanoparticles on the surface of a substrate. First 

the substrate was coated with a PDMS layer, achieved by dissolving PDMS 

and a cross linking agent in THF and submerging the fibres in the solution 

followed by drying. A carboxylic salt of zinc was subsequently dissolved in 

sodium hydroxide and the fibres were then submerged in this solution for 

6hrs to allow the ZnO nanoparticles to grow (108). The resultant structure was 

then coated again with PDMS in the same was as before. The resultant fibres 

had a contact angle greater than 165° and a sliding angle less than 10°. The 

introduction of the ZnO nanoparticles increased the RMS roughness from 

8.7nm to 64.9nm. One thing that was found is that similar to the etched 

samples abrasion did not have a significant effect upon the contact angle but 

did increase the sliding angle significantly (108).  

Another nanoparticle that is sometimes used to increase the roughness of a 

surface is TiO2. Ogawa et al. (109) used a multi-layer approach creating layers 

of TiO2 with poly acrylic acid in between. The final layer used was a 

fluorinated alkyl silane as a low surface energy component. It was possible to 

create a nanofibrous surface with a contact angle of 162° and a sliding angle 

of 2°. The number of layers was analysed in this study there was an optimum 

number of layers to produce the largest contact angle and the lowest sliding 

angle. This was found to be 10 layers, the reason that this was the optimum 

was related to the roughness imparted to the fibres. Without the final low 

surface energy layer, the surface was not made to be superhydrophobic, so it 

was concluded that this was a vital step in the process (109). 

Zhang et al. (110) formed a dual scale roughness structure from a composite 

of poly(vinylidene fluoride-hexafluoropropylene) (PVDF-HFP) and graphene 

via gelation. PVDF-HFP was dissolved in DMF and adding a percentage of 

graphene, as this ages by absorbing water vapour a hybrid gel is formed. 

These gels were then subjected to solvent replacement by submerging in 

water followed by freeze drying. The most interesting finding in this study is 

that the dual scale micro/ nano-roughness resulted in a superhydrophobic 

surface. There was no attempt in this work to assess any water separation 

efficiency, additionally this process would likely not be applicable as a coating 

because the formation process does not create individual particles (110). 

Gao et al. (111) used nonsolvent assisted electrospraying to create polymer 

(PMMA) microspheres with a hierarchical porosity. This is similar to the 

electrospinning process in which fibres are formed, however the viscosity of 



- 42 - 

the solution is controlled in such a way as to form particles instead of fibres. 

In this specific process, hexanol is used as the nonsolvent, as the particles are 

deposited on the receiver the solvent (dichloromethane) is evaporated first 

and the hexanol migrates to the surface. This is what causes the hierarchical 

porous particles. It was again shown that the roughness played a significant 

part in the increase of superhydrophobicity. A thin film of PMMA had a lower 

contact angle than a solid PMMA microsphere coating which had a lower 

contact angle than the porous PMMA microsphere coating. 

2.3.4 SiO2 for superhydrophobic applications 

Alone SiO2 microspheres would not impart hydrophobicity, unmodified SiO2 

is inherently hydrophilic. The increased roughness caused by the 

microspheres will increase the hydrophilicity (112). In order to achieve 

hydrophobicity, the microspheres must be modified with a hydrophobic 

material. Commonly fluorine containing materials are used to impart the 

hydrophobicity.  

Brassard et al. (113) formed nanoparticles using the Stöber process, followed 

by a functionalisation with a fluoroalkylsilane. The Stöber process is a 

hydrolysation-condensation reaction in which a silicate in an alcoholic 

solution is reacted with water to form SiO2 spheres. Brassard et al. (113) 

examined the effect of applying numerous layers of the coating, 7 layers of the 

as prepared particles are required in order to impart superhydrophobicity. 

The coating is effective when applied to various different substrates, it was 

applied using a spin coating method to aluminium and two different types of 

glass. It is theorised that the roughness plays an important part in the 

superhydrophobic properties. The randomly oriented spherical particles are 

grouped and separated by cracks leading to a dual micro-nanoscale 

roughness. This roughness leads to the trapping of air resulting in 

superhydrophobicity as described by Cassie-Baxter (103). It was found by Wu 

et al. (107) that a dual scale roughness increases the water contact angle, likely 

because the ratio of the droplet that is in contact with the air compared to the 

surface is increased as a result. 

Gao et al. (6) created a coating of SiO2 nanospheres subsequently coated with 

polyvinylidene fluoride (PVDF) giving a contact angle of 162° and a sliding 

angle of 1°. This was done by dissolving PVDF in DMF followed by adding 

pre-prepared SiO2 nanospheres, this solution was then electro sprayed onto 

the desired substrate. This resulted in a surface covered in superhydrophobic 

nanospheres made of agglomerates of PVDF and SiO2 nanospheres. It was 

found that with increasing concentration of SiO2 the eventual particle sizes on 
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the surface of the substrate also increased (6). The contact angle was also 

shown to be related to the particle sizes and thus the concentration of SiO2, it 

was found that there was an optimum concentration of SiO2 at 4wt%. The 

coating showed excellent self-cleaning properties, carbon black could easily 

be removed from the surface by simple spraying with water. The adherence 

to the surface was also good, this was tested by performing multiple cycles of 

oil water separation tests. There was very little reduction in separation 

efficiency or flux (6). 

Zhang et al. (114) used a very similar method to create a superhydrophobic 

surface. Again, pre-prepared SiO2 nanoparticles were used. In this case first 

the SiO2 particles were hydrolysed using a piranha solution. 

trichloro(1H,1H,2H,2H-perfluorooctyl) silane was added to the hydrolysed 

solution in order to fluorinate the surface. Then a coating PDMS was 

dissolved in ethyl acetate and a set amount of the fluorinated nanoparticles 

were added. The desired effect of the PDMS was to increase the adhesion of 

the particles to the substrate. This was done twice to create a dual layer 

coating. A high contact angle of 157° was achieved, the sliding angle was not 

examined in this case (114). One of the main benefits of this type of coating is 

the abrasion resistance, after 200 cycles with a pressure of 250kPa there was 

only a decrease of 10°. It would have been interesting to see what effect there 

was on the sliding angle, this would show whether the microsphere method 

is better at maintaining abrasion resistance compared to the etching 

methodologies (114). 

Vasiljevic et al. (115) created Stöber particles by hydrolysing tetraethyl 

orthosilicate, this was done in a number of different ways in order to produce 

different size Stöber particles. Various temperatures, pH ranges and solvents 

were examined to determine the best combination. Having said this it appears 

that either all combinations were not examined, or they were found to be 

ineffective and not included in the paper. Again, and similar to findings by 

others a fluorinated alkyl silane was used as a final coating to reduce the 

surface energy and induce superhydrophobicity (115). It was found that the 

smallest particles were created when using ethanol as the solvent and 

hydrolysing at 40°C, while the largest particles were created by using 

propanol as the solvent and hydrolysing at 50°C. Table 2.2 below describes all 

of the methodologies that were used in this study to create the Stöber particles 

(115). 
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Table 2.2: Table showing the tests done by Vasiljevic et al. (115). 

Code Type Diameter Solvent Temp (°C) T (min) H2O/NH3 (mol/l) 

SP1 Pre-

prepared 

50 Ethanol 40 60 4/0.3 

SP2 Pre-

prepared 

230 Ethanol RT 60 6/0.2 

SP3 Pre-

prepared 

780 Propanol 50 60 4/0.5 

IS In situ - Propanol 50 15 4/0.5 

 

The Stöber particles were then coated onto the surface of the cellulose fibres. 

Various combinations of the Stöber particles were used in conjunction with 

each other. The combination that gave the greatest contact angle (>160°) and 

the smallest sliding angle (<5°) was IS combined with SP2. The sliding angle 

was greatly affected by washing samples, this is similar to what has been seen 

in other work. It was concluded that the low abrasion resistance of the 

fluorinated layers was the reason for this (115). 

In some cases, there are a combination of SiO2 microspheres and polymer 

microspheres. Yu et al. (116) used a combination of polystyrene microspheres 

and fluorinated silica nanospheres to create a durable superhydrophobic 

coating. This was achieved by creating a colloidal mixture of the two 

compounds followed by spraying onto the substrate. The coated substrate 

was then hot pressed forming the durable coating. The hot press technique 

brings the temperature close to the melting temperature of the polystyrene 

leading to mobility of the polymer and the formation of a continuous network. 

A temperature higher than the melting point resulted in the roughness being 

removed and a drop in the contact angle observed (116). 

While fluorine-based compounds are often used in order to reduce the surface 

free energy of the SiO2 molecules, there have been a number of attempts to 

use other functionalising agents. Zhao et al. (117) used 

hexadecyltrimethoxysilane (HDTMS) as a functionalising agent, the process 

of forming a HDTMS layer on the surface is similar to the Stöber process. 

However, in this study an acid catalysed process was used. A colloidal 

solution of pre prepared SiO2 was made and TEOS and HDTMS were added 

along with a hydrochloric acid (HCL) catalyst. The pre prepared SiO2 

molecules act as a nucleation point for the hydrolysis condensation reaction. 
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Some basic separation testing was performed and a water separation 

efficiency greater than 99% was achieved. It should be noted that the 

separation testing was very basic, the fluids were not emulsified, and the 

driving force was gravity (117). 

A similar study was performed by Xu et al. (118) again this process was 

performed by adding pre prepares SiO2 nano-spheres and HDTMS to 

anhydrous ethanol. The difference in this experiment is that no catalyst was 

used for the hydrolysis condensation reaction. Superhydrophobic particles 

were formed with contact angles in excess of 170°. However, to achieve this a 

significant excess of HDTMS was required. This was likely required because 

of the lack of catalyst and the low reaction time of approximately 1hr. 

Another functionalising agent of interest is oleic acid. Li et al. (119) showed 

that it was possible to create surface modified SiO2 particles by stirring oleic 

acid in a colloidal solution of SiO2 and hexane at a temperature of 60°C for 

4hrs. It is postulated that the oleic acid reacts with the SiO2 by way of 

esterification. This will form a similar particle to what is formed with the other 

functionalising agents. Baniasadi et al. (120) also created surface modified 

SiO2 particles using oleic acid, this was performed at a higher temperature 

(80°) for a shorter period of time (1hr). 

The majority of the surface modification is a minimum of two steps, the 

formation of SiO2 particles followed by the surface modification. However, 

there are some studies in which the process is combined into one step. This 

makes the formation significantly easier increasing the potential commercial 

viability. Wang et al. (121) performed a co-hydrolysis of TEOS and a number 

of different functionalising agent including HDTMS and a fluoroalkyl silane. 

It was shown that it was possible to achieve a superhydrophobic surface by a 

one pot method. 

2.3.5 Polydopamine coating 

Polydopamine has been used as a functionalising agent for a number of years, 

the first reported use was by Lee et al. (122) It was shown that polydopamine 

can be applied to a number of different surfaces by self-polymerisation, this 

paper suggest that it can be used as an adhesive layer for further 

functionalisation. The inspiration of the use of polydopamine comes from 

studying the way in which mussel’s utilise adhesive proteins (123). One of the 

most challenging aspects of finding a coating to use in the accelerated fouling 

process was finding a substance that would adhere to the low surface energy 

surfaces. One of the primary benefits of using polydopamine is that it will 



- 46 - 

adhere to surfaces with very low surface energies. For example Cao et al. (124) 

coated electrospun poly(vinyldene fluoride) membranes.  

In addition to the superb adhesion properties of the polydopamine coating it 

is well documented that the coating thickness is relatively well controlled 

through reaction time. It is shown by Orishchin et al. (125) that the thickness 

of the coating is linearly proportional to the reaction time. In addition to this 

it is also shown that the thickness of the coating can be controlled to the order 

of 10’s of nanometres. This is vital for this thesis because the polydopamine 

coating will not add any significant additional resistance to flow but will 

impact on the surface free energy. 

The primary use of the polydopamine in this thesis is to alter the surface 

chemistry during the accelerated fouling process. The desired effect is to 

change the surface from hydrophobic to hydrophilic. It is shown by Cao et al. 

(124) that applying the coating to the surface of poly(vinylidene fluoride) 

resulted in the surface becoming hydrophilic. It was also shown by Kang et 

al. (126) that a superhydrophobic surface could be made hydrophilic having 

been coated with polydopamine. 

2.3.6 Summary of the coatings overview 

The review of the literature relating to the coating was mostly to support the 

understanding required to achieve the second aim of the project, to develop a 

coating that improves both the instantaneous and end-of-life water separation 

efficiency. The literature shows that two things are critical to the success of a 

superhydrophobic coating, the surface free energy and the roughness. The 

reasoning behind using a modified Stöber process to form the microspheres 

was that it is consistently shown that the size of the particles can be controlled 

by varying the composition of the solution allowing variation in the 

roughness produced by the microspheres. Additionally, it has been shown by 

a number of authors that the microspheres can be functionalised to produce 

hydrophobicity. This means that this method is able to achieve the two 

primary requirements of the coating in a facile one-step process. 
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2.4 Fouling 

This section will provide the understanding for two of the three aims. Clearly 

it will help inform the techniques required to analyse the filters returned from 

the field. In addition to this an understanding of the fouling is required in 

order to develop an accelerated fouling technique that can be used to assess 

the end-of-life performance of filters with respect to the water separation 

efficiency. 

2.4.1 Foulant types 

The types of foulant can be split into three categories: inorganic, organic and 

bio-foulant (127). It has also been postulated by some authors that inorganic 

matter can be further split into two categories namely suspended particles 

and scale (128). It is also possible to further characterise the type of fouling by 

other measures namely fouling position within the membrane, fouling 

reversibility or fouling mechanism. Firstly, the main categories will be 

discussed followed by the other sub-categories. 

2.4.1.1 Inorganic Foulant 

As has been mentioned this type of fouling can come in the form of either 

suspended particles or scale. Suspended particles generally refers to particles 

of inorganic origin that are found within the flow. For example in bioreactors 

suspended particles of sludge are carried to the membrane surface in the flow, 

the type of particle may vary in different processes (129, 130). Most of these 

suspended particles are rejected at the surface of the membrane, this results 

in the formation of a cake layer (128). It is well known that the formation of 

this cake layer is disadvantageous because it increases the resistance to flow, 

this will therefore decrease the overall flux of the membrane (131). Specifically 

in the case of emulsion separation depending on the type of particles that are 

forming the cake layer the effects could be doubly troublesome, on one hand 

the flux will be decreased, but also it is possible that the cake layer will have 

disadvantageous wetting characteristics that may significantly decreases the 

effectiveness of the filter. 

Scale can form at the membrane surface as the precipitates of dissolved ions 

and salts are deposited (128). Zhang et al. (127) state that the main two 

compounds that are the most common cause of scale in membrane filtration 

are calcium sulphate and calcium carbonate. The main fouling mechanism is 

crystallization on the membrane surface, this occurs at nucleation sites and 

then grows to form a scaling layer. The disadvantages of this are very similar 

to the cake layer that would be formed from the suspended particles 
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mentioned above. This type of fouling is more likely in systems where water 

is the continuous phase, so it is unlikely that this would be the dominant 

fouling mechanism for this project (127). 

2.4.1.2 Organic Foulant 

Chang et al. (128) state that oil and grease can also form a cake on the surface 

of the membrane leading to blockages. It is likely that this would be more 

prevalent in systems where water is the continuous phase because the oil 

would create a layer of immiscible contaminants. Zhang et al. (127) also state 

that the organic matter would form a gel or cake layer on the surface of the 

membrane, but could also be in the form of pore blockage. This could happen 

in a diesel system as partially soluble compounds precipitate out of solution 

as a result of temperature changes, or adverse reactions forming new 

insoluble compounds.  

2.4.1.3 Bio-foulant 

Bio-foulant is deposited onto the membrane surface and subsequently grows 

to be larger, thus increasing the negative effects on the efficiency of the filter. 

The most common type of bio-foulant is are extracellular polymeric 

substances that are secreted by microbes like algae, this will only happen in 

systems where microbes are present (128). Membranes easily adsorb 

microorganisms that will then grow into a gel like biofilm, this provides the 

ideal environment for microorganism growth. The microorganisms that are 

grown result in irreversible fouling that will lead to not only a decline in flux 

but also will change the surface chemistry of the membrane. For a diesel 

system it is unlikely that microbes would be present unless there was 

significant amounts of water (127). 

2.4.2 Bio-Diesel Specific Issues 

Since the introduction of biodiesel there has been an increase in the amount 

of filter plugging that is seen in diesel systems, this is not an issue that plagues 

systems that exclusively use biodiesel but also systems in which a mixture is 

used. A possible reason for this is that there are contaminants that are present 

within the biodiesel that have undesirable interactions with additives within 

the diesel. The majority of investigations look at the effect that this has upon 

the fouling at the injectors. However, this will also be an issue in the filtration 

process as well (39). 

A particular contaminant that is known to cause issues is sodium ions, this is 

not a contaminant that can be solely attributed to bio-diesel because a sodium 

containing compound is also used in the refining of ultra-low sulphur diesel. 
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Providing that good housekeeping is implemented the sodium entering 

through the petroleum diesel stream should be extremely minimal. It enters 

the bio-diesel fuel stream because it is commonly used as a catalyst for the 

esterification process for producing fatty acid methyl esters (FAME), the main 

component of bio-diesel there is a limit of 1mg/kg of sodium in biodiesel 

however in isolated incidents this may be breached (39). The reason that 

sodium content can be seen as an issue is that when it reacts with an acid it 

may form soap deposits that will block filter pores. Acidic additives are 

sometimes used as lubricity enhancers, also carboxylic acids are known to 

form as a decomposition product of bio-diesel and an oxidation product of 

petroleum diesel (39). 

In a study by Barker et al. (39) various different additives were used and are 

detailed in Table 2.3 below. 

Table 2.3: Table detailing the acids used by Barker et al. (39) 

ID Acid 

A1 Di-acid corrosion inhibitor 

A2 Dimer acid corrosion inhibitor 

A3 Mono acid lubricity additive 

A4 Ester based lubricity additive 

 

These additives were combined in different ways together with various 

sources of sodium including NaCl and NaOH. It was found that when 

running the system with the A3 additive and the NaOH that the filter blocked, 

after performing both FTIR and EDX analysis it was concluded that this was 

due to the presence of carboxylate salts, however it was also found that there 

was a significant amount of calcium present, which was unexplained. A 

similar experiment was run with A1 and A4 additives and NaOH, in this 

experiment no filter blocking was seen and when examining the injector 

nozzles under EDX after performing engine testing there was very little 

sodium. However, again there was evidence of calcium deposits that could 

not be explained. The A3 additive was examined again but using NaCl as the 

sodium source, in this experiment the filter did not block and there was no 

evidence of carboxylate salt in the filter. It was found that when using a fuel 

soluble sodium salt with the additive A3, that there was no filter blocking but 

there was some carboxylate salt deposits found at the injector (39). 
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2.4.3 Fouling Characterisation 

In some cases when using membranes, it is possible to remove the foulant that 

is deposited on the surface. When the foulant can be removed through 

physical methods it is called reversible fouling (132). There are a number of 

methods that can be used to remove the foulant including backwashing/ back 

pulsing, which is usually considered the most facile method for removing 

foulant layers and is achieved by running the stream in the opposite direction 

to normal removing some of the deposited particles (132). Other methods 

include pneumatic cleaning that uses air to remove non adhered particles, 

mechanical cleaning using some of external object to scour the surface or 

ultrasound irradiation using sound waves to break the filter cake (132). 

In many cases in addition to reversible fouling there is also an element of 

irreversible fouling, this is usually defined as fouling that cannot be removed 

by conventional processes. Often this is foulant that is deposited inside the 

structure of the porous membrane and not at the surface (128). Juang et al. 

(133) have found that in some cases that the irreversible fouling can account 

for up to 80% of the total membrane resistance. In this case biofilms formed 

within the internal structure of a fibre membrane. 

There are a number of methods that are used for characterising the type of 

fouling that has occurred. These can broadly be split into two categories, 

destructive and non-destructive. A destructive technique would require the 

removal of the membrane and cannot be completed in-situ, some of the most 

common methods that are employed are scanning electron microscopy, 

energy dispersive x-ray spectroscopy and Fourier transform infrared 

spectroscopy (134). Using FTIR Wang et al. (135) were able to characterise the 

type of organic foulant that was found in the gel layer of a membrane filter 

within a bioreactor system, it was possible to identify inorganic elements 

using EDX, whilst confirming that the gel layer completely covered the 

surface using SEM. In situ fouling characterisation is slightly more 

challenging, and likely will not be used in this project. However, it is possible 

to do this using techniques such as direct observation using optical probes, 

magnetic resonance imaging, x-ray micro-imaging and electrical impedance 

spectroscopy (134). 

Another method that has been used to quantify the level of fouling/ the type 

of fouling that is observed is using an atomic force microscope. Using this 

piece of equipment, it is possible to measure surface roughness to a relatively 

high accuracy. It has been found that higher roughness in membranes tends 

to increase the level of fouling that is seen, this is due to the fact that the 
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increased roughness provides a larger surface area for the foulant to adhere 

to. If roughness measurements are taken from a fouled membrane it is 

possible to relate the level of roughness to the level of fouling that is seen, it 

may also be possible to determine the type of foulant when combined with 

other methods because the change in roughness is highly related to the type 

of foulant that is adhering (136). It is also possible to calculate the pore size 

using atomic force microscopy, it should be noted that using this method will 

likely yield different results to what would be achieved using a technique like 

porosimetry. This is because porosimetry calculates the smallest aperture of a 

pore whereas AFM calculates the size of the pore opening (136). 

2.4.4 Fouling control 

There are a number of methods that are used in order to help control the 

amount of fouling that accumulates. These methods include backwashing, 

chemical scrubbing, chemical pre-treatment of the feed solution and 

modification of the membrane surface (128). The most viable option to be 

explored for the system being studied in this project is the modification of the 

membrane to reduce the fouling. It has also been reported that the type of 

fouling control must be based upon the size of the pores, for example for a 

microfiltration membrane used to filter biological sediments can effectively 

be controlled by a process of back flushing and air aeration. However, this 

process would not be as suitable for a reverse osmosis membrane (128).  

There have been significantly fewer studies completed on the fouling 

mechanisms, and therefore the fouling mitigation, which can be implemented 

for nano-filtration and reverse osmosis membranes. Both RO and NF 

membranes have extremely small pores, this means that back flushing is not 

a viable fouling control mechanism which generally is one of the more 

popular methods in MF. This means that the methods that must be used are 

limited to pre-treatment of the feed, chemical cleaning or modification of the 

surface of the membrane (137). 

It is suggested by Mohammad et al. (138) that the most effective method of 

fouling mitigation is pre-treatment of the feed. In this study the focus is 

specifically focussed on the filtration of wastewater, having said this there 

should be parallels with diesel filtration, if not in the exact treatments at least 

in the methodology. Although it is possible to remove a significant proportion 

of the foulant by pre-treating, it is noted that there will still be some foulant 

that could not be removed meaning that additional fouling controls should 

also be in place.  
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The hydrodynamic conditions also have a significant effect upon the fouling 

rate, and also the type of fouling that occurs within a membrane. It was found 

by Kaya et al. (139) that in a cross flow wastewater system higher pressures 

result in reversible cake formation being the dominant mechanism, whereas 

at lower pressures irreversible pore blocking was dominant. It is also shown 

that in some cases having a lower initial flux and higher cross flow velocity 

may lead to a slower decline in flux in cross flow applications, the reason for 

this is that in this case calcium ions were facilitating the deposition of humic 

acid (a common foulant in wastewater systems). The increase in the crossflow 

velocity resulted in the increase in the shear stresses, which ultimately 

resulted in the reduction of the calcium ions acting as a facilitator for the 

deposition of humic acid (138). 

Another possible method for controlling the deposition of foulant is chemical 

cleaning, as has been discussed above. When determining the type of cleaning 

agent that should be used it should be considered that the cleaning agent 

could have a negative impact on the membrane itself, a suitable cleaning agent 

that has no effect upon the membrane should be chosen. It was found by 

Simon et al. (140) that using a caustic cleaning agent containing sodium 

hydroxide caused an increase in the pore size and thus a noticeable decrease 

in the efficiency of the filter.  Commonly either acidic or basic cleaners are 

used, the cleaning efficiency of the candidate cleaners should be determined. 

In some cases, it is advantageous to use a mixture of acidic and basic processes 

in order to remove the maximum amount of foulant possible. Cleaning 

efficiency is the parameter that is used to determine this and is defined as the 

membrane flux recovery ratio (138). 

2.4.5 Low-fouling membranes 

There have been numerous attempts to create anti-fouling or low-fouling 

membranes, Gzara et al. (141) created an anti-fouling membrane for use in the 

water industry. Gzara et al. (141) found that the most commonly used 

material, Polyethersulfone (PES), had poor antifouling properties because it 

is hydrophobic. Additionally, it was noted that the main type of fouling that 

was seen was biofouling, therefore it was important to stop colony formation 

on the surface. In order to create an anti-fouling membrane cobalt 

nanoparticles were used because of their anti-bacterial properties, it was 

found that having cobalt nanoparticles present significantly decreased the 

degree of fouling that was observed (141). 

Another use of cobalt was found by Liu et al. (142), the focus of this study was 

to find a membrane that could separate oil and water surfactant stabilised 
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emulsions whilst also showing good anti-fouling properties. This was 

achieved by using a copper mesh substrate with pore sizes of 50µm coated 

with an agglomeration of zinc oxide and cobalt (ii, iii) oxide. The benefit of 

combining the two oxides was the deposition properties. It was found that the 

zinc oxide would deposit into the pores of the copper mesh but was washed 

away easily when used to separate emulsions, however when combined with 

the cobalt oxide that was deposited on top of the copper mesh and the zinc 

oxide within the pores the resultant membrane was much more robust. It was 

found that the membrane has barely any reduction in flux after 50 separation 

experiments, therefore it was determined that this membrane had good 

antifouling properties. Having said this each experiment only used a small 

amount of emulsion, and after every experiment the membrane was washed 

with acetone, this may have halted any growth of cake layer (142). 

Zhang et al. (56) created a polyvinylidene fluoride (PVDF) membrane by a 

modified phase inversion technique. In this technique ammonia is added to 

the solution prior to the phase inversion process, this promotes the 

coagulation of the PVDF chains. The coagulation results in a micro/ 

nanostructure, this will result in an increase in the observed contact angle due 

to the fact that the roughness would be increased significantly (56). It was 

thought that the excellent chemical inertness of the PVDF material would help 

reduce the amount of fouling that is seen, it was shown that there was a steady 

reduction in flux over 20 cycles of an experiment of fixed emulsion volume 

with no sharp decline. It was concluded from this that the membrane showed 

relatively good anti-fouling properties. However, the experiment in this case 

was not continuous and between each cycle the membrane was washed with 

ethanol. This may have had an impact upon the growth of foulant layers that 

could happen in a continuous filtration environment. 

Shi et al. (143) created an ultrathin single walled carbon nanotube (SWCNT) 

film on ceramic membrane. It was thought that due to the extremely thin 

nature of the SWCNT film that the flux would be very high, additionally the 

thinness of the film allows the pore size to be very small without overly 

compromising the flux. It should be noted that the film was not fixed to the 

ceramic membrane, the membrane was there merely for structural support. 

Again, a similar experiment was conducted in order to show the anti-fouling 

properties of the film, in which a small volume of emulsion (10ml) was passed 

through and then the membrane was washed with ethanol (15ml). Clearly, 

while it was possible to show that here was very little flux decline over 20 

cycles of this experiment it is not indicative of what would be seen in a real 
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system. The amount of substance used to wash the membrane exceeded the 

amount of emulsion that was being separated by a factor of 1.5 (143). 

Significant amounts of research have also gone into attempting to find an 

antifouling membrane technology for the separation of oil from water, this 

would have applications in oil spill clean-up, wastewater treatment and other 

sectors. Huang et al. (144) developed a membrane to separate oil and water, 

the antifouling property was based upon the assumption that the majority of 

the foulant would be in the oil phase. This membrane is underwater 

superoleophobic, this means that the contact of the oil phase with the 

membrane would be decreased significantly. The membrane was formed of 

free-standing graphene oxide and was supported by Polyamide porous 

membrane. It was shown that the thickness of the graphene oxide film had a 

direct effect upon the recoverability of the flux in the cyclic experiments. 

These experiments were different to the majority of the experiments that have 

been described previously, in that the time that the membranes were 

separating emulsions was much longer (120min) prior to stopping and 

cleaning the membrane. It was shown that there was a sharp decrease in flux 

initially, but eventually the rate of decline decreased (but not to zero). While 

it was shown that the graphene oxide membrane performed better than the 

polyamide membrane alone, there was still a significant decrease in the flux 

during continuous use. Having said this it was shown that for certain film 

thicknesses that the flux was almost completely recoverable by washing with 

pure water (144). 

2.4.6 Fouling mechanisms 

Solid particles would initially be deposited in pore openings blocking the 

pores, or in some cases on the pore walls. This can be broken down into three 

categories (described in Figure 2-6): 1. Standard pore blocking in which 

particles are deposited around the pore entry resulting in a restriction of flow. 

2. Complete pore blocking in which large enough particles completely cover 

the pore blocking flow completely. 3. Intermediate pore blocking that is a 

combination of the two previous categories in which particles are deposited 

at the edge of pores and begin to block over the whole pore (7). This type of 

fouling is sometimes considered the most severe, especially if the particles are 

deposited within the membrane structure, the blockages that occur internally 

are much more difficult to remove and are often described as irreversible 

fouling (7). 
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Figure 2-6: Visual representation of the types of pore blockage 

Once sufficient particles have been deposited to cover the surface of the filter 

completely it is known as the cake layer. Once a cake layer has been formed it 

will degrade the flux significantly, to the point that the cake layer dominates 

the flow resistance of the membrane system (128). Once the cake layer has 

been formed it effectively takes over the role of the membrane, in some cases 

cake layers are built up deliberately in order to aid in the removal of certain 

impurities, these are known as dynamic membranes (145). The rate of flux 

decay is not only impacted by the types and concentration of foulant but 

operating conditions as well, Pearce (146) showed that increasing the 

transmembrane pressure increased the rate of decline of the flux. The reason 

for this was thought to be the compression of the cake layer resulting in a 

reduction in permeability. If there is some system in place for cleaning of the 

membrane for example back flushing or chemical cleaning then a cake layer 

can be removed relatively easily (7). 

2.4.7 Diesel system studies 

There have been a limited number of studies examining the fouling in diesel 

fuel filters. Barker et al. (39) examined the interactions between sodium 

contaminants and fuel additives. This has been discussed in section 2.4.2 

above. In another study by Barker et al. (147) the deposition of foulant 

material on the high pressure equipment in new (at the time) diesel engines 

was examined for two fuels, one with a high propensity for deposit formation 

the other with a low propensity. While this was not looking specifically at fuel 

filters, some of the results found were of interest. It was found that both 

Intermediate pore blocking 

Standard pore blocking 

Complete pore blocking 
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sodium and zinc were present in both fuels examined, however there was no 

correlation with the amount of deposits formed leading to the conclusion that 

a measurable amount of metal ions aren’t a necessary prerequisite for deposit 

formation (147). Similar results were found for the mass spectrometry 

analysis, the compounds thought to be the cause of deposit formation were 

present in both fuels. Overall, the complexity of the problem was highlighted. 

Csontos et al. (148) examined the foulant from real samples. Three different 

filters were examined, all the filters were fouled on Euro V, 450 horsepower 

engines. The trucks were run for 10,000km using B10 fuel. It was shown using 

gas chromatography – mass spectroscopy that there was glycerol and sterols 

present in the foulant material. It was also possible to show that there were 

multiple different long chain carboxylic acids present in the foulant material, 

it was postulated that these were likely in the form of carboxylic soaps (148). 

Using x-ray florescence and energy dispersive x-ray spectroscopy it was 

determined that calcium is the most prominent metal and likely the metal ion 

present in the soaps. Overall, the general structure was identified as being a 

mixture of glycerol, sterols and carboxylic soaps. There was very little 

variation between samples. 

2.4.8 Summary of fouling 

During the literature review of the fouling, the fundamentals of fouling were 

assessed. This is a key area that will be important in achieving the first aim of 

the project. One thing that is clear is the number of diesel specific fouling 

studies is very limited, this is one of the key things that is novel about the first 

aim of the project. Additionally, there were no studies examining the fouling 

effect on prepared water separators or any that developed a lab scale 

accelerated fouling technique. This is a key gap found in the literature.   

2.5 Summary 

There have been a limited number of studies examining the foulant material 

that is removed from samples fouled in real engines. The studies were 

concentrated on determining the composition of the fouling material, the 

consensus is that the fouling material is made up of a combination of 

carboxylate salts, sterols and glycol derivatives. There has been very little 

work looking at the effect of different fuel markets on the fouling process. 

However, indirectly the fouling tendency of fuels has been related to the 

feedstock of biodiesel that is blended. It is known that different countries are 

more likely to use certain feedstocks due to availability, from this some 
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information can be determined with regards to the blocking tendency of fuels 

in different markets. 

The method by which a surface filter is able to separate an emulsion is well 

known, it is necessary to have sufficiently small pores combined with 

favourable wetting characteristics. In the case of water separation from oil or 

diesel a superhydrophobic filter is required. There are a number of ways that 

this could be achieved, it is possible to form fibres from low surface energy 

materials like PTFE, fibres can be chemically etched, or plasma coated to 

create superhydrophobicity or the most facile with regards to equipment 

required is the formation and application of a coating. It is known that surface 

roughness is an important factor in superhydrophobicity, therefore a coating 

formed of low surface energy microspheres imparts both an increased 

roughness and reduced surface energy is ideal. 

2.5.1 Gap in the literature 

While there have been a limited number of studies looking at the composition 

of foulant material from real samples, and within the context of filtration, 

there remain a number of areas that still require to be investigated. The limited 

studies that do look at the fouling material are focused on the composition 

with the aim of determining the cause of the fouling. The first aim of the 

project is to assess the effect that fouling has specifically on the factors 

effecting the water separation efficiency. This will be done from two 

standpoints. A comparison will be made between the fuel market and the 

chemical composition of the fouling material and the effect that this has on 

the wettability characteristics of the filter. The effect of the physical 

characteristics of the filters that are returned, and the effect that this has on 

the performance with respect to water separation efficiency. 

While there has been extensive research into the formation and application of 

superhydrophobic microspheres, the majority of the studies only focus on the 

contact angle and sliding angle achieved once the particles have been applied. 

In some cases, the contact angle decline after being subjected to harsh 

conditions (e.g., abrasion, high pH, low pH etc.). There are a smaller number 

of papers that examine the water separation efficiency of coated materials. 

However, the majority of these test the water separation efficiency with 

gravity as the driving force and for mixtures that are not emulsified. The 

second aim of this thesis is to show that using the modified Stöber process 

superhydrophobic microspheres can be formed and applied successfully to 

the surface of polymeric fibres. The impact that the morphology of the coating 
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has on the factors that will eventually affect the water separation efficiency 

will also be assessed. 

Finally, there has been some research looking at the fouling resistance of 

superhydrophobic filters. However, the major for bio-fouling resistance, this 

is not a major contributor to diesel fuel filter blockages. Additionally, the 

majority of papers looking at the fouling resistance are from the standpoint of 

reducing flux decline. The third aim of this thesis will determine whether the 

superhydrophobicity imparted by coatings will improve the fouling 

resistance with respect to water separation efficiency. This will help fill the 

gap in the literature related to fouling resistance specifically as it relates to 

water separation filters. Using the findings found in the first section it will be 

possible to determine whether the application of superhydrophobic 

microspheres will improve the end-of-life performance of water separating 

diesel fuel filters. Additionally, developing an accelerated fouling technique 

will be a key addition to the literature, allowing the end-of-life water 

separation to be more readily studied because currently there is no papers on 

this topic. 
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Chapter 3  

Methodology 

3.1 Theory 

3.1.1 General Theory 

In this subsection the general theory for the procedure of separating water 

from diesel emulsions. Primarily, the aspects that are covered are wettability, 

and the general mechanisms of filtration. 

Factors affecting wettability. 

In order to achieve the separation in either barrier or depth coalescence filters, 

specific surface chemistries are desirable (149). The particular property that is 

of interest is the wettability of the fibres making up the membrane. This 

property is commonly defined by the contact angle that the liquid has with 

the surface. An example of contact angle can be seen in Figure 3-1. 

 

 

Figure 3-1: Example of contact angle 

As can be seen from the figure the larger the affinity of the surface and droplet 

the lower the contact angle will be, meaning that for water a super-

hydrophilic surface would have a contact angle tending towards 0°. 

Conversely Feng et al. (58) defined a super-hydrophobic surface as having a 

contact angle of greater than 150° (58). An additional criterion for a surface to 

be defined as superhydrophobic is having a sliding angle that is lower than 

5°. The sliding angle is the angle at which the surface needs to be tilted to for 

a droplet to roll off the surface due to gravity (150). This is not a very well-

defined parameter due to the fact that the size of the droplet is very rarely 

quoted, and the size of the droplet could have a significant effect upon the 

sliding angle observed. 

There are three main models that should be considered when attempting to 

define or modify the wettability of a surface: Young’s model (151), Wenzel’s 

model (102) and the Cassie-Baxter model (103). All of the equations use 

contact angle as a determination of wettability. Young’s equation determines 

Contact Angle 
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the contact angle based upon the surface free energies of the components in 

the system and both the Wenzel and Cassie-Baxter equations describe the 

effect of surface roughness on the wettability (152). 

Young recognised that there was a connection between contact angle and 

surface tension in 1805, he found that when a droplet was in equilibrium on a 

surface that there must be a balance of the cohesive and adhesive forces. A 

visual representation of this can be seen in Figure 3-2. It shows that three 

interfacial tensions are in equilibrium with each other, this is true of any 

stationary three phase contact line. In knowing this it is then possible to 

manipulate a surface tension in order to change the contact angle to the 

desired point (151).  

 

Figure 3-2: Visual representation of Young's equation 

From this Young’s equation can be represented as follows (151): 

γsw = γSA − γWAcos(θ) 

θ = cos−1 (
γSA − γSW
γWA

) 

3-1 

 

In which 𝛾  is the interfacial tension and the subscripts SW, SA and WA 

represent solid-water interface, solid-air interface and water-air interface 

respectively. From this equation it can be deduced that in order to produce a 

larger contact angle the term within the arc-cos function must be reduced to 

as close to negative one as possible, conversely in order to produce a low 

contact angle the term must tend towards positive one. In order to do this the 

interfacial tensions must be changed, this can be done in a number of ways 

e.g., using chemical surfactants or changing the surface free energy of the 

solid. For this project the only option that is available is changing the 

composition of the surface because the properties of the liquids are fixed. 
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A common element that is used in order to increase hydrophobicity is 

fluorine, a material with one of the lowest surface free energies is 

polytetrafluoroethylene (18.5mN/m (153)). The reason that fluorine is an 

effective element for lowering the surface free energy is that it has a small 

atomic radius and the largest electronegativity, this large electronegativity 

combined with carbons small electronegativity results in a large electron 

density being located away from the centres of mass of the two atoms. This is 

desired for low surface energy because it reduces the polarity of the molecule 

as a whole, with the low electronegativity of the carbon atoms cancelling the 

high electronegativity of the fluorine atoms (154). 

Another method for changing the apparent wettability of a surface is 

increasing the roughness. In order to describe the effect that changing surface 

roughness has on the contact angle there are two primary models, the Cassie-

Baxter and the Wenzel models. The Wenzel model states that the droplet is 

always in contact with the surface as can be seen in Figure 3-3. The model is 

described using equation 3-2 (155). 

cos(θW) = r cos(θY) 3-2 

Where θW is the actual contact angle according to the Wenzel model, r is the 

roughness defined as the ratio between the actual surface area and the 

apparent surface area and θY  is the contact angle on a completely smooth 

surface (Young’s contact angle). Thus, according to Wenzel’s model 

increasing the roughness will result in increasing the hydrophobicity or 

hydrophilicity of the surface depending on the Young’s contact angle. I.e., if 

the smooth surface has a contact angle of 110° increasing the roughness will 

increase the contact angle, whereas if the smooth surface had a contact angle 

of 70° increasing the roughness would decrease the contact angle. 
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Figure 3-3: Visual representation of Wenzel's model 

The Cassie-Baxter model differs from this in such that the wetting can be 

described as being heterogeneous rather than homogenous as is seen in the 

Wenzel model. This essentially means that there will be pockets of air trapped 

within the roughness of the surface. The equation that is associated with the 

Cassie-Baxter model is shown in equation 3-3 (155). 

cos(θCB) = rff cos(θY) + f − 1 3-3 

Where θCB denotes the contact angle according to the Cassie-Baxter model, f 

is the fraction of the projected area of the surface that is wetted, rf  is the 

roughness ratio of the wet area. A visual representation of the Cassie-Baxter 

model can be seen in Figure 3-4. 

 

Figure 3-4: Visual representation of the Cassie-Baxter model 

As can be seen from equation 3-3 if the fraction of the projected area of the 

surface that is wetted is 1, the equation becomes the same as the Wenzel 
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equation. If the Cassie-Baxter model accurately describes the situation then an 

increase in roughness will always result in increasing the contact angle, and 

therefore the hydrophobicity. Figure 3-5 shows graphically the difference 

between the two models. 

 

Figure 3-5: Graphical representation of the Cassie-Baxter and Wenzel 

models 

An interesting study by Liang et al. (61) shows the effect that roughness can 

have on a surface, in this study aluminium was roughened by using a high 

speed wire electrical discharge machining. This method managed to impart a 

highly ordered microscale roughness. This microscale roughness manages to 

increase the contact angle from 61° to 154 +/- 1° with no additional chemical 

treatment. This shows that the introduction of roughness to a surface can have 

a drastic effect on the contact angle that is observed, it was found by Liang et 

al. that changing the distance between the protrusions decreases the contact 

angle, while increasing the diameter of the protrusions increases the contact 

angle, it was also shown that increasing the height decreased the contact angle 

(61).  

It should be noted that only three varying measurements were made for each 

of the roughness parameters, it is possible that different results would be seen 

if further variation was investigated. It was also shown in this study that the 

Cassie-Baxter model predicts the contact angle relatively well. It was expected 

that the Cassie-Baxter model would describe the behaviour more accurately 
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than the Wenzel model due to the fact that the surface transitions from 

hydrophilic to hydrophobic, showing a tendency towards heterogeneous 

wetting. (61)  

Methods for determining wettability. 

There are a number of different methods that can be utilised in order to 

determine the wettability of a surface. Additionally, authors have different 

metrics by which they measure wettability. The most common and probably 

the simplest is purely by using the equilibrium contact angle. However, other 

parameters of interest are the advancing and receding contact angles, the 

surface free energy and the surface roughness. 

1. Contact angle. 

The most common method for measuring the equilibrium contact angle is by 

using an optical contact angle measurement device (65, 67, 70, 156). This 

method takes an image of the droplet and then applies a model in order to 

determine the angle that is made with the substrate. There are two other 

measurements that are of interest when looking at the contact angle, namely 

the advancing and receding contact angles. These are sometimes defined as 

the maximum and minimum contact angles, the difference between these two 

values is the contact angle hysteresis. Hysteresis often used as an indication 

of the ability that a droplet will have to roll off the surface, a surface with a 

lower contact angle hysteresis will allow the droplet to roll off more easily 

(157). 

In some cases, rather than calculating the contact angle hysteresis the rolling 

angle is experimentally determined instead. The rolling angle is defined as the 

angle at which when tilted a droplet will roll off a surface under the influence 

of gravity, an example of this is seen in Figure 3-6. The smaller this value is 

the smaller the contact angle hysteresis will be. It can therefore be used as a 

qualitative measure of contact angle hysteresis (158). In order to calculate the 

advancing and receding contact angles directly the sessile drop method can 

be used. In order to implement this method a contact angle goniometer should 

be used, volume is then added to the droplet using a needle without changing 

the area that is in contact with the surface, and the angle measured this is the 

advancing contact angle. For the receding angle the volume of the droplet is 

reduced as much as possible without reducing the area in contact with the 

surface and the angle is measured (159). 
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Figure 3-6: Visual representation of the rolling/ sliding angle. 

Once the image of the droplet has been captured it is then possible to apply a 

fitting model to the image in order to determine the contact angle accurately. 

Some issues may arise when completing this step, due to the fact that the 

droplets deform under gravity it may become difficult to get an accurate 

reading. Zhang et al. (157) found that when using various different fitting 

models, a broad range of results were achieved, for the same droplet image a 

range between 152° and 179.8° was calculated using different fitting models. 

Zhang et al. (157) postulated that the reason for this is that the deformation 

due to gravity skewed the results for most of the models. It was also stated by 

Zhang et al. (157) that due to the effect of gravity on the droplets, for the most 

common droplet size (4-5µl) the maximum contact angle that was possible 

would be approximately 156°. In order to achieve a more accurate contact 

angle measurement a smaller droplet should be used; however, it is very 

difficult to obtain a droplet with a volume less than 4µl. In another paper 

Zhang et al.  (160) found a possible way of obtaining a smaller water droplet. 

In this paper the stability of a superhydrophobic surface was being studied, a 

contact angle measurement was taken on a droplet and then 40 minutes later 

another measurement was taken on the same droplet. It was found that the 

contact angle had increased from 156° to 173°, it is unlikely that this would 

have happened for any other reason than the reduction in volume due to 

evaporation (from 4µl to 0.3µl) resulting in a more accurate reading of the 

contact angle because of the reduced gravitational effect. 

2. Roughness  

Surface roughness is often characterised using the root mean square of the 

deviations from the centre line average (161), it can be split into two different 

grades of roughness: micro and nano-roughness. The surface roughness is 

characterised by local maxima and minima (hills and valleys). The most 

common parameter used to describe roughness is the variations in the height 
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of a surface relative to a reference plane. The reference plane is often the 

arithmetic average but can sometimes be the root mean square. Providing that 

the measurement doesn’t need to be on the atomic scale, mechanical or optical 

methods are sufficient. Measurement can be split into two broad categories, 

contact and non-contact. It is possible that contact type measurement may 

damage the sample due to the contact of a measurement instrument, this 

would particularly be the case for soft and/or delicate roughness (162). 

Mechanical Measurement 

The most common method for mechanically determining the surface 

roughness is the mechanical stylus method, a stylus is run across the surface 

and then the vertical motions are amplified and recorded. It is possible to 

either move the stylus across a stationary surface at constant speed or move 

the surface underneath the stationary stylus at constant speed. A grid pattern 

can be sampled across the surface in order to achieve a 3D topographic 

representation of the surface using this method. There are some significant 

errors that can occur with this method, the most common introduction of error 

comes from the ability of the stylus tip to accurately trace the topography. It 

is possible that the tip is too large to fit into all the crevices meaning that some 

resolution will be lost, an example of this can be seen in Figure 3-7. 

 

Figure 3-7: Error introduction in mechanical roughness evaluation (162)  

Another source of error may be due to the fact that the stylus is moving too 

quickly with too little load in order to stay in contact with the surface for the 

whole of the time, this would cause distortion in the topographical profile. 

Conversely is the stylus load is too high then it is possible that the sharp stylus 

may cause elastic deformation of the surface resulting in phantom roughness 

(162). 
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Optical methods 

Another set of methods that are used are optical methods. This is based on the 

theory that when electromagnetic radiation is incident on a surface it is 

reflected according to Snell’s law. In order to use this to calculate roughness a 

second transparent reference surface is used this is placed parallel and above 

the sample surface. Some of the incident beam is reflected by the transparent 

reference surface and the rest is reflected by the sample surface. There two 

reflected beams interfere with each other creating fringes, the spacing of these 

fringes is a function of the distance between the two surfaces. This means that 

it will be possible to determine the precise height of the hills and valleys that 

make up the roughness. In reality a slightly different set up is used, utilising 

mirrors and a beam splitter but the same principle applies (162). 

While surface roughness is an important factor when determining the 

wettability, the scalar value that is often used to describe the surface 

roughness may not be an appropriate system to relate it to wettability. The 

reason for this is that the height of the hills and valleys is not the only thing 

that effects the wettability due to roughness. The reason that the roughness 

changes the wettability is generally that air pockets manage to reside 

underneath a droplet, this means that the shape of the roughness will have 

some effect upon the amount of air that can reside there (61). For example 

looking at Figure 3-8 it can be seen that very different surface topographies 

can have the same value for roughness.  

 

Figure 3-8: Different surface topographies with the same roughness value 

(162) 
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3. Surface Free Energy 

In cases where the contact angle is easily obtained there are a number of 

different methods that can be applied in order to calculate the surface free 

energy of a solid. In order to do this a number of authors have attempted to 

modify Young’s equation defined in equation 3-1 in order to make it solvable 

for 𝛾𝑆𝐴 with experimentally determinable parameters. The most widely used 

method utilised to do this is the partition of surface free energy into its 

components. This was pioneered by Fowkes (163), he postulated that the solid 

free energy could be split up as described in equation 3-4 (163). 

γs = γs
d + γs

p
+ γs

h + γs
i + γs

ab + γs
o 3-4 

Where, γs
d, γs

p
, γs

h, γs
i , γs

ab are the dispersion, polar, hydrogen, induction and 

acid-base components respectively. γs
o represents any remaining forces. From 

this it was postulated by Fowkes (163) that the following equation was true 

for the solid liquid interface free energy for a completely dispersive system 

(164). 

γsl = γs + γl − 2(γs
dγl
d)
0.5

 3-5 

This was adapted by Owens and Wendt (164), who grouped all interactions 

that were not due to dispersion into the polar group, this can be seen in 

equation 3-6. It should be noted that the p superscripts for this equation differ 

from the ones used in Fowkes equation (164). 

γs = γs
d + γs

p
 3-6 

The grouping of these terms allowed for the following equation to be 

obtained. 

γsl = γs + γl − 2(γs
dγl
d)
0.5
− 2(γs

p
γl
p
)
0.5
 3-7 

From these equations both Fowkes (163) and Owens and Wendt (164) have 

two mathematically similar but procedurally different methods for obtaining 

the surface free energy of a solid. Fowkes (163) first requires the use of a liquid 

that only has a dispersive component with a known quantity in order to 

calculate the dispersive component of the solid surface being used. This is 

done by combining equation 3-5 with Young’s equation (equation 3-1) and 

simplifying, this yields: 

γs = γs
d = 0.25γl(1 + cos(θ))

2 3-8 
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Using this liquid, the dispersive component of the solid free energy is 

calculated. The next step is to get another contact angle measurement, this 

time using a liquid that is not completely dispersive and the components of 

the liquids surface free energy are known. Fowkes (163) accepts Owens and 

Wendt’s (164) suggestion that the solid free energy can be split into two 

components, namely dispersive and polar. Using this premise the following 

equation is then used in order to calculate the polar component of the surface 

free energy (163). 

γs
p
=
0.25γl

2(1 − cos(θ)) − γs
dγl
d

γl
p  

3-9 

The Owens and Wendt (164) method is relatively similar mathematically, it 

uses a rearranged version of equation 3-9 shown in equation 3-10. The method 

differs slightly in that while again two liquids are used it is not necessary for 

one to be completely dispersive. 

(γs
dγl
d)
0.5
+ (γs

p
γl
p
)
0.5
= 0.5γl(1 + cos(θ)) 3-10 

By using two liquids to get data, two linear equations are formed. The benefit 

of this method over using the Fowkes’ (163) method is that the independence 

of polar and dispersion interactions doesn’t need to be assumed. The Owens 

Wendt (164) method is the most popular method for calculating the surface 

free energy. (165) 

Another method that is often used in order to calculate the surface free energy 

is the Zisman method. Saying that this method calculates the surface free 

energy is not exactly correct, in actual fact what this method calculates is the 

critical surface free energy. This is defined as the maximum surface tension of 

a liquid that completely wets the surface i.e., the contact angle is zero. 

Therefore, this method only gives an approximation of the surface free 

energy. In order to calculate the critical surface free energy, the contact angles 

of liquids with various surface tensions are measured. The cosines of the 

contact angles are then plotted against the corresponding surface tensions 

creating a Zisman plot an example of which can be seen in Figure 3-9. The 

trend line is then extrapolated to the point cos(𝜃) = 1, this then gives the 

critical surface free energy. (166) This method is not often used for two 

reasons, one it is experimentally time-consuming and two it doesn’t give the 

actual surface free energy. (165)  
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Figure 3-9: Typical Zisman plot (167). 

All of the methods that have been outlined above require the measurement of 

the contact angle of a liquid on the surface in question. In cases where the 

surface is porous, as is the case for this study, this may not be possible. Some 

authors have circumvented this by using a non-porous piece of the same 

material, or have applied the surface coating to a non-porous glass slide to get 

the contact angle measurement but this is not always possible. (62, 89) 

Another method of circumventing the need for direct contact angle 

measurement is using the modified Washburn equation, this method relates 

the rate at which a liquid is drawn into a porous medium by capillary forces. 

A sample is lowered to a test liquid until it touches the surface. The mass that 

is gained by the sample is measured over time, using the modified Washburn 

equation, defined in equation 3-11. The mass gained over time is related to the 

contact angle. Once this contact angle has been obtained it is then possible to 

use one of the methods that are outlined above  (83). 

w2 =
cρ2γl cos(θ)t

η
 3-11 

The modified Washburn equation is shown above where ρ is the density of 

the liquid, γl is the surface tension of the liquid, θ is the contact angle, t is 

time, w is the weight gained, η is the viscosity of the liquid and c is a clustered 

constant that is defined in equation 3-12 (83). 

c =
reffε

2A2

2
 3-12 

Where, reff is the effective radius of the pores, ε is the porosity, A is the cross-

sectional area of the sample. This constant is difficult to quantify due to the 

fact that the effective radius is difficult to measure, having said this it is 

possible to determine it experimentally. In order to determine this 

experimentally a liquid that completely wets the surface must be used 
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(contact angle = 0°) to perform the experiment. This will mean that the cos(θ) 

term will be equal to one and the constant can be calculated. It should be noted 

that the Washburn equation assumes that the sample is made up of vertically 

aligned capillaries, due to the fact that this would not be the case there will be 

some error in the calculated value. (83) 

SiO2 formation – the Stöber process 

One of the aims of this thesis is to improve the water separation efficiency of 

a prefabricated filtration material. As has been shown in the previous theory 

sections, increasing both the roughness and decreasing the surface free energy 

will result in an increase in hydrophobicity. A facile method of increasing the 

roughness is the addition of nanoparticles, the method selected for producing 

the nanoparticles is the Stöber process. Additionally, it is possible to modify 

the produced silica nanoparticles in order to increase the hydrophobicity. 

A facile method for forming SiO2 nanoparticles is the Stöber process, prior to 

the inception of this method there was no method for forming monodisperse 

silica nanoparticles (168). It was possible to form highly disperse silica by the 

combustion of silicon tetrachloride in a hydrogen torch. It was noted by Stöber 

that a researcher named Kolbe had reported the formation of monodisperse 

silica particles, however upon attempting to recreate these findings Stöber 

was unsuccessful (168).  

The Stöber process is the hydrolysis condensation reaction of alkyl silicates in 

an alcoholic solution under basic conditions. Stöber et al. (168) look at the 

effect of different alcohols, namely methanol, ethanol, n-propanol and n-

butanol. It was found that the reaction rates were fastest with methanol and 

increased with increasing chain length, it was also shown that the particle 

sizes were smaller and the distributions were more narrow with a methanol 

solvent, compared to a molecularly larger alcohol (168). 

The chemical equations are shown in equations 3-13 and 3-14, where equation 

3-13 displays the hydrolysis of the alkoxysilane and equation 3-14 shows the 

condensation of the monomers (169).  

Si(OC2H5)4 + 2H2O
alcohol
→    
NH3

Si(OH)4 + 4C2H5OH 3-13 

Si(OH)4
alcohol
→    
NH3

SiO2 + 2H2O 3-14 

The formation of particles in this case occurs in two stages, nucleation 

followed by growth. The nucleation stage is relatively well understood, but 

there has been some debate as to how the growth phase occurs. There are two 
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main schools of thought, the first is that the particles grow according to an 

aggregation model in which nucleated particles aggregate to form larger 

particles. The other is that they grow according to an addition model, in which 

monomers are added to the surface of the formed particle by condensation 

(169). 

The aggregation model is based on the premise that the particles formed are 

colloidally unstable, this causes them to aggregate to form more stable 

particles that have a collective reduction in surface area (170). If the 

aggregation rate is slower to two large particles aggregating than it is for 

either a small and large or two small particles aggregating, then the narrow 

size distribution that is seen in the Stöber process can be achieved. Lee et al. 

(171) proposed an aggregation model for the Stöber process, it was shown to 

have relatively good agreement with experimental data.  

The experimental data showed that is the concentration of ammonia is high 

and/or the water concentration is optimal for maximum particle size, the 

aggregation was fast compared to nucleation. This results in intermediate size 

particles being made extinct and the main aggregation is between newly 

formed nuclei and larger aggregates (171). If the concentration of ammonia is 

low and/or the water concentration is not optimal, the nucleation rate is high 

compared to the aggregation rate. This results in a significant portion or 

intermediate particles while the nucleation rate remains high, once the silicate 

reagent begins to run out the nucleation rate drops and the number of 

intermediate size particles drops quickly due to the aggregation rate being 

faster than the nucleation rate (171). 

A study by Masalov et al. (172) examined the idea of aggregation further 

looking at the effect of adding additional alkoxysilane once the initial reagent 

had been depleted. This is in a way is forced aggregation. It is postulated by 

Masalov et al. (172) that once the depleted reagent was replenished nucleation 

restarted and is the dominant reaction. Once the concentration of the reagent 

decreased the newly formed particles begin to aggregate on the larger pre-

formed particles. This was shown quite conclusively using scanning electron 

microscope images, in the first minutes after the increase in reagent 

concentration the large smooth particle looks unchanged, but after a short 

period of time a clear roughness appears on the surface. After approximately 

60mins the particle is returned to being smooth as the aggregation phase 

completes (172). 

It has been shown by Matsoukas and Gulari (173) that the growth stage of the 

process is controlled by the hydrolysis portion of the reaction. It is shown 
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experimentally that the nucleation is limited to the early stages because the 

number of particles was conserved through the main growth period. The fact 

that no more nucleation occurs but the particle size increases implies that 

monomer addition must occur. This was achieved using dynamic light 

scattering and Raman spectroscopy. In another study by Matsoukas and 

Gulari (174) a model based on monomer addition is presented, it is suggested 

that once the total number of particles reached a steady state growth then 

occurs by monomer addition. It was noted that providing the concentration 

of monomers remains low growth by monomer addition was favoured, 

however if the concentration rose nucleation and subsequently aggregation 

would occur. 

The understanding of this theory is important in being able to produce a 

variation of differently sized particles. Additionally, being that the aim of this 

work is to modify the Stöber process to crease hydrophobic silica particles an 

understanding of the process is required in order to explain the variation in 

results. 

Filtration 

Filtration is a separation process for removing contaminants from a mixture 

of contaminants and useful fluids. In an ideal world the separation would be 

100% efficient, however in reality this is rarely possible. Contaminants will be 

able to pass through the filter if they have a diameter less than the pore size 

of the filter. Filters are usually rated to remove a specific percentage of 

contaminants of a certain diameter, this allows the designer to determine an 

allowable level of filtration. This will likely be a trade-off between filtration 

performance and pressure drop (175). 

The type of filtration being examined is dead end filtration, sometimes called 

surface filtration. The filtration occurs at the upstream surface of the filter. A 

schematic of this is shown in Figure 3-10. In a pure surface filtration system 

in which the surface is infinitely thin, the particle being separated from the 

flow will have one chance at an interaction with a pore. The particle will either 

be trapped at the surface of the filter or will pass through. this type of filtration 

will inevitably lead to blockages and potentially cake layers if there is 

sufficient particles within the flow (175). 
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Figure 3-10: Schematic of dead-end filtration 

In a situation where the pores are smaller than the particles being captured, 

the mechanism for capture is simple, this process is sometimes called surface 

straining (175). It is also possible to capture particles that are smaller than the 

size of the pores. The capture mechanism in this case is a matter of probability. 

There is some amount of probability that the particle will pass through the 

filter untouched, however if the particle interacts with the surface there is a 

chance that it will become suck through adhesion or electro deposition (175). 

In real systems the surface will not be infinitely thin, this will give rise to an 

element of depth filtration. The particle will come into contact with 

significantly more fibres, increasing the probability that it will be captured. 

This will still inevitably lead to pore restriction and potentially blockage (175). 

While most of this has been describing solid particles within a liquid system, 

many of the same principles can be applied to immiscible liquid-liquid 

systems, where one phase is captured by the fibres. The one major difference 

is that the droplets within this system are less discrete than particles, having 

the ability to deform and pass through pores. It is possible to estimate the 

pressure that is required for a droplet to be deformed and forced through a 

pore. Nazzal et al. developed an equation to determine this based on the 

young-Laplace equation (93). The variables that effect the breakthrough 

pressure are, the contact angle, the diameter of the pore, the diameter of the 

droplet and the interfacial tension between the two phases. 

3.1.2 Techniques Theory 

The theory behind some of the more advanced techniques are covered in this 

section. It is important to have a good understanding of the theory behind 

these techniques for two reasons. Firstly, it is important to understand the 
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theory so that the method is applied correctly. Secondly, if any results are 

difficult to analyse, a good understanding of the theory is vital. 

Scanning electron microscopy 

Scanning electron microscopy is the process of creating a beam of electrons 

that make contact with a surface that is to be examined. This is used in all 

elements of this project in order to visualise the changes to the surface of the 

filter as a result of either coating or fouling, or both. The beam is created by a 

thermal field emission gun. The beam of electrons interact with atoms of the 

relatively high-density surface of the solid being examined and lose energy 

and alter their well-defined path. The interactions produce three things of 

interest, back scattered electrons (BSE), secondary electrons (SE) and x-rays. 

These can all tell the user something about the surface, both the BSE and the 

SE can be used to image the surface with high resolution, while the x-rays give 

information regarding the composition of the surface. It is important that the 

sample chamber is in a high vacuum state because any interaction with 

molecules in the air in between the electron gun and the sample or the sample 

and the detector would result in distortion of the data (167). 

There are two main types of scattering processes, inelastic and elastic 

scattering. Inelastic scattering describes the process of reducing the energy of 

a beam of electrons and transferring the energy to the surface atoms by 

interactions with the inner shell atomic electrons and the valence shell 

electrons. SE are formed as a result of this type of interaction, the electron 

beam interacts with the atoms and results in the ejection of the weakly bound 

valence electrons, these SE will have the same energy as the binding energy 

of the valence electron. The x-rays are also formed from this type of reaction, 

although in this case the electrons from the inner shell are ejected. This 

ejection also causes the emission of x-rays with a specific energy that 

corresponds to the binding energy of the electrons, this allows the 

composition of the surface to be calculated. BSE are created through elastic 

scattering; this occurs when an electron in the electron beam is deflected by 

the electrical field of an atom. The BSE will have a relatively high energy of 

nearly the same energy as the beam that is created by the field emission gun 

(167). 

Charging is a common issue in SEM. The beam of electrons that are being 

applied to the surface of the specimen can be considered to be a flow of 

current. The backscattered and secondary electrons should be considered to 

also be flows of current, however combined these two phenomena only make 

up around 40% of the total current that is sent to the specimen via the electron 
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beam. This means that the remaining current must flow to ground to avoid 

charge accumulation. If the specimen is not a good conductor, then there is 

more of a chance that charge will accumulate, this accumulation of negative 

charge will decelerate incoming electrons from the beam distorting the image 

(167). This is the reason the BSE were used in this project, the materials being 

examined are not good conductors and therefore are susceptible to charging, 

the BSE have a much higher energy than the SE and therefore experience less 

of an affect from charging. 

Capillary flow porometry 

This technique is used to determine the drop in permeability as a result of the 

fouling experienced by the filters in the field. It is also used to determine the 

effect of the coating on the permeability of the filters. 

The sample is placed in a sealed compartment. The porometer allows 

compressed air to be passed through the sample and pressure sensors on 

either side calculate the pressure drop. Two pressures against flow curves are 

collected, one dry curve in which only air is passed through the sample, and 

one in which the sample is covered with a wetting liquid (Galpore – surface 

tension 16.9mN/m) and air is used to force the liquid through the sample. The 

difference between these two curves is then used to calculate the pore size 

distribution. An example of the two curves is shown in Figure 3-11. 

 

Figure 3-11: Example of the curves produced by the porometry process. 
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The point at which the wet curve crosses the ½ dry curve is related to the 

mean flow pore size, the point at which the wet curve converges with the dry 

curve is related to the minimum pore size and the point at which the wet curve 

increases from zero is related to the maximum pore size or bubble point. 

Equation 3-15 is the equation that relates the pressure to the pore diameter. It 

should be noted that the diameter that is calculated is the minimum pore 

throat for the respective pore, a visual explanation of this is shown in Figure 

3-12. 

𝑑 =
4𝛾 cos(𝜃)

𝑃
 3-15 

Where 𝛾  is the surface tension of the wetting fluid (N/m), 𝜃  is the contact 

angle of the wetting fluid on the media being analysed, 𝑃 is the pressure (Pa) 

and 𝑑 is the diameter of the pore (m). The normal methodology for this is that 

the wet curve is obtained first, followed by the dry curve in order to ensure 

that all of the wetting liquid has been removed using the pressure that was 

selected. In this case however, it was necessary to complete the dry curve first 

followed by the wet curve because the process of completing the wet curve 

may remove some of the foulant material. 

 

Figure 3-12: Visual representation of minimum pore throat. 

While the maximum, minimum and mean pore sizes can be determined easily 

from the wet and dry curves, calculating the pore size distribution is slightly 

more involved. Equation 3-15 is again used to calculate the pore size at each 

pressure step. Using equation 3-16 and the flow data at each pressure step the 

differential curve can be calculated, which shows the percentage of pores 

present at that pressure. 

[𝐷𝐼𝐹]𝑖 = (
(
𝑓𝑙𝑜𝑤𝑖 + 1,𝑤𝑒𝑡
𝑓𝑙𝑜𝑤𝑖 + 1, 𝑑𝑟𝑦

−
𝑓𝑙𝑜𝑤𝑖, 𝑤𝑒𝑡
𝑓𝑙𝑜𝑤𝑖, 𝑑𝑟𝑦

)

∑ (
𝑓𝑙𝑜𝑤𝑗 + 1,𝑤𝑒𝑡
𝑓𝑙𝑜𝑤𝑗 + 1, 𝑑𝑟𝑦

−
𝑓𝑙𝑜𝑤𝑗, 𝑤𝑒𝑡
𝑓𝑙𝑜𝑤𝑗, 𝑑𝑟𝑦

)𝑛
𝑗=0

)× 100 
3-16 
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In this system it is the pressure steps that are controlled, this results in a 

variation in the pore size step as the pressure is increased. While the pressure 

is quite low, the pore size steps will be quite large, but will decrease as the 

pressure increases. In order to counter this effect, the differential curve must 

be corrected. Each fraction is divided by the difference in pore size as shown 

in equation 3-17, this is then commonly taken as the pore size distribution. 

[𝐶𝐷𝐼𝐹]𝑖 =

(

 

[𝐷𝐼𝐹]𝑖
𝑝𝑜𝑟𝑒𝑠𝑖𝑧𝑒(𝑖) − 𝑝𝑜𝑟𝑒𝑠𝑖𝑧𝑒(𝑖 + 1)

∑ (
[𝐷𝐼𝐹]𝑗

𝑝𝑜𝑟𝑒𝑠𝑖𝑧𝑒(𝑗) − 𝑝𝑜𝑟𝑒𝑠𝑖𝑧𝑒(𝑗 + 1)
)𝑛

𝑗=0 )

 × 100 
3-17 

Water content determination 

This process was necessary for all separation testing, therefore was vital in 

order to gain the results in the first and third results chapters. The equipment 

used in this project is a coulometric Karl Fischer titration device (Mettler 

Toledo C20 coulometric KF titrator). This means that there are two solutions 

being used, separated by a semi permeable membrane. The main reaction that 

inspired the Karl Fischer titration method was the Bunsen reaction (3-18) used 

for determining the quantity of sulphur dioxide in aqueous solutions (176). 

SO2 + I2 + 2H2O → H2SO4 + 2HI 3-18 

This process can also be used to determine the amount of water in a solution 

if SO2 is present in the reagent. During the testing of solvents for this reaction 

it was found that it only occurs quickly and stoichiometrically between a pH 

of 5 and 7 (177).  

Dynamic light scattering 

Dynamic light scattering is a method that can be used to determine the size of 

particles in suspension, this is used in order to assess the size of the particles 

formed in the Stöber process used for coating. The process requires a colloidal 

solution to be hit with a monochromatic light source, a detector is located at 

173°. As the light source hits the colloids within the solution the light is 

scattered. In dynamic light scattering the fluctuations of the intensity at the 

detector are examined. These fluctuations are caused by the Brownian motion 

of the particles within the solution, the Brownian motion is related to the size 

of the particles within the solution (178). 

The movement of the particles are related to the diameter using the Stokes-

Einstein equation 3-19. Where,𝐷𝑡 is the translational diffusion coefficient, 𝑘𝐵 

is the Boltzmann coefficient, 𝑇  is the temperature, 𝜂  is the viscosity of the 

solution and 𝑅ℎ is the hydrodynamic radius (178).  
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𝐷𝑡 =
𝑘𝐵𝑇

6𝜋𝜂𝑅ℎ
 

3-19 

The reason for this is that as the diameter of the particle increases, the 

frictional forces also increase. This results in slower movement due to 

Brownian motion. 

Dip coating 

There are three stages in the dip coating process, as shown in Figure 3-13. The 

first stage in which the sample is immersed in the coating solution must be 

long enough for the sample to be completely wet. In the second stage the 

sample is withdrawn leaving a thin layer of the solution (In this case colloidal 

solution of solvent and microspheres) is deposited on the surface. During the 

third stage the solvent is evaporated and the microspheres remain on the 

surface (179). This process was used to coat the filters due to its facile nature 

and the fact that no specialist equipment is necessary. 

 

Figure 3-13: Schematic of the dip coating process 

There are a number easily of controllable parameters that will have an impact 

on the final thickness of the film formed. Most notably is the velocity at which 

the sample is withdrawn from the solution. Generally, the faster the sample is 

withdrawn from the solution the thinner the film will be. In addition to this 

the concentration of colloids, the density, the viscosity and the evaporation 

rate of the solution will also have an impact on the final film thickness. For 

this work the thickness of the film was not being examined. However, 

knowledge of this technique was required in order to ensure that the coatings 

were applied consistently. 

Immersion Withdrawal Curing 
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3.2 Practical Methodology 

3.2.1 Returned pleat stack preparation. 

Before the returned filter elements could be tested for water separation 

efficiency they needed to be removed from the casing, an example of the filters 

received is in Figure 3-14. Once the metal outer casing was removed, the pleat 

stack was cut out in its entirety, as shown in Figure 3-14. From this the samples 

for analysis were cut. All samples were cut from the centre of the pleat stack 

to reduce the effect of any hysteresis present in the filters. For the separation 

testing a circular sample was cut, with a diameter of 110mm. For porometry, 

a circular sample of approximately 25mm was cut from the pleat stack. For 

the contact angle experiments, scanning electron microscope (SEM) imaging 

and Fourier transform infrared spectroscopy (FTIR), small squares (roughly 

1cm x 1cm) were cut out. All of these samples, aside from the FTIR samples 

(processing described in section 3.2.3), were placed in an oven at 120°C for 1hr 

to remove any diesel whilst removing as little foulant material as possible. 

 

Figure 3-14: Example of the filters received (left) and the removed pleat 

stack (right) 

3.2.2 Contact angle. 

The contact angle was measured using a goniometer (KSV instruments). All 

tests were done in air using de-ionised water, the droplet sizes were 10µL. 

The samples were used as prepared by the method described in section 3.2.1. 

There is some difficulty in obtaining the contact angle from fibrous samples 

because the fibres can interfere with the fitting algorithm, an example of this 

is shown in Figure 3-15. 
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Figure 3-15: Example of fibres interfering with the fitting algorithm 

If it was found to be an issue, then the samples were cut as small as possible 

(so that there was only enough room for the droplet on the surface) to reduce 

the amount of foreground and background fibres that were in view. In almost 

all cases this reduced the fore and background fibres to the point that the 

fitting algorithm can pick the edges. 

3.2.3 Fourier transform infrared spectroscopy. 

The specific type of Fourier transform infrared spectroscopy that was used 

was attenuated total reflection spectroscopy. This utilises an internal 

reflection element (IRE), a high refractive index crystal that the sample is 

placed upon. Figure 3-16 shows a simple path of a ray through the internal 

reflection element, the ray will penetrate the sample to a small degree and 

specific wavelengths are absorbed allowing for the characterisations of 

materials (180). 

 

Figure 3-16: Schematic diagram of the ray path for ATR-FTIR (I = incident 

beam, R = reflected beam) 
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The main focus of this analysis was looking at the foulant therefore It was 

necessary to isolate the foulant material from the filter. In order to remove the 

foulant from the surface a section of filter was cut and placed in 50ml of 

solvent. (The solvent chosen was heptane because it is nonpolar, similar to 

diesel and therefore should dissolve as little of the foulant as possible.) The 

filter sample and 50ml of solvent was placed in an ultrasonic bath at room 

temperature for 30mins to mechanically remove the foulant material. The 

filter sample was then removed and discarded. The resultant solution of 

heptane and foulant colloids were placed in a centrifuge at 12000rpm for 

30mins, the separated heptane was discarded and replaced with 50ml of fresh 

heptane and the centrifugation process was repeated. This ensured that any 

fuel is removed and only insoluble foulant material remains. The resultant 

foulant material was then dried in an oven at 120°C to remove the excess 

solvent. 

Once the foulant was isolated and the excess solvent was removed it was 

applied to the crystal of the attenuated reflection Fourier transform infrared 

spectrometer. The sample was then run with a resolution of 4cm-1 between the 

wavenumbers 3300cm-1 and 650cm-1, this will capture all the peaks of interest. 

An average of 10 scans were taken and the crystal was cleaned thoroughly 

with iso-propanol between each sample run. 

3.2.4 Scanning electron microscope 

The pristine filters are dry, so very little pre-processing was required in order 

to ensure that they were suitable for a vacuum environment. However, the 

material that makes up the filter is not conductive causing potential for the 

image that is produced by the scanning electron microscope (SEM) to be 

distorted. In practice it was found that this was not too much of an issue.  

In order to combat this distortion when it occurred, the sample was sputter 

coated with a thin layer (5 – 20nm) of conductive iridium. The following 

settings were used for the collection of the SEM data using the Hitachi 

TM3030Plus tabletop scanning electron microscope. 

• 15kV acceleration voltage. 

• ~50000nA emission current. 

• 1500mA filament current. 

• Backscattered electron detector using the charge up reduction function. 

The settings when using the Carl Zeiss EVO MA15 SEM were as follows. 

• 20kV acceleration voltage. 

• Backscattered electron detector using the charge up reduction function. 
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When using SEM to analyse the returned engine samples some pre-processing 

was required in order to make them suitable for use in near vacuum 

conditions. When the filters were returned, they were saturated in fuel, if this 

was subjected to the near vacuum environments present in the SEM, a 

significant amount of off-gassing would occur potentially causing damage to 

the detectors. To avoid this issue the filters were first dried in an oven at 100°C 

for a minimum of 2 hours, this caused any volatile components to evaporate. 

Washing with a solvent was considered although it was thought that this may 

remove some of the foulant that was being analysed. Again, where necessary 

the dried samples were sputter coated with iridium to stop image distortion. 

Also, the same image analysis was performed. 

3.2.5 Capillary flow porometry 

Capillary flow porometry allows for the calculation of the pore size 

distribution. The method involved cutting a small circle (25mm diameter) of 

the sample being analysed. For the returned samples an attempt was made to 

take the sample area in between the pleats in order to reduce any effect that 

they may have. This sample was then placed into the sample holder of the 

porometer (Porolux 100NW), an O-ring was then placed on top, and the lid 

was screwed on tightly. 

The wet and dry curves were collected. Traditionally it is recommended that 

the wet curve is collected first. However, it was found that the liquid used in 

collecting the wet curve had a tendency to remove some of the foulant 

material. To combat this the dry curve was taken first. 

3.2.6 Air permeability 

Using the Porolux 100NW, it was possible to determine the air permeability 

of the filter samples. This was beneficial to get an insight into the severity of 

the blockage from a quantitative standpoint that was not provided by simply 

looking at microscopic images. The process was relatively simple, the filter 

was placed in the same sample holder and a flow of air was applied.  

The differential pressure measurement was made and using Darcy’s equation 

(equation 3-20) the air permeability was calculated. In order for this to be 

accurate the thickness of the samples was required; this was done using a high 

precision electronic thickness gauge. All experiments were conducted at a 

pressure of 0.8 bar. 

𝑘 = 
𝑞𝜇𝐿

𝐴Δ𝑃
 3-20 
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In which 𝑘  is the permeability, 𝑞  is the flowrate, 𝜇  is the viscosity, 𝐿 is the 

characteristic depth of the sample, 𝐴 is the area of the sample and Δ𝑃 is the 

pressure drop. 

3.2.7 Water separation efficiency 

Equipment 

The water separation experiments were performed using a rig designed in the 

University of Leeds, a diagram of which is shown in Figure 3-17. In all 

experiments reference grade diesel fuel supplied by Parker Hannifin was 

used. The water injected into the system was de ionised water from the 

laboratory supply. The filter samples were contained within a filter housing 

designed in a previous project shown in Figure 3-18 (181). 

 

Figure 3-17:  Flow diagram of the separation rig 

1. Fuel Tank. 2. Water Tank. 3, 4, 5. Ball Valves. 6, 7. Flow 

Meter. 8, 9. Adjustable Valve. 10. Centrifugal pump. 11. 

Peristaltic Pump. 12. Differential Pressure Meter. 13. Test 

Filter Housing. 14. Clean-up Filter. 

The main centrifugal pump is a Stuart Turner pump with a maximum 

working pressure of 6 bar, the peristaltic pump used to inject water into the 

flow is a Watson Marlow peristaltic pump. The flowmeter measuring the flow 

in the main loop is a Porter (B-250-8), the flowmeter used to measure the flow 

of water is a Porter (A-157-1). The differential pressure meter used is a Dwyer 

496 series digital manometer. The clean-up filter is full 3 stage filter unit, 

supplied by Parker Hannifin. 
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Figure 3-18: Filter housing 

For the filtration unit to work effectively. The flow should be fully developed 

by the time that it reaches the filter face. There is a large expansion that will 

create potential dead zones. Using equation 3-15, where 𝜌  is density, 𝑢  is 
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velocity, 𝐷 is the diameter and 𝜇 is the viscosity, the Reynolds number for the 

flow in the housing was calculated to be 37. 

𝑅𝑒 =
𝜌𝑢𝐷

𝜇
 

3-21 

A study conducted by Dagtekin and Unsal (182) estimated the length of pipe 

required to return to fully developed flow following an abrupt expansion for 

various Reynolds numbers and levels of expansion. It was shown that for a 

Reynolds number of 50 (the lowest examined) and an expansion factor of 10 

the length required was approximately 30 pipe diameters. This is in excess of 

the 12 that there are in this set up. However, the Reynolds number is lower 

that examined by Dagtekin and Unsal (182) and if there flow is not completely 

fully developed it is unlikely to have a massive impact on the results of this 

work. 

Basic Testing 

To perform the experiment first the centrifugal pump was started, the filter 

housing was filled (all the air was bled out) and the flow was allowed to settle. 

The total flow rate was set in order to achieve a face velocity at the filter of 

0.75mm/s. The peristaltic water pump was started at this point t = 0. The water 

flow rate was set to achieve a weight percentage of approximately 1% of the 

total flow.  At t = 15 minutes a sample was taken (approx. 50ml) from the inlet 

sample point (3 on Figure 3-17) and the outlet sample point (4 on Figure 3-17). 

This was also done at 30, 45 and 60 minutes. At these measurement points, 

the differential pressure across the filter housing was recorded.  

Once the samples had been taken, they were immediately taken to the Karl 

Fischer titration equipment to determine the amount of water. The reason for 

testing the samples immediately was to reduce the amount of gravity settling 

that could occur within the samples. While this wasn’t an issue in the inlet 

sample, some of the droplets that had not been trapped by the filter had 

coalesced, increasing the droplet size in the outlet sample. This was 

particularly prevalent in the fouled samples that had a reduced 

hydrophobicity. 

Varying Face Velocity 

For the coated samples, as a facile measure of comparing the ability of the 

coatings varying the face velocity was used. The flow rate was increased in 

intervals to achieve face velocities of 0.75, 0.9, 1.2 and 1.5 mms-1. The final 

pressure at the 1.5 mms-1 was in the region of the higher flow rates that were 
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seen in the most blocked of the return samples. The response to the increasing 

face velocity is then used as an analogue for the response to fouling. 

3.2.8 Water content determination 

The process being used in this project is coulometric titration, as has been 

mentioned. This differs from volumetric titration in that the reagent is 

generated using an electric current rather than being added dropwise using a 

burette. In the Karl Fischer titration process iodine is formed by electrolysis 

from an iodide containing reagent. It is important that the process is 100% 

current efficient, and that no side reactions occur. It was found that the 

maximum current that was possible to satisfy this is 400mA, otherwise the 

temperature increased resulting in side reactions. 

In order to detect the end point of the reaction a separate electrode from the 

generator electrode. This is usually a double platinum wire electrode. The end 

point detection used in this case is bivoltameric, a small current is applied 

across the electrode (50µA) the voltage is then recorded. The voltage is 

dependent of the amount of water in solution, typically it is relatively high 

with excess water (680mV) and lower with excess iodine (100mV) (176). The 

equipment in this case has a generator electrode with a diaphragm, a 

schematic of this is seen in Figure 3-19. The reason that this is used is the 

relatively low conductivity of diesel and the low amounts of water in the 

solution. 

In this set up there are two solutions required, the anolyte and the catholyte. 

For this project the anolyte selected was Hydranal coulomat AG-H (CAS no: 

67-56-1) because it is appropriate to use with the hydrocarbons that will be 

used in the analysis. The standard Hydranal coulomat CG (CAS no: 14426-21-

2) was used for the catholyte. The anolyte is located in the main beaker during 

running, and the catholyte is located within the generator electrode. Iodine is 

formed from the catholyte using electrolysis. The cumulative current required 

to bring the voltage back down to the steady state is then related to the 

amount of water because the current produces the iodine that subsequently 

reacts with the water. 
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Figure 3-19: Model of the Karl Fischer titration equipment 

Samples were collected during all water separation testing. For each timestep 

a sample was taken from the upstream and downstream of the filter being 

tested. Approximately 50ml samples were taken, but not all of this was 

required for the titration. 

Once the samples were collected the Karl Fischer titration was completed 

immediately, this reduces the possibility that the sample separated through 

gravity settling. Some of the sample was drawn into a syringe and weighed 

on a digital scale (MyWeigh iM01), approximately 0.5g was then injected into 

the main beaker and the syringe containing the remaining sample was 

weighed again. The exact weight of the sample was inputted into the Karl 

Fischer in order to convert the mass of water detected into a concentration. 

The values outputted were then logged for analysis. 

3.2.9 SiO2 microsphere formation 

SiO2 microspheres have been selected as the method for increasing both the 

roughness and hydrophobicity of the filter material, with the aim of 

increasing the instantaneous and end of life water separation performance. In 

order to create a nanoparticle sol of fluorine functionalised silane, tetraethyl 

orthosilicate (TEOS) (CAS no: 78-10-4) and the selected functionalising agent 

were co-hydrolysed under basic conditions, the three functionalising agents 

selected are listed in Table 3.1. The process used to form the nanoparticles is 

the Stöber process, described in section 0.  

Sensor 
Generator 

Electrode 

Diaphragm 

Sample 

Inlet 
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Table 3.1: List of functionalising agents used in the SiO2 nanoparticle 

formation. 

Functionalising agent Abbreviation CAS number 

Perfluorooctyltriethoxysilane FAS 51851-37-7 

Hexadecyltrimethoxysilane  HDTMS 16415-12-6  

Oleic Acid OA 112-80-1 

The additional reagents that were used are listed in Table 3.2. 

Table 3.2: List of reagents used in the SiO2 nanoparticle formation. 

Reagent Abbreviation CAS number 

Ammonium hydroxide NH4OH 1336-21-6 

Ethanol EtOH 64-17-5 

De-ionised water H2O N/A 

In order to gain an understanding of the effects of each reagent a testing 

matrix was developed using latin hypercube sampling. For each 

functionalising agent the concentrations that were varied were: NH4OH, H2O 

and the functionalising agent itself. Table 3.3 details the testing matrix. 
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Table 3.3: Testing matrix 

Test ID 

Concentration (molL-1) 

TEOS Functionalising 

agent 

NH4OH H2O 

1 0.261 0.0181 0.772 2.20 

2 0.264 0.0328 0.524 1.95 

3 0.250 0.0631 0.601 3.88 

4 0.234 0.0150 1.54 5.86 

5 0.251 0.0223 0.434 4.93 

6 0.243 0.0125 2.36 2.44 

7 0.257 0.0141 0.857 2.96 

8 0.263 0.0356 0.711 1.69 

9 0.230 0.0218 0.499 8.90 

10 0.254 0.0469 1.07 2.39 

 

The points within the matrix were selected randomly within the test space 

using a latin hypercube function available within Matlab in order to minimise 

overlap between the values. 

The mass of TEOS was maintained throughout every experiment, but due to 

the slight changes in volumes of the other components, the concentration 

varied slightly. In each iteration of the experiment the TEOS, 30ml of EtOH 

and the functionalising agent material were measured and mixed together 

under magnetic stirring in a beaker. In a separate beaker 4ml of EtOH, the 

H2O and the NH4OH were again mixed under magnetic stirring. Once the 

mixtures had been sufficiently mixed (5 – 10mins) the second mixture was 

next added dropwise to the first. This solution was then left under magnetic 

stirring for a minimum of 12hrs. A visualisation of this is shown in Figure 3-20 
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Figure 3-20: Visualisation of the Stöber process used. 

Once the reaction was complete the resulting solution was placed in the 

centrifuge at 12000rpm for 30mins to separate the nano/micro particles from 

the solvents. Once this was complete as much solvent as possible was 

removed manually, the centrifuge container was then refilled with ethanol 

and the centrifugation was repeated. This washing process was repeated once 

more, and the resultant colloidal suspension was assumed to be ethanol with 

the hydrophobic particles.  

3.2.10 Dynamic light scattering 

In order to determine the sizes of the particles that are produced during the 

Stöber process a dynamic light scattering (DLS) technique was used.  

For these experiments a Malvern Zetasizer was used using standard 

disposable plastic cuvettes. The temperature of the experiment is very 

important for DLS because Brownian motion is affected by the temperature 

and the viscosity of the continuous phase. For these experiments the 

temperature was set to 20°C. Prior to the experiments the particles being 

examined were placed in methanol and put in an ultrasonic bath for a 

minimum of 10 minutes to break up any aggregates formed during the drying 

process. 

Once the particle size distribution has been calculated within the software a 

calculation is performed to determine the polydispersity index. This is a 

measure of the mono-dispersity of the particles being analysed. The results of 

the DLS are being compared with the results of particle size analysis using 

SEM imagery. It is also useful to compare the polydispersity index of the two 

methods as well. Therefore, in order to determine the polydispersity of the 

particle size distribution determined through SEM imagery, equation 3-22 is 

used, where PDI is the polydispersity index, 𝜎 is the standard deviation and 

𝜇 is the mean particle size. 

PDI = (
σ

μ
)
2

 3-22 
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This means that a lower polydispersity index means that the particles are 

more monodisperse. 

3.2.11 Artificial fouling with carbon black 

In order to simulate the fouling that occurs within the engine in a lab setting 

carbon black was used as the foulant. In the field the fouling will occur over a 

significant amount of time, the lowest amount of miles that a vehicle travelled 

before changing the fuel filter was 29,383km. Assuming a fuel efficiency of 

9mpg (183), the full pleat stack will filter in excess of 9000 litres of fuel. The 

total surface area of the filtration material was measured to be approximately 

1m2, this results in 0.9L/cm2 of fuel being filtered. The sample size used in the 

test rig was a circular section of 11cm, giving a surface area of 95cm2. This 

would therefore require the filtration of 85L of fuel. In addition to this the fuel 

in an engine undergoes thermal and pressure cycling while being circulated 

through the fuel system. Using the test rig, it was not possible to simulate this, 

resulting in the formation of solid contaminants. For this reason, a rapid 

fouling process was required. 

Carbon black was used as a fouling material because it is composed of small 

particles. The small particles means that the type of fouling observed on the 

field samples will be replicated. Figure 3-21 gives an example of what the 

surface of an artificially coated filter looks like. This is representative of what 

was seen in the returned field samples. A cake layer is formed on the surface, 

but there are still some pores remaining for fluid flow. 

 

Figure 3-21: Example of carbon black fouled surface (left) compared to an 

engine fouled filter (right). 

In order to achieve this. A solution of reference grade diesel and carbon black 

was made at a concentration of 2g/L. This was then stirred with a magnetic 

stirrer for 5 minutes to make a homogenous suspension; the carbon black was 

immiscible in the diesel which was desired for this process. The sample holder 

from the water separation rig was used to hold the sample being fouled. The 
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suspension was poured through the filter (being driven by gravity) and the 

filtrate was collected. The collected filtrate was then poured through the filter 

again. This was repeated so that the suspension had passed through the filter 

three times. The filter was then dried in an oven at 110°C for 15 minutes to 

remove any excess diesel. Once this was complete the sample was ready for 

analysis. 

3.2.12 Polydopamine decoration 

It was found that the carbon black fouling process was successful in 

replicating the physical fouling process that is seen in the field. However, in 

addition to physically blocking the filter there were also some chemical 

changes that occurred. The main result of this from a water separation 

efficiency was the reduction in contact angle. The carbon black did have an 

impact on the water contact angle of the filters; however, it was only reduced 

to approximately 120°C. This was not sufficiently low. Further modification 

was required in order to achieve a sufficiently accurate representation of the 

fouling that occurs in the field. 

The modification technique that was identified was polydopamine 

decoration. The reason this was selected was that it creates a very thin film on 

the surface and is also known to have very good adhesive properties (184). 

The process of creating polydopamine is an alkali induced oxidation of 

dopamine. In order to achieve this a buffer solution was created using a tris 

buffer at a concentration of 0.05M and a pH of 8.5, the pH was achieved using 

concentrated HCl. Dopamine was then dissolved in 500ml of the buffer 

solution to create a concentration of 4g/L of dopamine. The details of the 

reagents used are shown in Table 3.4. The sample being coated was then 

placed in this solution and stirred using magnetic stirring for 24hrs. The 

sample was then removed from the solution and washed using de ionised 

water. The sample was then placed in an oven at 110°C for 15 minutes to dry. 

Once this was completed the sample was ready for analysis. 

Table 3.4: Reagents used in the formation of polydopamine. 

Reagent Abbreviation CAS number 

Tris(hydroxymethyl)aminomethane Tris 1185-53-1 

Hydrochloric Acid HCl 7647-01-0 

Dopamine hydrochloride DA 62-31-7 
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3.2.13 Dip coating 

In order to determine the efficacy of the coatings performed, as well as 

determining the properties of interests on smaller sections of filter material. 

Dip coating is a commonly used method for coating, it is popular due to the 

ease of the process. It is possible to dip coat products as part of a continuous 

process, in this case a batch process was more appropriate (185). The sample 

is immersed in the nanoparticle containing solution, the sample is then 

withdrawn at a steady rate. The sample was then cured in an oven at 120°C 

for 30mins. 

In order to ensure that the coatings were consistent a solution of methanol 

with a concentration of 1gL-1 of the as prepared microspheres was made. The 

substrates were immersed in the solution for 30 seconds to allow for 

completer wetting. The substrates were withdrawn as a speed of 10mms-1, this 

process was done by hand. Therefore, it is possible that there is some error 

introduced here but the control of the other parameters should ensure that 

this error is minimised. 
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Chapter 4  

Analysis of field samples 

4.1 Introduction 

This chapter will assess returned filter samples, looking at the fouling 

behaviour and its effect upon the water separation efficiency. The used filters 

were provided by Parker Hannifin. These filters were used in three different 

fuel markets namely the Swedish petroleum diesel market, the Brazilian 

petroleum diesel market and the Brazilian biodiesel market (B100). It is 

known that even in petroleum diesel markets that there is a percentage of 

biodiesel blended to increase lubricity and reduce carbon emissions (186). For 

this analysis, it is assumed that the Brazilian petroleum diesel had a 10% blend 

of biodiesel (B10), whereas the Swedish petroleum diesel had a 7% blend of 

biodiesel (B7). These samples were fouled outside of a lab environment; 

therefore, it was not possible to control or test the fuel that was being used. 

This chapter will achieve the first aim of the project, to analyse the filters used 

in the field and determine whether the fouling seen is specific to the region in 

which it was used. Additionally, the effect of the foulant on the water 

separation efficiency will be quantified. The physical changes to the filter will 

be examined using SEM for visual characterisation of the foulant material, the 

porometer to determine the change in pore size distribution after the fouling 

and again the porometer for determining the changes to permeability. The 

chemical change will be examined using contact angle as an analogue for the 

changes to the surface free energy and FTIR will be used to determine the 

composition of the foulant material. The changes will then be linked to the 

changes in water separation efficiency in order to determine any trends 

between the location of fouling and the drop in performance. 

4.2 Materials and Methods 

4.2.1 Samples being examined. 

Table 4.1 shows the filters that were examined as part of this study. The ID is 

specific to an engine, with the number representing a unique service window. 

E.g., Pompe represents the vehicle, the #4 means this is the fourth filter that 

has been removed and sent to Parker Hannifin for analysis. Unfortunately, it 

was not possible to receive all the filters sent for analysis because some 

destructive testing is performed, not related to this project. The filters were 
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either removed as part of regular maintenance or if the pressure drop became 

so high that the engine was being partially starved of fuel. The mileage 

represents the distance travelled with this particular filter installed, not the 

mileage of the vehicle. It is immediately apparent that the Brazilian market 

filters (both B10 and B100) show significantly lower mileage. 

Table 4.1: Filters being examined including their origin and mileage (filter 

ID format: ‘vehicle ID’ & ‘filter number’). 

Filter ID Country Fuel Mileage (km) 

Pompe #4 Brazil B100 43,836 

Pompe #5 Brazil B100 36,534 

Pompe #10 Brazil B100 29,383 

Pompe #11 Brazil B100 36,757 

Adams #4 Brazil B10 46,018 

Renata #3 Brazil B10 64,788 

Renata #6 Brazil B10 43,920 

Renata #7 Brazil B10 64,756 

Hudson #2 Sweden B7 156,414 

Cook #2 Sweden B7 159,785 

Lewis #2 Sweden B7 165,203 

4.2.2 Methods 

For this chapter the fouled samples returned from use in the field are 

examined in various ways to assess the physical and chemical changes 

occurring. The methods used are described in the block diagram shown in 

Figure 4-1. The general details of each method are given in the Methodology, 

if there are any deviations from this general method they will be stated below. 

All experiments were completed a minimum of three times using separate 

samples from the returned field filters. All error bars shown in figures are a 

standard deviation of the three results. For the FTIR results a representative 

result was shown, the results were extremely consistent for all samples 

indicating the chemical consistency of the foulant being deposited. 



- 97 - 

 

 

Figure 4-1: Flow diagram of the methodology for testing returned field 

filters. 
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4.3 Results 

4.3.1 Water separation efficiency 

Using the filter flow equipment two critical measurements were taken, the 

pressure drop and water separation efficiency. Table 4.2 is the data collected 

from the flow rig, alongside some of the gathered data during the use of the 

filters. In all cases the base filter material, which has not been fouled, was 

tested alongside the returned filters from the field. The ID of this is MSR37. 

Table 4.2: Data collected from the filtration flow rig. 

Filter ID Country Fuel Mileage 

(km) 

Pressure 

Drop 

(mbar) 

Water 

separation 

efficiency (%) 

MSR37 

Pompe #4 

N/A 

Brazil 

N/A 

B100 

0 

43,836 

40.3 

62.7 

81.3 

56.5 

Pompe #5 Brazil B100 36,534 103.3 47.5 

Pompe #10 Brazil B100 29,383 69.7 46.1 

Pompe #11 Brazil B100 36,757 51.0 59.5 

Adams #4 Brazil B10 46,018 130.0 25.3 

Renata #3 Brazil B10 64,788 96.0 33.1 

Renata #6 Brazil B10 43,920 67.3 47.6 

Renata #7 Brazil B10 64,756 97.3 38.3 

Hudson #2 Sweden B7 156,414 71.0 33.0 

Cook #2 Sweden B7 159,785 53.0 75.8 

Lewis #2 Sweden B7 165,203 54.3 71.1 

 

As the filters are used, insoluble particles in the fuel will become trapped 

within or on the surface of the filter. A simple way that this can be investigated 

is by examining the pressure drop across the filter at a set flow rate. The 

pressure drop should be a good analogue for the number of insoluble particles 

that have been deposited on or within the filter. Figure 4-2 shows that there is 

not a significant correlation between the mileage and the pressure drop. 
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Figure 4-2: Mileage v pressure drop for the returned filter elements. 

Figure 4-3 shows a comparison between the mileage and the water separation 

efficiency for the returned elements, including the unfouled material. Again, 

there does not appear to be any correlation between the mileage and the water 

separation efficiency looking at Figure 4-3. Table 4.2 shows the data collected 

for the filters examined. This suggests that the process is influenced by more 

than just the amount of fuel being passed through the filter. It is not the case 

that as the filter is used the performance declines in a predictable manner. 
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Figure 4-3: Mileage vs water separation efficiency 

While it was not possible to show any correlation between the data collected 

from the filtration flow rig and the mileage of the filters, it was possible to 

show that there was a correlation between the pressure drop and the water 

separation efficiency. Figure 4-4 shows that a straight trendline can explain 

84% of the variation in the data. While it is possible to fit a non-linear trendline 

to this data that provided what would appear to be a better fit, the small 

number of data points are susceptible to over fitting. The Boltzmann curve, 

shown in Figure 4-5, fit gave the fit that was best able to explain the variation 

in the data without obviously over fitting to the relatively small sample size.  
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Figure 4-4: Pressure drop vs water separation efficiency: linear fit. 

 

Figure 4-5: Pressure drop vs water separation efficiency: Individual fits. 

4.3.2 Contact angle. 

The pressure drop is a good analogue for the physical changes that occur 

within the filter, but there will be chemical changes that also occur. One of the 

key things that is needed in a surface filter that separates water in diesel 
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emulsions is a hydrophobic surface. As the fibres at the surface are coated in 

foulant material, the hydrophobicity is likely to decrease. The reason for this 

is that diesel is a non-polar solvent, meaning that the compounds that are 

most likely to be insoluble are polar (187). It is also well known that polar 

surfaces will result in hydrophilicity (188). Figure 4-6 compares the water 

contact angle measured with the water separation efficiency determined 

using the flow rig.  

 

Figure 4-6: Contact angle vs water separation efficiency: linear fit. 

Figure 4-6 shows that there is a clear relationship between the water contact 

angle and the water separation efficiency. It is not possible to analyse the 

effects of contact angle and pressure drop separately using the returned 

samples, this is a potential issue because there is an interdependency between 

them, shown in Figure 4-7. The interdependency is present because the root 

cause is foulant material being deposited on the surface. Foulant material has 

two effects, it blocks pores resulting in an increase in pressure drop across the 

filter. It also is hydrophilic and as it coats the fibres the contact angle is 

decreased. 
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Figure 4-7: Interdependency between contact angle and pressure drop. 

4.3.3 Scanning electron microscope 

While it has been possible to show that the pressure drop is a relatively good 

analogue for the level of restriction, the way in which this restriction presents 

itself is also of interest. Using SEM imaging it has been possible to show the 

general type of fouling that is seen on the surface of the fibres. Figure 4-8 

shows the clean fibres, where Figure 4-9 through Figure 4-19 show the fouled 

filters. Using these images, the type of fouling behaviour was categorised into 

either, inter-pore fouling, partial cake layer, full cake layer, or a combination 

of inter-pore fouling and partial cake layer. Table 4.3 shows the types of 

fouling behaviour as determined from the SEM images. 

 

Figure 4-8: SEM image of clean filter material. 
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Figure 4-9: SEM image of Hudson #2 (B7) 

 

Figure 4-10: SEM image of Cook #2 (B7) 

 

Figure 4-11: SEM image of Lewis #2 (B7) 

Partial cake layer 

formation 

Full cake layer formation 
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Figure 4-12: SEM image of Adams #4 (B10) 

 

Figure 4-13: SEM image of Renata #3 (B10) 

 

Figure 4-14: SEM image of Renata #6 (B10) 
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Figure 4-15: SEM image of Renata #7 (B10) 

 

Figure 4-16: SEM image of Pompe #4 (B100) 

 

Figure 4-17: SEM image of Pompe #5 (B100) 
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Figure 4-18: SEM image of Pompe #10 (B100) 

 

Figure 4-19: SEM image of Pompe #11 (B100) 

Table 4.3 shows the type of fouling that was identified using the SEM imagery, 

in all cases the images are representative of what was seen. The type of fouling 

was determined from a minimum of 5 different points around the sample or 

through examining the surface during the scanning process. It should be 

noted that the samples examined were very small in comparison to the filter 

pack as a whole. No attempt was made to determine if there was a difference 

in fouling at different points on the filter, it was assumed to be homogenous. 

Looking at the relationship between the type of fouling seen and the cake 

layer, there doesn’t appear to be any significant correlation between the 

pressure drop and the type of fouling. This could suggest two things, the 

fouling is not as homogenous as first thought. The other possibility is that the 

fouling at the surface is not the factor that is determining the increase in 

restriction seen in these samples. It is likely that the fouling through the depth 

of the filter is more significant, this is not something that could be determined 

using SEM imagery. 
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Table 4.3: Table of the fouling behaviours identified using SEM imaging. 

Filter 
Fuel 

Market 
Type of fouling 

Pressure 

Drop (mbar) 

Hudson #2 B7 Partial cake layer 62.7 

Cook #3 B7 Inter pore & partial cake layer 103.3 

Lewis #2 B7 Full cake layer 69.7 

Adams #4 B10 Full cake layer 51.0 

Renata #3 B10 Full cake layer 130 

Renata #6 B10 Inter pore & partial cake layer 96 

Renata #7 B10 Full cake layer 67.3 

Pompe #4 B100 Inter-pore 97.3 

Pompe #5 B100 Partial cake layer 71 

Pompe #10 B100 Inter pore & partial cake layer 53 

Pompe #11 B100 Inter-pore 54.3 

4.3.4 Pore size distribution 

It is possible to determine the pore size distribution using capillary flow 

porometry; this can give information on how the fouling behaviour has 

influenced the pore size distribution, the technique is fully explained in 

Chapter 3 (Methodology). Figure 4-20 through Figure 4-22 show the pore size 

distributions of the returned filters grouped into the fuel markets in which 

they were used. 

The general trend seen in the B7 fuel market (Figure 4-20) is that the average 

pore size decreases. It should be noted that the pore size distribution gives no 

information on the number of pores, only the percentage of the total pores 

that are of a certain size. There is an obvious exception to this rule in Hudson 

#2. A possible way in which fouling could present itself in this data is that 

after a low level of fouling pores begin to restrict creating smaller pores as 

shown for The Cook and Lewis filters. As fouling continues more of the 

smaller pores are blocked completely leaving only the larger pores open. If 
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this were true it would be expected that the pressure drop for Hudson #2 

would be higher, this is the case (71mbar compared to ~53mbar) so this theory 

is possible. A different deposition mechanism in which the smaller pores are 

preferentially blocked is another possible theory. The difference in pressure 

drop does not rule this out. As mentioned, the main contributor to pressure 

drop is the number of available pores. However, the SEM image (Figure 4-9) 

does not show this, instead showing a partial cake layer being formed and no 

preferential deposition. If smaller pores were being preferentially blocked, it 

would be expected that some form of inter-pore fouling would be dominant.  

 

Figure 4-20: Pore size distribution for filters fouled in the B7 market. 

The B10 fuel market appears to favour the formation of cake layers resulting 

in a reduction in the average pore size. The one filter that does not follow this 

trend is Renata #6. However, it does appear that a partial cake layer has 

formed on the surface. Again, it is theorised that Renata #6 is in an early stage 

of the fouling process compared to the other three filters fouled in this market, 

this is confirmed when looking at the SEM images. A facile method for 

confirming this is to look at the pressure drop. For the filters with a cake layer, 

the percentage increase in pressure drop compared to a clean filter is between 

138% and 223%. The Renata #6 sample shows only a 67% increase in pressure 

drop. This gives some confidence to the theory that the Renata #6 sample is in 

an earlier stage of fouling. 
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Figure 4-21: Pore size distribution for filters fouled in the B10 market. 

The filters fouled in the B100 fuel market appear to exhibit a tendency towards 

inter-pore fouling and partial cake layer. Two of the filters display a slight 

reduction in the average pore size (Pompe #4 and Pompe #5, Figure 4-22). One 

filter saw an increase in average pore size (Pompe #11, Figure 4-22). The final 

filter saw a decrease in average pore size, similar to what is seen in the cake 

layer samples (Pompe #10, Figure 4-22). The filter with the greatest increase 

in pressure drop was Pompe #5, with an increase of 156%. This highlights the 

danger of characterising with SEM imaging or pore size distributions alone, 

looking at both of these data it would not be expected that the pressure drop 

would be highest compared to the other B100 filters. A possible reason for this 

is that the fouling is occurring within the depth of the filter, which will not be 

seen by the SEM looking at the surface. 
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Figure 4-22: Pore size distribution for filters fouled in the B100 market. 

Grouping the filters into the fouling behaviours that were identified and 

tabulated in Table 4.3, makes it possible to better identify the effects that the 

fouling behaviour has on the pore size distribution. Figure 4-23 shows the 

pore size distributions of the filters identified as having cake layer formation. 

All of the average pore sizes have decreased significantly, and now lie in the 

0.1 – 0.5µm range. The consistency of pore sizes for this type of fouling 

behaviour gives confidence to the SEM method for identifying cake layer 

formation. The same cannot be said for identifying partial cake layer 

formation (Figure 4-24), the two filters identified as having this type of fouling 

behaviour exhibit drastically different changes in pore size distribution. One 

possible reason for this is the inherent heterogeneity of the fouling, and 

possible fouling below the surface of the filter that cannot be seen by the SEM. 
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Figure 4-23: Pore size distribution for filters identified as having a full cake 

layer. 

 

Figure 4-24: Pore size distribution for filters identified as having a partial 

cake layer. 

There are again some stark differences when comparing the pore size 

distribution of filters identified as having inter pore fouling (Figure 4-25), one 
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thing in common between the two filters is a broadening of the distributions. 

Where they differ is the average size shift. A similar observation can be made 

for the filters identified as having inter pore fouling and a partial cake layer 

(Figure 4-26). Overall, there is a general trend of the average pore size 

reducing, however the degree to which this happens is quite varied. 

 

Figure 4-25: Pore size distribution of filters identified as having inter pore 

fouling. 

 

Figure 4-26: Pore size distribution for filters identified as having inter pore 

fouling and a partial cake layer. 
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4.3.5 Air permeability 

In addition to pressure drop, air permeability was also used as a secondary 

measure of the level of blockage seen in the filters. It would be expected that 

the pressure drop, and air permeability would be proportional. However, it 

was found that this rule did not hold. There is a large jump in air permeability 

for the clean filter compared to fouled filters; this is not reflected in the 

pressure drop data. The relationship between the pressure drops and air 

permeability for the fouled filters is linear as would be expected.  

One thing to note is that the pressure drop measurements were made during 

the water separation testing. This may result in the deposition and coalescence 

of water droplets on the surface. It is likely that once the foulant has been 

deposited on the surface the roll off angle will be increased leading to the 

capture of water on the surface. This will result in increased pressure drop 

through pore blockage. However, this will not be captured by the air 

permeability measurement. Figure 4-27 shows the relationship between 

pressure drop and the air permeability measured. The filters have been 

separated into the fuel markets in which they were fouled to see if there is any 

correlation. 

 

Figure 4-27: Relationship between pressure drop and air permeability. 

There is a trend in the air permeability with respect to the fuel market with 

B10 fuel market followed by B100 and finally the B7 fuel market. 
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4.3.6 Fourier transform infrared spectroscopy. 

For this work only the general structure of the molecules that have fouled the 

filters is of interest. It is possible to compare the structure of the foulant 

material deposited in different fuel markets. The most important aspects of 

the FTIR spectra in this case is the oxygen functionality, an increase in oxygen 

functionality will likely mean an increase in polarity. As has been mentioned 

previously an increase in polarity would result in an increase in 

hydrophilicity eventually leading to filter failure with respect to water 

separation efficiency. 

Figure 4-28 shows the B7 fuel market FTIR spectra, Figure 4-29 shows the B10 

fuel market FTIR spectra and Figure 4-30 shows the B100 fuel market FTIR 

spectra. Two peaks that are common in all of the spectra are at 2920cm-1 and 

2850cm-1 (189); they are associated with symmetric and asymmetric 

methylene stretching respectively. There are also two partially obscured 

peaks present one at approximately 2955cm-1 and the other appears as a 

shoulder slightly lower than 2850cm-1 (189), these are associated with 

symmetric and asymmetric methyl stretching respectively. The lack of 

prominence of the methyl peaks suggests that the carbon chain lengths are 

relatively long. Additionally, there is a peak at 720cm-1 which is often 

attributed to the methylene –(CH3)n– rocking, where n ≥ 3. This supports the 

theory that the chain lengths of the hydrocarbons are relatively long (189). 
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Figure 4-28: FTIR spectra for the foulant found in the B7 fuel market. 

The peak at approximately 1640cm-1 is not present in all spectra, showing 

greatest intensity in Renata #3 and Renata #7 (Figure 4-29). The most likely 

cause of this peak is from the C=C bond in unsaturated hydrocarbons, this is 

probably present in a complex system similar to an asphaltene. A peak at 

approximately 1560cm-1 indicates the presence of carboxylate salts, a well 

reported contaminant leading to premature filter blockages (37, 190-192). 
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Figure 4-29: FTIR spectra for the foulant found in the B10 fuel market. 

Oxygen functionality is represented by a number of different peaks. The 

broad peak at 3350cm-1 is caused by O-H stretching from a hydroxyl group; 

this is seen most prominently in the B10 filters. The peak at 1738cm-1 is 

associated with the C=O stretching from an ester, this is indicative of the 

biodiesel content in the fuels being used (189). Renata #3 (Figure 4-29) is the 

only spectrum that does not exhibit a prominent peak at 1738cm-1, however 

there is a shoulder on the adjacent 1640cm-1 peak. The relatively prominent 

peak at 1640cm-1 is likely merging with the peak at 1738cm-1 obscuring it from 

view (189).  
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Figure 4-30: FTIR spectra for the foulant found in the B100 fuel market. 

Other peaks that are known to represent oxygen functionality are seen 

between 1200cm-1 and 1000cm-1, there are a number of peaks in this area 

making the identification of individual peaks challenging. Stretching of the 

O-CH3 bond will exhibit a peak between 1188cm-1 and 1200cm-1, this is 

indicative of biodiesel content. Another peak also caused by esters can be seen 

between 1050cm-1 and 1150cm-1 is caused by C-O stretching (193). There are 

numerous possible alcohol C-O bond stretches between 1050cm-1 – 1150cm-1 

(194). Compounds of interest that can be identified by peaks in this section of 

the spectrum are glucosides, it is well reported that glucosides can cause 

significant increases in filter blocking rates (195). Using both FTIR and time of 

flight secondary-ion-mass-spectrometry, Felder et al. (191) determined that 

the glucosides exhibited peaks between 1000cm-1 and 1200cm-1.  
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4.4 Discussion 

There is a general trend of the B10 filters exhibiting higher pressure drop on 

average followed by the B100 and finally the B7 filters. It should be noted that 

these filters have a large range in mileages with the European B7 fuel market 

filters being able to run for a significantly higher mileage, therefore a lower 

rate of blockage when compared to Brazilian fuel markets. The main reason 

for this is likely the fuel quality. It was not possible to determine the fuel 

quality directly because the filters were fouled in real engines; it was not 

feasible to get fuel samples from these engines. Even if fuel samples were 

taken at the time the filters were removed, it could not be guaranteed that this 

would be representative of the fuel seen by the filter throughout its life.  

The quality control of the biodiesel is a vital to avoiding premature blockage 

of filters. Metal contaminants are known to react with carboxylic acid-based 

additives forming carboxylic soaps. These compounds are insoluble in diesel 

causing them to become trapped at the surface of the filter (196). The FTIR 

spectra (Figure 4-28 through Figure 4-30) show that the carboxylate salts 

identified by a peak at 1560cm-1 are more prominent in the Brazilian fuel 

markets. Another element related to fuel quality is the feedstock used for the 

biodiesel, there are many different feedstocks used throughout the world. 

Examples are rapeseed oil, palm oil, soy bean oil, castor oil or animal tallow 

(197). The most common feedstock used in Brazil is soy bean oil, whereas in 

Europe the most common feedstock is rapeseed oil (198). 

It has been reported that different feedstocks can lead to varying levels of 

blocking tendency. Fersner and Galante-Fox (33) conducted a study looking 

at the blocking tendency of B10 biodiesel blends in which the biodiesel was 

sourced from various feedstocks. The feedstocks examined were cooking oil, 

soybean oil, coconut oil and rapeseed oil. It was found that the rapeseed oil 

had the lowest filter-blocking tendency, while the soybean oil had the worst 

filter-blocking tendency (33). This concurs with what has been seen in our 

study, both the Brazilian fuel market filters become blocked at far lower miles 

than the Swedish filters.  

The general structure of the foulant material has been identified using FTIR; 

it was identified as a relatively long chain hydrocarbon with a fair amount of 

oxygen functionality. There were some notable differences between the filters 

fouled in different fuel markets. The B7 fuel market filters have far fewer 

carboxylates (identified by the 1560cm-1) when compared to the B10 fuel 

market filters. The presence of carboxylates is usually associated with 
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increased blocking (196), being that the B10 fuel market filters block at a faster 

rate compared to the B7 fuel market filters it follows that the carboxylate 

content is higher. The intensity of a peak cannot be directly compared to the 

intensity of another peak to determine compositional fractions. Lacey et al. 

(190) identified carboxylates on injector deposits, it was found that the 

identifying peak (1560cm-1) was very prominent. This is not the case for the 

spectra produced in this study, suggesting that the proportion of carboxylates 

in the foulant material is quite low comparatively. 

Another contaminant is often reported as having an impact upon the rate of 

blocking is glucosides. As has been mentioned the peak that is likely 

associated with this is located between 1000cm-1 and 1100cm-1 (191, 199-201). 

The filters fouled in the B100 fuel market shown in Figure 4-30 show an 

interesting trend here. Pompe #5 and #10 have prominent peaks between 

1000cm-1 and 1100cm-1 that can be attributed to sterol glucosides, in contrast 

Pompe #4 and #11 do not show peaks here. The interesting aspect can be seen 

when looking at the pressure drop; the filters showing the presence of 

glucosides have significantly higher pressure drops when compared to the 

ones without. 

The contact angle is also somewhat dependant on the fuel market in which 

the filter was used. This is only true for the B100 and B10 fuel markets, with 

the B10 overall having lower contact angles than the B100. The B7 fuel market 

filters have a broad range of contact angles. This does not agree with the 

results of the FTIR spectroscopy, which suggested that the composition of the 

foulant material was relatively constant. It may be that a small fraction of the 

composition is having a more significant effect upon the wettability than was 

first thought.  

One possible reason for this is the physical nature of the foulant. If a cake layer 

is formed on the surface, a relatively impermeable layer is present for the 

droplet to sit on. However, if the fibre is coated in foulant material, there are 

a large number of open pores, and the wettability is lowered to a point below 

and equivalent 90° contact angle the droplet will likely fall through the porous 

network leading to a lower contact angle. It should be noted that the size of 

the droplet in the contact angle experiment is significantly larger than the 

droplets in the water separation experiments. This means that while the cake 

layer is relatively impermeable with respect to the size of droplet in the 

contact angle experiment, it does not mean that it will be impermeable to the 

smaller droplets within the water separation experiments. 
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It was shown that the contact angle has an inversely proportional relationship 

with the water separation efficiency (Figure 4-6); this is what would be 

expected from theory. According to the Young-Laplace equation the lower the 

contact angle the lower the force required to force a droplet through a porous 

surface (95).  

SEM imaging was used to display that the B10 fuel market filters had the most 

prominent cake layer formation. The B7 filters did not show any consistent 

type of fouling and the B100 filters showed a tendency towards inter-pore 

fouling (Table 4.3). This is also shown in the capillary flow porometry data, a 

full cake layer results in a significant decrease in average pore size, along with 

a narrowing of the distribution (Figure 4-23). A similar trend is seen for the 

partial cake layer and partial cake layer with inter pore fouling, Figure 4-24, 

the average pore size decreases. Having said this there is more variability in 

the pore size distribution for the filters displaying partial cake layer 

formation. The nature of partial cake layer formation leads to heterogeneity; 

this explains the larger variation in the pore size distribution. Additionally, 

the area examined using the SEM is relatively small, this could lead to 

categorising incorrectly. There are not sufficient filters identified as having 

inter-pore fouling to make any comments on the change to pore size 

distribution. 

The air permeability does not match up with the pressure drop observed. The 

air permeability of the clean filter is significantly higher than would be 

expected, if the relationship between air permeability and pressure drop was 

linearly inversely proportional. Darcy’s equation (3-2) shows that 

theoretically permeability (𝑘) is inversely proportional to the pressure drop 

( Δ𝑃 ). As a result of the fouling process the contact angle is reduced, 

additionally it is likely that the roll off angle is increased. This will result in 

droplets of water being trapped at the surface. This will lead to a form of 

fouling in which the droplets will effectively block the pores. 

It has been possible to show that as expected there are two things that affect 

the water separation efficiency. The flow dynamics of the emulsion through 

the filter, examined primarily using the pressure drop, and the chemical 

changes to the surface of the filter, examined primarily using the contact 

angle. As the filter was fouled the pressure drop increased the water 

separation efficiency decreased, using pressure drop alone it was possible to 

explain approximately 84% of the variation in the data. Contact angle could 

only explain 60% of the variation in the data if used as the lone predictor. It 
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was also shown that the pressure drop and contact angle were 

interdependent.  

If both parameters are combined, it is possible to improve the prediction. The 

parameters are combined by dividing the pressure drop (inversely 

proportional) by the contact angle (proportional). The contact angle was non-

dimensionalised by dividing the filters contact angle by the contact angle of a 

pristine filter. The pressure drop was non-dimensionalised using the Euler 

number. The equation defining the Euler number is shown below. Δ𝑃 is the 

pressure drop, 𝜌 is the density and 𝑢 is the fluid velocity.  

𝐸𝑢 =
Δ𝑃

𝜌𝑢2
 

4-1 

 Figure 4-31 shows that by combining the analogues used in this work to 

describe the physical and chemical changes. 

 

Figure 4-31: Water separation efficiency vs contact angle/ differential 

pressure 

If the data is split into its requisite fuel markets, it is apparent that the fuel 

market has a bearing upon the water separation efficiency. Firstly, the B10 and 

B100 fuel market filters are grouped, whereas the B7 fuel market filters span 
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the full range. The gradients for each of the fuel markets are different; the B10 

fuel market filters have a steeper gradient, while the B100 fuel market filters 

show the flattest gradient. This suggests that there are other effects related to 

the fuel market that are not captured by examining the contact angle and 

pressure drop alone. While this is an interesting observation there are only a 

small number of samples from each fuel market, therefore this is difficult to 

say for sure. 

This technique for predicting the water separation performance of fouled 

diesel filters has not been implemented previously. With the addition of more 

returned samples, it would be possible to fully develop a predictive model for 

the water separation efficiency. The method for developing this model has 

been established through this work and would be a significant addition to the 

literature regarding fouled diesel filters. In addition to this there is very little 

published work on the effect of fouling on diesel filters with respect to the 

water separation efficiency, while the results of this study confirm what 

would be expected there would still be merit in publishing the results, 

especially showing that the fouling is largely consistent between different fuel 

markets. 

4.5 Conclusions 

It has been shown that the fuel market in which a filter is used has a significant 

impact upon the fouling tendencies of fuel filters used in HGVs. It was shown 

using FTIR that overall, the general structure of the foulant material is 

relatively consistent for all filters, the material is long chain hydrocarbons 

with some oxygen functionality. The filters fouled in the B10 fuel market show 

a tendency to form cake layers rapidly, the filters fouled in the B100 fuel 

market have a higher likelihood of displaying inter-pore fouling.  

The pressure drop and contact angle were used as analogues for the chemical 

and physical changes caused during the fouling process. Both the contact 

angle and pressure drop are good analogues for the changes that occur during 

use. However, there is a variable related to the fuel market that could not be 

accounted for. Analysis of air permeability indicated that the fouled filters are 

more susceptible to fouling from water droplets due to a decrease in contact 

angle hysteresis. It was possible to show the effects of different fouling 

mechanisms on the pore size distribution within the filters, however it was 

not possible to link this directly to the water separation efficiency.  
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This chapter highlights the complexity of the fouling process in field samples, 

meaning that the current use of pressure drop as an indicator for end of life 

can lead to the failure of the filter with regards to water separation without 

any indication. It also shows that when applying a coating, particular 

attention should be given to any changes that occur to the flow dynamics 

through the filter. The water separation efficiency is sensitive to this type of 

change. 

The aim of this chapter was to determine whether the fuel market in which 

the filter was used has an impact on the performance of the filter after being 

fouled. This has been achieved, it is immediately obvious that the rate of 

fouling is impacted by the fuel market, the filters fouled in the Brazilian 

market blinded significantly quicker than the filters fouled in the Swedish 

market. The most likely reason for this is postulated to be the composition of 

the biodiesel feedstock. It has been shown in the literature that soybean 

biodiesel used in Brazil has a higher blocking tendency when compared to 

rapeseed biodiesel used in Europe.  

It was shown however, that the composition of the biodiesel was substantially 

similar both physically and chemically. It was possible to confirm that the two 

primary factors affecting the water separation efficiency that are impacted by 

the fouling are the shear stress at the pore walls (represented by the pressure 

drop) and the surface free energy of the fibres (represented by the contact 

angle). Using the data gathered it was possible to create the basis of a model 

that could be used to estimate the water separation efficiency of a filter based 

on some relatively easily measured values. 
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Chapter 5  

Formation and characterisation of SiO2 

microspheres for coating 

5.1 Introduction 

This chapter will outline the process of forming silica microspheres and the 

subsequent hydrophobic treatment. Three functionalising agents have been 

selected for creating hydrophobic silica particles, they are detailed in Table 

5.1. 

Table 5.1: Functionalising agents used for the formation of hydrophobic 

silica microspheres. 

Functionalising agent Abbreviation CAS No 

Perfluorooctyltriethoxysilane FAS 51851-37-7 

Hexadecyltrimethoxysilane HDTMS 16415-12-6 

Oleic acid OA 112-80-1 

 

As was described in the methodology section the effect that the concentration 

of three chemicals have on the effectiveness of the hydrophobic particles 

produced is investigated. The variables that are being examined are the 

concentration of deionised water (H2O), ammonium hydroxide (NH4OH) and 

the functionalising agent (Table 5.1). The method being used is a one pot 

method, in which the functionalising agent is added alongside the tetraethyl 

orthosilicate (TEOS). It is theorised that a core and shell arrangement will be 

formed between the silica and the functionalising agent, depicted in Figure 

5-1. The ‘as-formed’ particles will then be applied to the fibrous filter through 

a simple dip coating method.  
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Figure 5-1: Example of the core and shell silica-functionalising agent 

particle 

This chapter will achieve the second aim of the project. A coating is developed 

to improve the water separation performance of the filters. A number of 

different particles were formed using the Stöber process, the process was 

modified slightly to allow for the silica particles formed to have a 

hydrophobic shell as described above. The hydrophobicity of the particles 

prepared was analysed using the contact angle technique, this was done 

having applied them to the fibres. In order to assess the size of the particles 

formed two methods were used, dynamic light scattering and scanning 

electron microscopy. It was found that the particles aggregated and using the 

two methods it was possible to approximate the degree of aggregation. 

It was also necessary to determine the impact that the coating has on the 

physical properties of the filter. This was achieved using capillary pore 

porometry and air permeability testing. It is important that any coating 

applied has a minimal impact on the physical change, because as identified in 

Chapter 4 the blockage of pores decreases the performance of the filter. 

5.2 Materials and Methods 

5.2.1 Testing matrix 

To effectively determine the effect that each parameter has on the final 

properties of the microspheres a testing matrix was created. This was done 

using a technique often used in computational modelling called Latin 

hypercube sampling. This creates a random spread of particles that are well 

distributed over a sample space. The testing matrix used for each 

functionalising agent is shown in Table 5.2. In total, 30 tests were carried out. 

 

 

 

Silica core 

Functionalising 

agent shell 
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Table 5.2: Experimental matrix for the SiO2 formation, each test ID was 

repeated for each functionalising agent. 

Test ID 

Concentration (molL-1) 

TEOS Functionalising 

agent 

NH4OH H2O 

1 0.261 0.0181 0.772 2.20 

2 0.264 0.0328 0.524 1.95 

3 0.250 0.0631 0.601 3.88 

4 0.234 0.0150 1.54 5.86 

5 0.251 0.0223 0.434 4.93 

6 0.243 0.0125 2.36 2.44 

7 0.257 0.0141 0.857 2.96 

8 0.263 0.0356 0.711 1.69 

9 0.230 0.0218 0.499 8.90 

10 0.254 0.0469 1.07 2.39 

 

There is some variation in the concentration of TEOS. The mass of TEOS and 

the other unvaried reactants were kept the same throughout the testing, 

therefore the small changes in volume of the varied parameters results in 

some small fluctuation in the concentration of TEOS. The reason the mass was 

maintained the same was to attempt to keep the eventual mass of particles in 

the solution used for coating the same. 

5.2.2 Methods 

The general method for forming the SiO2 microspheres is described in the 

methodology section (section 0). This methodology was used any time that 

microspheres were created. 

Following the formation of the microspheres, a number of experiments were 

conducted in order to determine the efficacy of the particles to impart 

hydrophobicity. Figure 5-2  describes the testing completed. 
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Figure 5-2: Flow diagram of the methodology for testing as formed 

hydrophobic silica microspheres. 

The stages within the block diagram are described within the methodology 

section. Dynamic light scattering is performed in order to determine the size 

distribution of the particles formed. The contact angle is measured after 

applying the particles to the filter through dip coating. The fibrous nature of 

the filter material made the measurement of the sliding angle impractical, the 

lack of data for the sliding angle means that the coatings cannot truly be called 

superhydrophobic. Air permeability and pore size distribution are used to 

assess the changes to the physical characteristics of the filter. This should be 

kept to a minimum to ensure that the hydrodynamics of the flow are 

maintained as best as possible. 

5.3 Results 

5.3.1 Particle Sizes 

Using a Malvern Zetasizer, it has been possible to determine the particle sizes 

by utilising dynamic light scattering (DLS) produced using the modified 

Stöber method. This will show how the addition of the functionalising agents 

affects the production of the microspheres by way of utilising the Stöber 

process. The diameters of the particles were confirmed using SEM imagery 

because it was found that there was significant poly-dispersity in the 

Zetasizer measurements. 
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5.3.1.1 FAS 

Looking first at the results for when using the FAS functionalising agent. The 

particle sizes for ID 1-10 as defined in Table 5.2 are shown in Figure 5-3 

through Figure 5-7. 

 

Figure 5-3: Particle sizes for ID 1 & 2 with the FAS functionalising agent. 

 

Figure 5-4: Particle sizes for ID 3 & 4 with the FAS functionalising agent. 

 

Figure 5-5: Particle sizes for ID 5 & 6 with the FAS functionalising agent. 
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Figure 5-6: Particle sizes for ID 7 & 8 with the FAS functionalising agent. 

 

Figure 5-7: Particle sizes for ID 9 & 10 with the FAS functionalising agent. 

There are some important things to note from these figures. It is well reported 

that the Stöber process forms relatively uniform spherical particles (202). 

However, looking at these data collected from the particles formed in this work, 

it appears that this is not the case. There is a large amount of polydispersity in 

many of the samples (ID1, 3, 5, 6, 8 and 10). Wang et al. (203) showed using TEM 

that when utilising the Stöber method with TEOS and FAS that uniformly sized 

particles were formed. This suggests that the addition of the functionalising 

agent doesn’t result in polydispersity in all cases. The likely cause of this 

polydispersity is aggregation of the particles. 

Bogush et al. (204) examined the Stöber process and how the concentration of 

each reactant effects the size of the silica spheres produced. In excess of 100 

experiments were conducted for this. Bogush et al. (204) developed an equation 

based on empirical data to determine the diameter of a Stöber particle from the 

concentration of the reagents. The equation is shown in equations 5-1, 5-2 and 

5-3. 

𝑑 = 𝐴[𝐻2𝑂]
2 exp (−𝐵[𝐻2𝑂]

1
2) 5-1 
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Where, 

𝐴 =  [𝑇𝐸𝑂𝑆]
1
2(82 − 151[𝑁𝐻3] + 1200[𝑁𝐻3]

2 − 366[𝑁𝐻3]
3) 5-2 

And 

𝐵 = 1.05 + 0.523[𝑁𝐻3] − 0.128[𝑁𝐻3]
2 5-3 

These models are based on the formation of Stöber particles in the traditional 

method, without the presence of a functionalising agent. Figure 5-8 shows how 

the particle sizes measured in this work compare to this empirical model. Clearly 

the correlation is poor, this could be caused by several factors including 

aggregation, the addition of the functionalising agent or experimental controls. 

 

Figure 5-8: Calculated diameter vs measured diameter for the FAS 

functionalising agent microspheres. 

The aggregation that is seen in these samples is problematic for determining 

the true particle sizes. The most facile method for determining the particle 

sizes without aggregation being a problem would be through imaging. Using 

SEM, the particles were directly imaged. The resultant images were then 

analysed to determine the particle size distribution. Figure 5-9 shows an 

example of the image collected for the ID7 particles, along with the resultant 

particle size distribution. 
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Figure 5-9: Left: image of the microspheres created (ID7). Right: histogram 

of the particle sizes (ID7). 

This analysis resulted in an average particle size of 400.1 ± 66.5nm, compare 

this to the 774.1 ± 13.2nm measured using DLS it is clear that there is an 

element of aggregation even in the relatively large particles. Looking at Figure 

5-10 it can be seen that the effect of aggregation is even greater in other 

samples. The particle size measured with DLS (387.0 ± 48.3nm) is over ten 

times greater than the particle sizes measured with the SEM images.  

 

Figure 5-10: Left: image of the microspheres created (ID5). Right: histogram 

of the particle sizes (ID5) for the FAS functionalised 

microspheres. 

While it has been possible determine the actual apparent size of the particles 

formed, it is not possible to show using SEM imaging the extent to which the 

particles aggregate. The theoretically calculated particle sizes still do not 

correlate with the observed particle sizes measured using SEM, Figure 5-11 

shows this relationship.  
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Figure 5-11: Correlation between the measured particle size (using SEM) 

and the theoretically calculated particle sizes for the FAS 

functionalised microspheres. 

It is likely that the addition of the functionalising agent has altered the way in 

which the particles are formed changing the particle sizes. This could explain 

the deviation of the particle sizes from what would be expected from 

theoretical calculations. It is an interesting result, which should be noted. 

However, the purpose of examining the Stöber process was to achieve a range 

of particle sizes. This has been achieved; therefore, an alternative 

methodology is not required. 

5.3.1.2 HDTMS 

Using DLS again the diameter of the particles formed with the HDTMS 

functionalising agent. Figure 5-12 to Figure 5-16 show the particle size 

distributions. There are several important things to note in the particle size 

distributions, in Figure 5-13 and Figure 5-16 the particle size distributions for 

ID3 and ID9 show no distribution. This is caused by the large apparent 

particle sizes for these ID’s, the Malvern Zetasizer being used does not supply 

distribution data for particles in excess of 10000nm. This is likely caused by 

aggregation of the particles formed. The aggregation is also exemplified in the 

distributions showing a secondary peak in the order of thousands of 

nanometres.  
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Figure 5-12: Particle sizes for ID 1 & 2 with the HDTMS functionalising 

agent. 

 

Figure 5-13: Particle sizes for ID 3 & 4 with the HDTMS functionalising 

agent. 

 

Figure 5-14: Particle sizes for ID 5 & 6 with the HDTMS functionalising 

agent. 
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Figure 5-15: Particle sizes for ID 7 & 8 with the HDTMS functionalising 

agent. 

 

Figure 5-16: Particle sizes for ID 9 & 10 with the HDTMS functionalising 

agent. 

The aggregation is exaggerated in the HDTMS functionalised particles when 

compared to the particles made with FAS as the functionalising agent. This is 

exemplified in Figure 5-17. Many of the points on this figure are out of range, 

because the measured size is much larger than the calculated value. This 

suggests that the aggregation is a more prominent problem when using the 

HDTMS functionalising agent. In some cases a surfactant can be used to 

mitigate the aggregation (205). However, in this case the addition of 

surfactants would likely lead to changes in the surface chemistry, so this was 

not an option. 
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Figure 5-17: Calculated diameter vs measured diameter using DLS for the 

HDTMS functionalising agent microspheres. 

The difference between the particle sizes measured with DLS and the 

theoretically calculated particles is more apparent than was seen for the 

microspheres formed with the FAS functionalising agent. This is likely caused 

by aggregation, again SEM imagery was used to confirm the actual size of the 

particles formed. It was shown in Figure 5-10 that for the FAS functionalised 

coatings aggregation was significant in some cases. This was also seen in the 

HDTMS functionalised particles. Figure 5-18 shows an SEM image of coating 

ID10 functionalised with HDTMS alongside the particle size histogram using 

the SEM image. This coating was selected as the coating functionalised with 

HDTMS that had the most discreet particles, and even here aggregation is 

widespread. 
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Figure 5-18: Right: SEM image of HDTMS ID10 with the aggregation 

highlighted. Left: histogram of the particle sizes for the HDTMS 

ID10 coating. 

A more representative coating for what is seen in the HDTMS functionalised 

coatings is shown in Figure 5-19. There are large aggregates of discreet 

particles. For all further analysis the sizes of the particles measured using SEM 

were taken to be the size of the discreet particle, rather than the aggregation. 

The particle size histogram is also included, for reference. 

 

Figure 5-19: Right: SEM image of HDTMS ID5. Left: histogram of the 

particle sizes for the HDTMS ID5 coating. 

Using the same method as was done for the FAS functionalised microspheres, 

the expected particle sizes were calculated. Figure 5-20 shows the comparison 

between the calculated and measure particle sizes. Again, there is large 

disparity between these two values. The particle sizes fall well outside the ± 

20% error boundaries for the most part, with only two of the ten samples 

falling within this range. This again is attributed to the introduction of the 

functionalising compound. 
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Figure 5-20: Calculated particle sizes vs measured particle sizes using SEM 

for the HDTMS functionalised microspheres. 

5.3.1.3 OA 

DLS is able to show the particle sizes for the microspheres created using oleic 

acid as the hydrophobic functionalising agent. The particle size distributions 

are shown in Figure 5-21 to Figure 5-25. 

 

Figure 5-21: Particle sizes for ID 1 & 2 with the oleic acid functionalising 

agent. 
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Figure 5-22: Particle sizes for ID 3 & 4 with the oleic acid functionalising 

agent. 

 

Figure 5-23: Particle sizes for ID 5 & 6 with the oleic acid functionalising 

agent. 

 

Figure 5-24: Particle sizes for ID 7 & 8 with the oleic acid functionalising 

agent. 
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Figure 5-25: Particle sizes for ID 9 & 10 with the oleic acid functionalising 

agent. 

The average particle size for the microspheres formed using oleic acid as the 

functionalising agent have a significantly higher average particle size 

compared to both the HDTMS and FAS functionalising agents. It is unclear 

from the particle size distribution data alone whether this is as a result of 

aggregation or if the particles are simply much larger. In the HDTMS and FAS 

samples aggregation was identified by the polydispersity, the oleic acid 

functionalised particles do not present two peaks (one aggregate and one 

actual particle), but only one larger aggregate peak. The expected in this 

instance is what has been shown empirically by Bogush et al. (204), a 

comparison between measured and expected particle sizes is shown in Figure 

5-26. The measured diameter is significantly greater for all the microspheres 

formed using oleic acid as a functionalising agent. However, there is a 

correlation between the measured and calculated values, this suggests that 

the oleic acid is causing the change in diameters from what would be 

expected. 

 

Figure 5-26: Calculated diameter vs measured diameter for the OA 

functionalising agent microspheres (left: equal scale to show 

correlation, right: scaled to show trend). 
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Again, using SEM imagery, it has been possible to determine more accurately 

the size of the microspheres formed. Figure 5-21 to Figure 5-25 suggest that 

aggregation is again prevalent in these samples. This is confirmed using SEM. 

Figure 5-27 shows a typical aggregate that is formed along with the 

corresponding particle size histogram. As was done for the other aggregates 

the discreet particle sizes were analysed, not taking into account the size of 

the aggregates. The reason for this is that the size of the aggregates in the 

samples imaged is likely a function of the drying, this will not be 

representative of the final coating added to the fibres (206). 

 

Figure 5-27: Right: SEM image of OA ID1. Left: histogram of the particle 

sizes for the OA ID1 coating. 

Using this method of determining the particle sizes the average particle size 

for each iteration of the OA functionalised coating, it is possible to determine 

whether the addition of the functionalising agent has an impact upon the 

expected particle sizes. The correlation between the calculated particle size 

and the measured particle size is shown in Figure 5-28, comparing this with 

the correlations for the FAS and HDTMS functionalised coatings (Figure 5-11 

and Figure 5-20) it is clear that the OA functionalising agent has a lesser 

impact upon the discreet particle size. 
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Figure 5-28: Calculated particle sizes vs measured particle sizes using SEM 

for the OA functionalised microspheres. 

While the correlation is not perfect, it is much improved when compared to 

the correlations for the other functionalising agents. This is likely as a result 

of the difference in type of functionalisation. This will be discussed more 

thoroughly in the discussion section of this chapter. 

5.3.2 Contact angle. 

In order to determine whether the coatings have been successful in increasing 

the hydrophobicity contact angle has been used. The coatings were each 

applied to the surface of the filter material being examined as described in 

section 3.2.13. It was not possible to determine the sliding angle because of the 

nature of the samples. The filter material is corrugated, causing the sliding 

angle to be extremely inconsistent. The static contact angle will be sufficient 

to determine the efficacy of the coating. 

5.3.2.1 FAS 

It has been shown that the addition of the silica microspheres that have been 

functionalised with FAS always result in an increase to the contact angle 

observed as shown in Figure 5-29. This is expected for two reasons, firstly the 

FAS functionalised microspheres will reduce the surface energy of the fibres. 

The second is the increase in roughness relative to uncoated fibres.  
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Figure 5-29: Contact angle vs coating ID for FAS functionalised silica 

The effect of the particle sizes on the subsequent contact angle is shown in 

Figure 5-30. It does not appear that there is a significant correlation between 

the particle size and the contact angle. It may be possible to say that the 

contact angle is highest for either extremely small or large particles. 

 

Figure 5-30: Contact angle vs DLS measured particle size for the FAS 

functionalised nanoparticles. 

It is also important to consider the particle sizes measured using the SEM. 

This will give an indication as to whether the size of the aggregates or the size 
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of the discreet particles has the greatest impact upon the contact angle 

observed. Figure 5-31 shows the relationship between the particle sizes 

measured using the SEM and the contact angle. 

 

Figure 5-31: Contact angle vs SEM measured particle size for the FAS 

functionalised nanoparticles 

While there didn’t appear to be a strong correlation between the particle size 

measured using DLS and the contact angle (R2<0.1), there does appear to be a 

correlation between the particle size measured using SEM and the contact 

angle (R2 = 0.4). With larger particles resulting in increased contact angles. The 

likely reason for this is the change in roughness caused by the differing 

particle sizes. This will change the amount of air that is able to be trapped 

within structure, this will change the contact angle as described by the Cassie-

Baxter model (103). 

There does appear to be a correlation between the polydispersity index based 

on the measurements made using DLS and the contact angle. It is shown in 

Figure 5-32 that the contact angle increased for a lower polydispersity index. 

In the context of the particle sizes measured with DLS this can be viewed as a 

measure of the degree of aggregation because as two peaks form (one for the 

actual size of the particles and the other of the aggregates) the PDI will 

increase. The greater the aggregation the closer to 1 the polydispersity index 

will be. 
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Figure 5-32: Contact angle vs polydispersity index measured using DLS for 

the FAS functionalised nanoparticles. 

Overall, it has been shown that as aggregation increases in the FAS 

functionalised coatings the contact angle is decreased. It is also interesting to 

examine the effect of the polydispersity with respect to the particle sizes 

measured using the SEM method. This will determine whether it is more 

beneficial to have a more mono disperse microsphere coating with respect to 

increasing contact angle. The polydispersity index was calculated in the same 

way as above, using equation 3-22, and the relationship between 

polydispersity and contact angle is shown in Figure 5-32. 

 

Figure 5-33: Contact angle vs polydispersity index for the particle sizes 

measured using SEM imagery for the FAS functionalised 

coatings. 
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The opposite trend is seen for the polydispersity index of the particles when 

measured with the SEM images. This suggests that the more variation in size 

in the discreet particles resulted in increased contact angles. There is one 

obvious outlier to this, the likely cause of this is the fact that this datapoint 

displays an extremely low tendency for aggregation (as indicated by the low 

polydispersity measured with DLS).  

Both parameters aren’t directly linked but have an impact upon the final 

contact angle, and when combined display a relatively good predictor for the 

contact angle as shown in Figure 5-34. This implies that for a maximum 

contact angle a coating that is quite disordered and has a low tendency for 

aggregation is beneficial.  

 

Figure 5-34: Contact angle vs the polydispersity index calculated with DLS 

over the polydispersity index calculated with SEM for the FAS 

functionalised coatings 

5.3.2.2 HDTMS 

Using HDTMS in order to functionalise the silica nanoparticles has also been 

shown to be effective in increasing the hydrophobicity. Figure 5-35 shows the 

contact angles achieved using HDTMS as the functionalising agent. All the 

nanoparticles functionalised with HDTMS increased the contact angle 

significantly when compared to the untreated fibres. Similar to the FAS 

functionalised nanoparticles it would be expected that the contact angles 

would be increased because the roughness would be increased, and the 

surface energy would be decreased. 
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Figure 5-35: Contact angle vs coating ID for HDTMS functionalised silica 

Figure 5-36 shows the relationship between the contact angle and the average 

particle size for the silica nanoparticles functionalised with HDTMS. 

 

Figure 5-36: Contact angle vs particle size for the HDTMS functionalised 

nanoparticles 

There is a correlation, as the particle size increases the contact angle decreases. 

It should be noted that the particle sizes are on a logarithmic scale for the 

HDTMS functionalised particles, where they are on a linear scale for the FAS 

functionalised particles. Again, using the data gathered from the SEM images 
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it is possible to determine whether the discreet particle size has an impact 

upon the contact angle for the HDTMS functionalised microspheres. Figure 

5-37 shows the relationship between actual particle size and the contact angle. 

There isn’t a significant correlation between the particle sizes as measured by 

the SEM and the contact angle, this is likely because the aggregation is so 

significant that the size of the particles becomes less relevant. 

 

Figure 5-37: Contact angle vs SEM measured particle size for the HDTMS 

functionalised nanoparticles 

There was found to be no correlation between the poly dispersity index, as 

calculated from the DLS measurement, and the contact angle for the HDTMS 

functionalised nanoparticles. For the HDTMS functionalised coatings the 

degree to which the particles agglomerated is significantly worse. Therefore, 

using the polydispersity index as measured by DLS to indicate the degree of 

aggregation isn’t valid. However, the size of the aggregates is vastly greater 

than the actual size of the particles. Therefore, the size of the particles 

measured using DLS is the size of the aggregates in this case meaning that 

particle size is a better analogue for the degree of aggregation. 
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Figure 5-38: Contact angle vs polydispersity index measured with DLS for 

the HDTMS functionalised nanoparticles. 

It was also possible to calculate the polydispersity index for the HDTMS 

functionalised coatings using the measurements made with the SEM images. 

There is a very slight correlation between this polydispersity index and the 

contact angle. However, there is a large variation in the data. This is what was 

expected, it is likely that the extent of the aggregation is the determining factor 

in controlling the contact angle (as indicated by Figure 5-36). The correlation 

between the PDI calculated from the SEM size measurements and the contact 

angle is shown in Figure 5-39. The same analysis was performed to determine 

if both the polydispersity. 
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Figure 5-39: Contact angle vs polydispersity index for the particle sizes 

measured using SEM imagery for the HDTMS functionalised 

coatings. 

5.3.2.3 Oleic acid 

It has been shown that using oleic acid to functionalise the surface of silica 

nanoparticles has been successful in a one-pot method. Figure 5-40 shows that 

for all the concentrations used in the formation of oleic acid functionalised 

silica nanoparticles the contact angle was increased compared to the base 

fibrous material. 
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Figure 5-40: Contact angle vs coating ID for HDTMS functionalised silica 

Figure 5-41 shows the relationship between the contact angle and particle size 

measured using DLS, there is very weak correlation between the two 

parameters, with the contact angle decreasing with increasing particle size. 

 

Figure 5-41: Contact angle vs particle size measured using DLS for the oleic 

acid functionalised nanoparticles. 

Looking at the size of the particles measured using SEM imagery and their 

relationship, it appears that there is a more pronounced relationship between 

the size of the discreet particles and the contact angle. This relationship is 
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shown in Figure 5-42. It should be noted that while the relationship is stronger 

than for the particle sizes measured using DLS, it is still relatively weak, with 

a linear trendline only having an R2 value of 0.27. 

 

Figure 5-42: Relationship between contact angle and particle size measured 

using SEM imagery for the OA functionalised coatings. 

Figure 5-43 shows the relationship between the PDI calculated using DLS and 

the contact angle. There is a positive correlation between the two parameters. 

The correlation is again quite weak and the standard deviation for these 

measurements were very high. The high standard deviations were a result of 

the high level of aggregation in some of the samples. However, the observed 

polydispersity was not as consistent as was seen in the FAS and HDTMS 

functionalised coatings. This shows that the particles were aggregating 

during the measurements, possibly suggesting that the aggregates are less 

stable. 
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Figure 5-43: Contact angle vs polydispersity index calculated using DLS for 

the OA functionalised nanoparticles. 

As was done for the other functionalising agents, the polydispersity index was 

calculated from the measurements made using SEM imagery. It appears that 

there is a negative correlation between the polydispersity index calculated 

using SEM images and the contact angle. This means that if the particles 

formed are more uniform in size the contact angle will be increased.   

 

Figure 5-44: Contact angle vs polydispersity index calculated using the SEM 

images for the OA functionalised coatings. 

For the OA functionalised particles, it is more challenging to find an analogue 

for the degree of aggregation due to the apparent instability of the aggregates. 

This is shown in Figure 5-43, the large error in the measurements are a result 
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of a broad range of instable particle sizes due to aggregation and subsequent 

break up of aggregates during the measurement. It is likely that similar to the 

HDTMS functionalised coatings, the particle sizes measured with DLS is the 

best analogue for aggregation. However, there isn’t a strong relationship 

between the DLS measured diameter and the contact angle. This means that 

for the OA functionalised coatings the size and dispersity of the discreet 

particles controls the contact angle observed. 

5.3.3 Air permeability  

As was shown in the previous chapter, the hydrodynamics of the flow 

through the filter have a significant bearing on how well the filter performs 

with regards to water separation efficiency. It was shown that increased 

resistance resulted in diminished water separation efficiency. Therefore, it is 

important when applying a coating to have as little impact as possible on the 

resistance to the flow. The method used to measure this is air permeability. 

5.3.3.1 FAS 

Figure 5-45 shows how the air permeability was affected by the application of 

the coatings functionalised with FAS. In all cases the air permeability has been 

decreased, this is to be expected because material is being added to the fibres. 

 

Figure 5-45: Air permeability against sample ID for the nanoparticles 

functionalised with FAS. 

There are several characteristics of the particles that have an impact upon the 

air permeability. Figure 5-46 shows the relationship between the 

concentration of the compound used to functionalise the silica nanoparticle 

and the air permeability. There is an inverse proportionality between the air 
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permeability and the concentration of the functionalising agent. However, 

there is a large outlier that disagrees with this theory. 

 

Figure 5-46: Air permeability vs concentration of functionalisation 

compound (FAS) 

There is also a relationship between the air permeability and the average 

particle size. Figure 5-47 shows this relationship, generally smaller particles 

lead to increased resistance to flow. However, this trend is not particularly 

strong. 

 

Figure 5-47: Air permeability vs particle size measured using DLS for the 

FAS functionalised silica nanoparticles. 

As was done when analysing the air permeabilities, it is important to consider 

the sizes of the discreet particles as measured using SEM imagery. Figure 5-48 
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shows this relationship. There is no appreciable trend between the size of the 

particles measured using SEM and the air permeability. 

 

Figure 5-48: Air permeability vs the particle size measured using SEM for 

the FAS functionalised nanoparticles. 

The effect of the polydispersity index on the air permeability was also 

assessed. It was found that the poly dispersity index for the particle size 

determined using SEM had a slight bearing on the air permeability of the final 

filter. It was theorised that the higher polydispersity index would lead to a 

more densely packed coating that may have been able to bridge smaller pores 

more effectively, resulting in decreased air permeability (207). There is a slight 

negative correlation between the PDI measured with SEM, shown in Figure 

5-49. 
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Figure 5-49: Air permeability vs PDI measured with SEM for the FAS 

functionalised coating. 

The concentrations of the other compounds used in creating the microspheres 

were also assessed. Figure 5-50 shows how the concentrations of these 

compounds effect the air permeability. There is no relationship between these 

parameters and the air permeability. 

 

Figure 5-50: Air permeability vs concentration of silica forming reactants 

(FAS) 

5.3.3.2 HDTMS 

Figure 5-51 shows that the air permeability is again negatively affected by the 

application of the coating. The HDTMS functionalised coating has a greater 

impact upon the air permeability compared to the FAS functionalised coating. 
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Figure 5-51: Air permeability against sample ID for the nanoparticles 

functionalised with HDTMS. 

Figure 5-52 shows the weak negative correlation between the concentration of 

the functionalising compound and the air permeability. There is a negative 

correlation between the concentration and the air permeability, this is the 

same as what was seen for the FAS functionalised particles. 

 

Figure 5-52: Air permeability vs concentration of functionalisation 

compound (HDTMS) 

Figure 5-53 shows the relationship between particle size and air permeability. 

There is a weak negative correlation between the particle size and air 

permeability. It should be noted that the x-axis is on a logarithmic scale, this 
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differs from Figure 5-47 in which the same relationship is shown for the FAS 

functionalised nanoparticle coatings. 

 

Figure 5-53: Air permeability vs particle size for the HDTMS functionalised 

silica nanoparticles 

Figure 5-54 shows the relationship between the size of the discreet particles 

measured using SEM and the air permeability. There is a negative correlation 

between the size of the discreet particles and the air permeability. The larger 

particles result in reduced air permeability. The larger particles block the 

pores to a higher degree, resulting in a decreased air permeability. 

 

Figure 5-54: Air permeability vs average particle size for the HDTMS 

functionalised coatings 
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For the HDTMS functionalised particles, the polydispersity index calculated 

using SEM showed a correlation with the air permeability. The relationship is 

shown in Figure 5-55. This aligns with the theory that as the particles become 

more disordered the coating formed is denser making it more effective at 

blocking pores. 

 

Figure 5-55: Air permeability vs polydispersity index calculated using SEM 

imagery for the HDTMS functionalised coating. 

Figure 5-56 confirms that there is no correlation between the concentration of 

the reagents used to form the silica microspheres.  

 

Figure 5-56: Air permeability vs concentration of silica forming reactants 

(HDTMS) 
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5.3.3.3 Oleic acid 

Again, as expected the air permeability is reduced as a result of applying the 

coating, shown in Figure 5-57. On average the air permeability is higher that 

was seen in the HDTMS functionalised coating, but lower than for the FAS 

coating. There are two coatings (ID2 and ID4) that display quite high air 

permeability compared to the others. 

 

Figure 5-57: Air permeability against sample ID for the nanoparticles 

functionalised with OA. 

There is a weak positive correlation between the air permeability and the 

concentration of oleic acid used to functionalise the silica microspheres, 

shown in Figure 5-58. This is the opposite of what is seen for the HDTMS and 

FAS functionalised coatings. 
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Figure 5-58: Air permeability vs concentration of functionalisation 

compound (OA) 

There is a negative correlation between the air permeability and the average 

particle size, shown in Figure 5-59. However, this correlation is quite weak.  

 

Figure 5-59: Air permeability vs particle size measured using DLS for the 

coating functionalised with oleic acid. 

The relationship between the average particle size measured with the SEM 

and the air permeability is shown in Figure 5-60. There is a positive correlation 

between the average particle size of the individual particle and the air 

permeability. This suggests that larger particle sizes result in increased air 

permeability. This is likely because smaller particles form a tighter denser 

coating that is more capable of spanning pores without collapsing.  
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Figure 5-60: Air permeability vs particle size measured using SEM for the 

OA functionalised coatings. 

There was found to be no correlation between the polydispersity index 

calculated with either DLS or SEM. For this coating the particle sizes had a 

greater impact upon the air permeability than the order of the particles. Figure 

5-61 shows that there is no correlation between the concentration of the 

reagents used to form the silica microspheres.  

 

Figure 5-61: Air permeability vs concentration of silica forming reactants 

(OA) 

5.3.4 Pore size distribution 

It was shown in Chapter 4 that the fouling process changes the pore size 

distribution. This in turn had a negative effect upon the water separation 
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efficiency. With this in mind it is desirable for the pore size distribution to be 

affected as little as possible. 

5.3.4.1 FAS 

Overall, the pore size distribution is relatively unchanged when compared to 

the severity of what was seen in the fouled samples. The pore size distribution 

for the coated filters in Figure 5-62 saw an overall decrease when compared 

with the uncoated samples (represented by the transparent bar graph). The 

reduction in pore size suggests that the microspheres deposited are closing 

the pores. This will likely have a negative effect upon the water separation 

efficiency. If the increase in water separation efficiency provided by the 

increased hydrophobicity is greater than the negative effect of the pore 

restriction the coating will be successful in its initial goal of increasing the 

instantaneous water separation efficiency. 
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Figure 5-62: Pore size distribution for the coatings functionalised with FAS. 

(The transparent bars represent the uncoated pore size 

distribution) 

In order to quantify the difference between the uncoated and coated filters the 

mean squared error was used. The root mean squared error equation is 

defined in equation 5-4. 

RMSE = √
1

n
∑(𝐼𝑢𝑛𝑐𝑜𝑎𝑡𝑒𝑑 − 𝐼𝑐𝑜𝑎𝑡𝑒𝑑)2

𝑛

𝑖=1

 5-4 

Where 𝑛 is the number of data points, 𝐼𝑢𝑛𝑐𝑜𝑎𝑡𝑒𝑑 is the intensity of the uncoated 

filter and 𝐼𝑐𝑜𝑎𝑡𝑒𝑑  is the intensity of the coated filter. Interestingly there is a 
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strong correlation between the concentration of FAS used for functionalising 

the silica microspheres.  

 

Figure 5-63: Change in error with the increase in functionalising compound 

concentration (FAS) 

Additionally, the effect of the particle size and polydispersity index were 

examined as well. It was found that the particle size had no effect upon the 

pore size distribution for the FAS functionalised coatings. However, the 

polydispersity index had a significant effect. Figure 5-64 shows the correlation 

between polydispersity index calculated using DLS and the RMSE. Figure 

5-65 shows the correlation for the polydispersity index calculated using the 

SEM images and the RMSE of the pore size distribution. 
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Figure 5-64: RMSE of the pore size distribution vs the polydispersity index 

calculated using DLS for the FAS functionalised coatings. 

 

Figure 5-65: RMSE of the pore size distribution vs the polydispersity index 

calculated using SEM for the FAS functionalised coatings. 

There is a positive correlation between in both figures above. As was 

mentioned previously, the polydispersity index calculated using DLS is an 

analogue for the tendency for aggregation. The correlation here helps confirm 

this, as the particles aggregate, they will be more likely to block the pores 

leading to changes in the pore size distribution and thus an increase in RMSE. 

It has also been theorised that as the disorder of the particles increase the 

coating formed will be denser and be more able to form over gaps, blocking 
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pores. The polydispersity of the discreet particles is a direct measure of the 

disorder, therefore the positive correlation with the RMSE is expected here. 

5.3.4.2 HDTMS 

The change in pore size distribution is more pronounced in the HDTMS 

functionalised coating. In all cases the coating applied has resulted in a 

reduced pore size. There are two coatings that have significantly reduced pore 

sizes (ID3 and ID10).  

 

Figure 5-66: Pore size distribution for the coatings functionalised with 

HDTMS. (The transparent bars represent the uncoated pore size 

distribution) 
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Using the root mean squared error it is again possible to determine the extent 

to which the pore size distribution has been altered. Figure 5-67 shows how 

the concentration of the compound used for functionalisation is related to the 

change in pore size distribution. There is a positive correlation between the 

concentration of the functionalising compound and the error. This is the same 

as what is seen in the FAS functionalised particles. 

 

Figure 5-67: Change in error with the increase in functionalising compound 

concentration (HDTMS) 

As was identified, the best analogue for the aggregation tendency is the 

particle size measured using DLS. Figure 5-68 shows the relationship between 

the particle size measured using DLS and the RMSE of the pore size 

distribution. There is again a positive correlation between the tendency to 

aggregate and the RMSE of the pore size distribution. This shows that as the 

aggregates form, they are more likely to block and restrict the available pores. 
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Figure 5-68: RMSE of the pore size distribution vs the particle size 

measured with DLS for the coatings functionalised with 

HDTMS. 

It was shown that for the FAS functionalised coatings, the more disordered 

the discreet particles were, the higher the RMSE was. This same trend can be 

seen in the HDTMS functionalised coatings. Figure 5-69  shows the 

relationship between the polydispersity index calculated using the SEM data 

and the RSME. As the particles become more disordered, the pore size 

distribution is negatively impacted. This further supports the theory that 

increased disorder results in denser coatings that will more readily block 

pores. 
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Figure 5-69: RMSE of the pore size distribution vs the polydispersity index 

calculated using SEM for the HDTMS functionalised coatings. 

5.3.4.3 Oleic Acid 

The same methodology was implemented for the oleic acid functionalised 

microspheres. The general trend is for the average pore size to be decreased 

by the application of the coatings, presented in Figure 5-70. The reduction in 

pore size is significantly worse for the coating formed using oleic acid as the 

functionalising compound when compared to the FAS functionalised coating. 

The average RMSE for the oleic acid functionalised coating is 0.019, 

significantly higher than for the FAS functionalised (0.013).  
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Figure 5-70: Pore size distribution for the coatings functionalised with oleic 

acid. (The transparent bars represent the uncoated pore size 

distribution) 

While there is a correlation between the concentration of the functionalising 

compound for both the FAS and HDTMS, there is no correlation for the oleic 

acid functionalised coating. 
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Figure 5-71: Change in error with the increase in functionalising compound 

concentration (OA) 

The effect of aggregation and disorder in the particles must also be examined. 

Figure 5-72 shows the relationship between the polydispersity calculated 

from the DLS data. This is used as an analogue for the aggregation tendency. 

There is a slight correlation between the PDI and the RMSE. However, as was 

mentioned previously, the OA functionalised particles formed fewer stable 

aggregates. This is likely the reason that the correlations are weaker. 

 

Figure 5-72: RMSE of the pore size distribution vs the polydispersity index 

calculated with DLS for the OA functionalised coatings. 

It has also been found for the other functionalising agents that the disorder of 

the discreet particles can have an impact upon the final pore size distribution. 

The reason for this is that more disorder will lead to tighter packing and a 
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denser final coating that can more readily block pores. Figure 5-73 shows the 

relationship between the polydispersity index calculated suing the SEM data 

and the RMSE of the pore size distribution. There is a slight positive 

correlation between these two parameters, however the correlation is not as 

strong as was seen for the other two functionalising agents. This is possibly a 

function of the lower stability of the aggregates formed in the OA 

functionalised particles. 

 

Figure 5-73: RMSE of the pore size distribution vs the polydispersity index 

calculated with the SEM data for the OA functionalised 

coatings. 

5.4 Discussion 

Three different functionalising compounds have been utilised to create 

hydrophobic silica particles. 

• Fluoro-alkyl silane (FAS). 

• Alkyl silane (HDTMS). 

• Oleic Acid. 

Having created these particles, the following testing was performed: 

• Particle size via DLS. 

o There was significant amounts of aggregation in these particles, 

this can be used as the size of the aggregates that have formed. 

• Particle size via SEM. 

o This is the true particle sizes formed prior to aggregation. 

• Poly dispersity index (DLS) 
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o This is significantly affected by the amount of aggregation and 

is used as an analogue for the degree of aggregation. 

• Poly dispersity index (SEM) 

o This is a measure of how uniform the particle sizes created are. 

• Contact angle. 

o This is an indication of the hydrophobicity of the particles 

formed. 

• Air permeability. 

o This shows the increased restriction to flow that occurs as a 

result of applying the coating. 

• Pore-size distribution. 

o This gives an indication as to how the particles are blocking the 

pores. Pore blinding, pore restriction, cake layer etc. 

The aim of this chapter is to examine the coatings that were formed, 

determining the effect of controllable parameters on the final performance of 

the coating. The parameters that are indirectly controllable are: 

- The particle size. 

- The size distribution in the particles formed. 

- The tendency of the particles to form aggregates. 

These parameters have been controlled in this study by changing the 

concentration of the reagents used in the modified Stöber process, the 

addition of the functionalising agent made the changes relatively 

unpredictable as was shown by comparison to the work done by Bogush et al. 

(204). Figure 5-74 shows the FAS functionalised particles plotted alongside 

some of results from the literature. One thing that is clear is that the trend 

identified by Bogush et al.; (204) is not perfect. However, the results from 

literature do seem to follow a more consistent trend, again this difference is 

attributed to the one pot method used in this study. Okudera et al. (208) used 

ethanol as the solvent and ran the experiment at 20°C. Qi et al. (209) also used 

an ethanol solvent but ran the experiment at 25°C. Wang et al. (210) again 

used ethanol as the solvent and ran the experiments at 20°C. 

It is also possible that other aspects had an impact upon the final particle size. 

Bogush et al. (204) controlled the reaction temperature to 20°C, in the 

experiments performed in this chapter all experiments were performed at 

room temperature. While this will be relatively stable, there will be 

fluctuations that are not measured. Having said this, over the range of 

temperatures likely in the laboratory the effect on particle size will likely be 
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minimal (209). However, it was shown by Qi et al. (209) that the 

polydispersity is much more sensitive to changes in temperature. 

 

Figure 5-74: FAS functionalised particle diameter plotted alongside results 

from literature (208) (209) (210). 

It would appear that the deviation from what was found in the work by 

Bogush et al. (204) is primarily caused by the addition of the functionalising 

agents. The two silane derivative functionalising agents will react in a similar 

way to the TEOS, hydrolysing and condensing alongside it to form a silica 

nanoparticle core with a functionalised shell. The reason that a shell will form 

is that the condensation reaction for the functionalising agents will occur at a 

slower rate. The accepted reason for the difference in reaction speed is the 

increased steric hinderance associated with the large functional groups within 

the functionalising compounds (211). 

Once a shell has formed on the surface of the silica the growth of that particle 

will be impacted. There will be no more free Si-OEt bonds to react with the 

remaining TEOS in the system. As has been said the rate of reaction of the 

TEOS will be greater than the functionalising agent. However, there will be 

an overlap in reaction resulting in a change to the final particle sizes, this will 

also likely lead to higher polydispersity (212). This was not confirmed in the 

experiments conducted. However, there is only a relatively small sample size 

for the number of parameters that were being examined. 

The mechanism for the oleic acid functionalising compound will be different. 

In this case the oleic acid adsorbs onto the surface of the silica molecule. This 
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was shown by Li et al. (119) using XPS. It was confirmed that similar to the 

core and shell that is produced using the other functionalising compounds, 

the oleic acid forms a surface layer. It was not possible to determine whether 

the oleic acid physically or chemically adsorbs onto the surface. This study 

was conducted using a two-step process in which oleic acid was added to a 

solution containing pre prepared silica nanoparticles. The effect of the 

presence of oleic acid during the hydrolysis and condensation reactions of the 

Stöber process was not examined. However, from the results that were 

obtained in this chapter it is likely that the oleic acid alters the production of 

the silica nanoparticles. 

In order to determine whether the particles formed were suitable for 

increasing the hydrophobicity of the filter material, the contact angle was 

assessed. For all of the coatings formed, the contact angle was increased when 

compared to the untreated filter material. This is shown in Figure 5-29, Figure 

5-35 and Figure 5-40 for the FAS, HDTMS and OA functionalised coatings 

respectfully.  

Fluoroalkyl silanes have been used to functionalise silica numerous times, 

with reports of achieving superhydrophobicity. There are several different 

definitions for superhydrophobicity, the common aspect is having a water 

contact angle in excess of 150° (203). It has been possible to form 3 coatings 

that display superhydrophobicity using the FAS functionalising agent. Both 

HDTMS and Oleic acid have also been used as functionalising agents to form 

superhydrophobic coatings. HDTMS has been used in one-stage systems 

similar to the methodology in this work (121) (213) . However, oleic acid is 

more often used as a second stage functionalising agent (119). It was possible 

to create superhydrophobic coatings with both functionalising agents in a 

one-step process in this work.  

For each of the functionalising agents, the characteristics of the particles 

formed were assessed with respect to their impact upon the contact angle. The 

most significant characteristics that were identified for the FAS functionalised 

coating were the polydispersity index of the particle size measured using SEM 

and the polydispersity index of the particle size measured using DLS. The 

reason these were the most significant parameters is that the SEM measured 

particle size is considered to be the true particle size, therefore the 

polydispersity index is a measure of size distribution of these particles. The 

polydispersity index of the particle size measured with DLS is a measure of 

the tendency of the particles to aggregate. The size distribution of the particles 
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has a positive correlation with the contact angle, where the increasing 

aggregation resulted in decreased contact angles. 

The size distribution will have an impact upon the roughness of the formed 

coating. A larger size distribution will result in a closer packed coating. This 

will in turn decrease the roughness. The decreased roughness will lessen the 

Cassie-Baxter effect resulting in overall lower contact angles. For the FAS 

functionalised coatings, it appears that an increased size distribution increases 

the contact angle. This is the opposite of what would be expected, looking at 

Figure 5-33, the range of PDI for the FAS functionalised particles is quite 

small. It is possible that a greater size distribution resulted in a dual scale 

roughness, something that is often shown to increase the contact angle (214). 

It appears that the aggregation tendency is impacted by the concentration of 

the functionalising agent. Figure 5-75 shows this relationship. It is possible 

that the lower reaction rate of the functionalising agent (compared to TEOS) 

results in the functionalising agent acting as an adhesive to the already 

formed SiO2 microspheres. It is not immediately clear why this increase in 

aggregation has a negative impact upon the contact angle, however, it is likely 

due to the impact that it has on the amount of air trapped within the structure. 

 

Figure 5-75: Polydispersity index (DLS) vs concentration of the 

functionalising agent for the FAS functionalised coatings. 

For the HDTMS functionalised coatings similar indexes could be used to 

assess the efficacy of the particles. Again, the SEM was used to measure the 

true size of the particles formed. The polydispersity index of the particle sizes 

measured with SEM has a negative correlation with the contact angle, shown 

in Figure 5-39. This is what would be expected. The increased size distribution 
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leads to decreased roughness. For the coatings functionalised with HDTMS, 

the tendency for aggregation was better described by the particle size 

measured with DLS. This is because the aggregates formed were more 

consistent and larger the size of the aggregates more accurately represented 

the aggregation tendency for the HDTMS functionalised particles. 

It was shown that the contact angle decreased with increasing aggregation. 

Particles that aggregate more readily are likely forming more compact 

coatings with lower roughness. This will decrease the Cassie-Baxter effect 

leading to decreased contact angles. There is also a negative correlation 

between the contact angle and the poly dispersity of the particle sizes 

measured using the SEM. This is not what was seen in the FAS functionalised 

samples, however the range of poly dispersity in the FAS functionalised 

samples was much smaller. Increased order in the particles will likely reduce 

the roughness leading to lower overall contact angles. 

Similar trends were seen in the oleic acid functionalised coatings, in this case 

similar analogues were used as was done for the HDTMS functionalised 

particles. The average particle size measured using DLS was taken as an 

indication of the aggregation tendency. The aggregation tendency again had 

a negative correlation with the contact angle as would be expected. For the 

Oleic acid functionalised particles, the particle sizes measured using SEM had 

a negative correlation with the contact angle, this is the opposite of what was 

seen for both the FAS and HDTMS functionalised particles. It is possible that 

this difference is due to the differing formation methods between the silane 

based functionalising agents and the oleic acid functionalising agents. 

For all coatings it has been shown that the morphology of the particles has an 

impact upon the air permeability and the pore size distribution. With regards 

to air permeability and pore size distribution FAS and HDTMS the coatings 

have similar effects upon the air permeability and the pore size distribution. 

Generally, increased disorder reduces the air permeability overall. This is 

likely caused by tighter packed coatings. For both the FAS and HDTMS 

functionalised coatings there is a positive correlation between the tendency to 

aggregate and the change in pore size distribution. This is likely caused by 

larger aggregates being able to form and block pores.  

It has also been shown that the concentration of the functionalising agents for 

both the FAS and HDTMS functionalised coating agents has a significant 

correlation with the change in pore size distribution. It is likely that this is 

because the slower hydrolysing functionalising agents can act as binding 
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agents for the discreet particles resulting in a decrease in the air permeability 

and adversely affecting the pore size distribution.  

It was found that there was no appreciable trends between any of these 

variables and the air permeability or the change to pore size distribution for 

the oleic acid functionalised coatings. It should be noted that the method for 

coating is relatively prone to variation, this could explain the lack of 

correlation, especially if the correlation wasn’t very strong. The Oleic acid has 

a different reaction mechanism with the surface of the silica nanoparticle. The 

acid head of the molecule will form hydrogen bonds with the silanol groups 

at the surface of the silica nanoparticle (215). This doesn’t require any 

hydrolysation, therefore is free to occur as soon as silanol groups are 

available. This would likely cause greater disruption to the growth of the silica 

particles, leading to greater variation in the particle morphology. 

5.5 Conclusions 

The primary aim of this chapter was to form superhydrophobic particles, the 

formation of the coatings has been successful, for all of the functionalising 

agents selected it has been possible to form superhydrophobic coatings. The 

key objective of achieving this in a one-pot method was also successful. This 

is something that has not been reported for the Oleic acid functionalised 

coating before. The aim of forming particles with different morphological 

properties has been achieved, this allowed the analysis of the most desirable 

properties for hydrophobicity. It has been shown that the properties of the 

particles can be controlled by changing the variables in the Stöber process. 

However, a key finding is that the addition of the functionalizing agents has 

been shown to affect this significantly alter the way that the Stöber process 

can be controlled. The addition of the functionalising agents appears to 

increase aggregation of the particles and cause the size to deviate from what 

would be expected. However, deviation was not consistent between the 

functionalising agents, it appeared that oleic acid had a different impact 

compared to the other two functionalising agents likely caused by the 

different chemical reaction that forms the outer hydrophobic shell. 

The morphology of the particles has a significant effect upon the critical 

operating parameters of the filters coated. It appears that the contact angle 

could be tuned by altering the morphology of the particles. It was found that 

the FAS functionalised coatings formed a dual scale roughness that aided in 

the Cassie-Baxter effect resulting in higher contact angles. Many of the 
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correlations between the morphology of the particles and the contact angles 

were attributed to the effect on roughness.  

It was shown that for the FAS and HDTMS functionalised coatings the smaller 

particles that were more prone to aggregation had a greater negative impact 

on the pore size distribution and the air permeability. The higher aggregation 

tendency would allow particles to block pores more readily. It was also shown 

that there is a correlation between the concentration of functionalising agent 

and the negative impact on the physical characteristics of the filter. This was 

attributed to the slower hydrolysation of the functionalising agent being able 

to act as a binding agent between the particles, leading to more substantial 

blockages of the pores.  

It was shown that the oleic acid performed differently compared to the silane 

based functionalising agents. The same correlations were not found. This is 

concluded to be caused by the difference in interaction between the 

functionalising agent and the surface of the silica particles. The oleic acid 

would not hydrolyse and form a shell in the same way as the other 

functionalising agents used, it is more likely that the oleic acid molecules 

would form a hydrogen bond at the surface of the silica nanoparticle resulting 

in more variation. 

Overall, the aim of creating superhydrophobic particles for coating the as 

prepared melt blown polymer filter has been successful. Two coatings from 

each functionalising agent were selected, to be analysed further in the 

following chapter. This selection was made based on the information obtained 

in Chapter 4, the two key things that impact the water separation efficiency of 

the filter are hydrophobicity and restriction to flow. Therefore, for each 

functionalising agent the coating that caused the lowest physical change as 

identified by the pore size distribution and the coating which had the highest 

hydrophobicity as identified by the contact angle. 
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Chapter 6  

Testing the coatings 

6.1 Introduction 

This chapter will examine the efficacy of the specific coatings that have been 

created. The coatings that have been applied to the clean filter material will 

be tested first for the instantaneous water separation efficiency. It is also 

important to determine whether it has been possible to increase the end-of-

life performance. It was not possible to do this by using the filters on engines 

being run in the real world, therefore two different lab-based methods were 

used. 

The main aim of this chapter is to prove that the coatings formed in Chapter 

5 result in an improvement to the filter material. This will be assessed on two 

fronts, first the instantaneous water separation performance will be assessed. 

This will be done using the flow rig. The results from this will ensure that 

increasing the hydrophobicity at the surface of a barrier filter also increases 

the instantaneous water separation performance in a diesel-water emulsion 

flow environment.  

The second front on which the filters will be assessed is the end-of-life 

performance. In order to achieve this a facile method of increasing the face 

velocity and assessing the response was used, as well as the development of 

a novel laboratory technique for fouling diesel barrier filters. The chapter will 

also validate that the accelerated fouling process developed is representative 

of what is seen in the field by comparing the filters that have undergone 

accelerated fouling with the filters returned from the field. 

6.2 Materials and Methods 

6.2.1 Selection of the coatings to test 

It was not possible to determine the efficacy of all of the coatings that were 

formed due to time constraints. Therefore, two filters were selected from each 

of the functionalising compounds. It was shown in Chapter 4 that there were 

two primary properties that affected the water separation, the contact angle 

and the pressure drop. It was not possible to determine the pressure drop of 

each of the samples again due to time constraints; however, it has also been 

shown that the pore size distribution is related to the pressure drop. For each 



- 183 - 

functionalising compound the coating with the highest contact angle was 

chosen, a second coating with the lowest change in pore size distribution (as 

quantified by RMSE) was also chosen. The selected coatings are listed in Table 

6.1. 

Table 6.1: Coatings selected for performance evaluation. 

Functionalising compound ID Reason 

FAS 4 Low physical change 

FAS 7 High contact angle 

HDTMS 8 Low physical change 

HDTMS 2 High contact angle 

OA 4 Low physical change 

OA 3 High contact angle 

6.2.2 Methods 

Figure 6-1 shows the methodology that is used in this chapter. All of the 

techniques are completed following the methodologies laid out in Chapter 3.   

 

Figure 6-1: Block diagram of the methodology used in evaluating the 

coatings. 

In all cases the experiments were run three times, the values quoted are an 

average of these three runs and error bars that are shown are the standard 

deviation between these three values. 
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6.3 Results 

6.3.1 Water separation efficiency 

It has been shown that in all cases the water separation efficiency has been 

improved by applying the microspheres. The performance of the coated filters 

is far greater than was found for the uncoated filter material, as can be seen in 

Figure 6-2. One aspect that is of note is that the performance of the filters 

identified as having a particularly high contact angle outperform the filters 

showing relatively unchanged pore size distributions for all the 

functionalising compounds. 

 

Figure 6-2: Water separation efficiency performance of the coated filters 

compared to the uncoated filter material. 

Having run the experiments pressure drop data was also recorded, shown in 

Figure 6-3. For all the coatings selected the pressure drop has been increased 

when compared to the uncoated MSR37 filter. As expected, the filters that 

have the largest change in pore size distribution have the largest increase in 

pressure drop. The only coating that does not follow this pattern is the 

HDTMS functionalised microspheres, it is not immediately clear what has 

caused this. 
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Figure 6-3: Pressure drop of the coated filters compared to the uncoated 

filter material. 

It is known that the pore size distribution cannot be directly used as an 

analogue for pressure drop. However, looking at there is a clear trend of 

increasing pressure drop with increasing change in pore size distribution. The 

HDTMS functionalised coating is a clear outlier to this, further investigation 

is required to understand what may have caused this. 

 

Figure 6-4: The effect of pore size distribution on the pressure drop. 
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Looking now at the effect the measured contact angle has on the water 

separation efficiency. The relationship between the contact angle and the 

water separation efficiency is shown in Figure 6-5. Similar to what was seen 

in the fouled filters analysed in Chapter 4 as the contact angle increases the 

water separation efficiency also increases. While this makes intuitive sense, it 

was not certain that this relationship would hold at very high contact angles. 

 

Figure 6-5: Effect of contact angle on the water separation efficiency. 

It was also shown in Chapter 4 that the relationship between pressure drop, 

contact angle and water separation efficiency can be best described using a 

Boltzmann curve. In order to determine whether this is also true when the 

contact angle has been increased above that of a clean filter all the data points, 

including the fouled filters, were plotted. This is shown in Figure 6-6. There 

is a significant jump in water separation efficiency when comparing the 

coated samples to the uncoated material. This is likely due to the large 

increase in contact angle having a much greater impact than the slight increase 

in pressure drop caused by the deposition of the microspheres. 

It is theorized that this increase in separation efficiency would be carried 

through as the filters become fouled. It was not possible to confirm this 

because the coated filters could not be used on real engines. However, the fact 

that the increased pressure drop does not appear to have a significant impact 

upon the water separation efficiency gives some credence to this theory. The 

following sections will explore further the effect of fouling on the coated 

filters. 
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Figure 6-6: Prediction of the effect that fouling will have upon the coated 

filters. 

6.3.2 Increasing face velocity until breakthrough pressure 

A possible method of investigating the effect of fouling on the water 

separation efficiency of the filters is increasing the face velocity. As a filter 

becomes blocked pores will become unavailable for flow. The reduction in the 

number of pores will reduce the effective area of the flow, thus increasing the 

velocity of the fluid through the remaining pores. This is simulated in this 

section by increasing the flowrate in stages and measuring the resulting water 

separation efficiency. 

For a clean, un-coated filter there is a significant drop in water separation 

efficiency as the flow rate is increased. This is shown in Figure 6-7. There is a 

clear strong linear relationship between the face velocity and the pressure 

drop measured. It will be possible to compare this relationship with the 

coated samples to determine if the addition of the coatings have an impact 

upon the increase in pressure drop with increasing flow rate. It is also clear 

that increasing the face velocity has a significant impact upon the ability of 

the filter to separate water from the flow. It is clear that at a face velocity of 

approximately 1.5mm/s the filter completely fails. The aim of the coating will 

be to improve this failure point. 
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Figure 6-7: Relationship between the face velocity and the water separation 

efficiency and pressure drop for the uncoated filter material. 

Looking first at the effect of increasing the face velocity on the FAS 

functionalised coatings, it can be seen that for both of the selected coatings the 

final separation efficiency is improved when compared to the uncoated filter. 

 

Figure 6-8: Relationship between the face velocity and the water separation 

efficiency and pressure drop for the FAS functionalised 

coatings. Left: FAS ID6 (Low physical change). Right: FAS ID7 

(Highest contact angle). 

The same cannot be said for the coatings formed using HDTMS as the 

functionalising agent. Figure 6-9 shows that the while the initial water 

separation efficiency achieved by the high contact angle HDTMS coating was 

improved compared to the uncoated filter, increasing the face velocity 

resulted in failure much sooner. With the data collected it is not possible to 

explain this phenomenon directly. However, the pressure drop was higher for 

the low physical change filter. This is counter to what would be expected, a 

possible reason for this is that the droplets of water are entrained at the surface 
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and are not able to detach. This will lead to fouling of the surface with water 

droplets, making the pores either impassable or forcing water through 

reducing the water separation efficiency. This is a function of the sliding 

angle, a parameter that was not assessed in this study. 

 

Figure 6-9: Relationship between the face velocity and the water separation 

efficiency and pressure drop for the FAS functionalised 

coatings. Left: HDTMS ID8 (Low physical change). Right: 

HDTMS ID2 (Highest contact angle). 

The same analysis has been completed for the coatings functionalised with 

oleic acid. It appears that the coatings formed with the oleic acid 

functionalising agent perform the best under increased face velocities as 

shown in Figure 6-10. It is unclear at this stage what has caused this to occur. 

The contact angles for these coatings are comparable, if not slightly lower, and 

the physical change to the filter is also similar. 

 

Figure 6-10: Relationship between the face velocity and the water 

separation efficiency and pressure drop for the FAS 

functionalised coatings. Left: OA ID4 (Low physical change). 

Right: OA ID3 (Highest contact angle). 

It was shown in Chapter 4 that both the contact angle and the pressure drop 

appear to have a significant impact on the final water separation efficiency. 

Looking at Figure 6-6 the relationship begins to breakdown at high contact 
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angles; however, it is likely that these parameters still have an impact on the 

water separation efficiency. To explore this, the coated filters response to 

increased face velocity with regards to pressure drop is examined. For this a 

linear fit was taken for the relationship between face velocity and pressure 

drop, and also between face velocity and water separation efficiency.  

The gradient of the water separation efficiency and pressure drop with respect 

to the face velocity is determined by applying a linear trend to the collected 

data, these trends are shown in the figures shown previously. First looking at 

the gradient of the water separation efficiency with increasing face velocity, 

shown in Figure 6-11. The closer the gradient is to 0, the better the filter 

performs. If the gradient were 0, it would show that the filter is unaffected by 

an increase in face velocity over the range examined. For the most part the 

coated filters perform better than the uncoated filter material. The exception 

to this is the coating formed using HDTMS as the functionalising agent that 

showed a low change in pore size distribution.  

 

Figure 6-11: Water separation gradient with increasing face velocity for the 

coatings examined for water separation efficiency. 
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The same analysis has been conducted for the pressure drop response with 

increasing face velocity. These two parameters should be highly correlated. 

However, as the water is separated from the flow, it will be deposited on the 

surface causing increased restriction. As the droplets attach to the surface and 

are unable to pass through, they will coalesce until reaching a critical mass, at 

which the coalesced droplet will fall due to gravity settling. The ability of the 

droplet to detach from the surface will be influenced by the surface chemistry 

and the morphology of the surface. Both elements will be altered by the 

addition of the coatings; therefore, it is expected that the pressure drop 

response will be related to these changes. If the gradient were 0, the increasing 

face velocity would have no impact upon the pressure drop, and the higher 

the gradient the more of an impact the face velocity will have upon the 

pressure drop. An increase in the gradient can indicate two things, the 

droplets adhering to the surface are blinding pores and are not being released 

and/or the coating has blinded or restricted pores resulting in an increase in 

resistance to flow. 

 

Figure 6-12: Pressure drop gradient with increasing face velocity for the 

coatings examined for water separation efficiency. 

For all the coatings it is apparent that the response of the pressure drop with 

increasing face velocity is improved. This is not what would be expected for 

the low physical change HDTMS functionalised coating because the water 

separation efficiency was very poor. It is not clear what has caused the poor 
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performance from the measurements taken. This means it must be a result of 

something that was not possible to measure. The likely cause is the contact 

angle hysteresis leading droplets not being released from the surface. 

6.3.3 Fouling with carbon black 

In order to simulate the fouling that occurs in the field carbon black was 

deposited on the surface of the filters. This will blind pores in a similar way 

to the foulants found in diesel, but much quicker. This allows the end-of-life 

performance of the filters to be estimated. The main parameter that is of 

interest is the water separation efficiency Figure 6-13 shows the water 

separation efficiency before and after being fouled with carbon black. 

 

Figure 6-13: Change in separation efficiency after being fouled with carbon 

black. 

As would be expected the water separation efficiency has been decreased for 

all the coatings fouled with carbon black. It has been shown in the 

methodology that the contact angle on the surface of the fouled filter is 

reduced to 120° in all cases. The majority of the reduction in water separation 

efficiency is likely caused by the increase in pressure drop. Interestingly, 

similar to what was seen in the increased face velocity experiments, the 

HDTMS ID8 coating performs significantly worse. 

While the primary performance indicator is the water separation efficiency 

after fouling, it has been shown that pressure drop has a significant impact 
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upon the water separation efficiency. Therefore, it is beneficial for the coating 

to have as little pressure drop increase as possible. While the amount of 

carbon black added to the surface of the filters is maintained at a set amount 

leading to similar changes in pressure drop. Another factor that contributes 

to increased pressure drop is the interaction of water droplets with the 

surface. If the droplets readily fall from the surface after coalescing, the 

pressure drop should stay relatively low. However, if the droplets coalesce 

and remain at the surface they will act as an additional barrier to flow. It is 

likely that the addition of the foulant material will change this property. 

Figure 6-14 shows the changes in pressure drop for the coated filters. 

 

Figure 6-14: Change in pressure drop after being fouled with carbon black. 

The two primary indicators of the water separation efficiency have been 

determined to be contact angle and pressure drop. In order to confirm that 

this is the case when coated filters are fouled with carbon black, the function 

of contact angle divided by pressure drop is compared to the water separation 

efficiency. The function that defines this is shown in equation 6-1. Where 𝑃𝐼 

is the newly defined performance index, 𝐶𝐴 is the contact angle, 𝑑𝑃 is the 

pressure drop, subscript 𝑖 is the initial value as measured on the pristine filter 

material and subscript 𝑥 is the value measured for the filter examined. The 

comparison is made for both the fouled and unfouled coatings in Figure 6-15. 
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𝑃𝐼 =
(
𝐶𝐴𝑥
𝐶𝐴𝑖

)

(
𝑑𝑃𝑥
𝑑𝑃𝑖
)
 

6-1 

For this analysis the contact angle was assumed to be constant between the 

fouled and unfouled samples. The contact angle is an analogue for the surface 

energy of the filter, the carbon black will likely primarily create a cake layer 

on the surface of the filter, meaning that the increased performance caused by 

the coating will still be effective in the depth of the filter. Figure 6-15 shows 

this, there is a strong correlation between the function chosen and the water 

separation efficiency. The main thing that is evident from this figure is that 

maintaining as low a pressure drop as possible after the fouling process is the 

most important thing to maintain end of life performance. 

 

Figure 6-15: Performance index vs water separation efficiency for carbon 

black fouled filters 

Figure 6-16 shows the relationship between the change in water separation 

efficiency against the change in pressure drop as a result of fouling with 

carbon black. The change in water separation efficiency is the difference 

between the water separation efficiency measured for the coated filter and the 

water separation efficiency measured after laboratory fouling with carbon 

black. The same was done for the pressure drop, the difference is the 

difference between the clean coated filter and the laboratory fouled filter. It is 

clear that the increase in pressure drop has a significant negative effect upon 

the water separation efficiency. This is what was expected based on the data 

collected from the field fouled filter. However, fouling with carbon black 

alone only impacts one of the two identified factors that have a significant 
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impact on the water separation efficiency. This highlighted the need for a 

further process in the accelerated fouling process. 

 

Figure 6-16: Change in water separation efficiency against the change in 

pressure drop as a result of fouling with carbon black. 

6.3.4 Fouling with carbon black decorated with polydopamine. 

While fouling with carbon black was able to mimic the physical fouling effect 

seen in the field relatively well, the chemical changes that occur were not 

captured. In an attempt to mimic this, the filter that was fouled with carbon 

black was decorated with polydopamine (pDA). pDA has a high surface 

energy resulting in a decreased water contact angle, which is what was seen 

on the field return samples. 

Figure 6-17 shows the separation efficiency of the filters coated with pDA 

decorated carbon black. As would be expected the decrease in contact angle 

has resulted in decreased water separation efficiency for all the filters. The 

FAS coated filters have resisted the decrease in water separation efficiency the 

most effectively achieving water separation efficiencies greater than 70% 

having been fouled with carbon black decorated with poly dopamine. 
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Figure 6-17: Change in separation efficiency after being fouled with carbon 

black and carbon black decorated with poly dopamine. 

The poly dopamine will also have had an impact upon the pressure drop 

somewhat, being that more material is being added to the surface of the filter. 

In all but one of the filters the pressure drop was increased for the pDA 

decorated carbon black fouled filters compared to carbon black alone. This is 

shown in Figure 6-18. The main reason for this is likely the increase in material 

that has been added to the surface of the filters. However, it is also possible 

that the change in surface chemistry will alter the way in which the droplets 

are released from the surface once they have coalesced. This could also impact 

the pressure drop. 
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Figure 6-18: Change in pressure drop after being fouled with carbon black 

and filters fouled with carbon black decorated with poly 

dopamine. 

The main reason for using polydopamine in conjunction with carbon black 

was to alter the wettability of the surface of the filters. Figure 6-19 below 

shows the impact that the addition of the poly dopamine has on the contact 

angle of the coated filters. The poly dopamine has the intended effect, 

resulting in a decreased contact angle, mimicking what was seen in the field 

return samples in the first results chapter. 
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Figure 6-19: Change in contact angle with carbon black and poly dopamine 

fouling 

Using the same metric of contact angle divided by pressure drop for the filters 

fouled with carbon black and poly dopamine, Figure 6-20 is produced. The 

general trend shown in the clean and CB only fouled filters is maintained as 

shown in the left plot in Figure 6-20. It appears that there is a slightly different 

relationship for the dual fouled filter, the plot on the right of Figure 6-20 

includes only these data. The likely reason for this is that there is something 

that is being altered by the addition of pDA that is not fully accounted for by 

examining the contact angle and pressure drop.  
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Figure 6-20: Water separation efficiency vs contact angle / differential 

pressure for all the fouling stages (left). Water separation 

efficiency vs contact angle / differential pressure for the filters 

fouled with carbon black and poly dopamine only (right). 

Separating the parameters that have been identified as having the biggest 

impact on the water separation efficiency (contact angle and pressure drop, it 

is possible to determine the sensitivity to these parameters. Figure 6-21 shows 

the effect of pressure drop alone. There is an inversely proportional 

relationship between the pressure drop and the water separation efficiency, 

this is consistent with what has been previously observed. 

 

Figure 6-21: Pressure drop vs water separation efficiency for the filters 

fouled with carbon black decorated with poly dopamine. 

The other parameter that has been shown to have an impact on the water 

separation performance of the filters is the water contact angle. Figure 6-22 
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Shows the relationship between the water contact angle and the water 

separation efficiency for the filters artificially fouled with carbon black 

decorated with poly dopamine. It does not appear that there is the positive 

correlation that was expected in this data. The likely reason for this is the small 

range of contact angles, along with the dependency on pressure drop results 

in the effect being drowned out by the larger variation in pressure drop. 

 

Figure 6-22: Water contact angle vs water separation efficiency for the filters 

fouled with carbon black decorated with poly dopamine. 

Overall, it does appear that the attempt to examine the filters through an 

accelerated fouling process has been successful. The results match with what 

was seen in the field samples examined in Chapter 4. It has also been possible 

to show that through coating, it is possible to increase the end-of-life 

performance as predicted by the accelerated fouling process. 

6.4 Discussion 

The table below (Table 2) summarises the testing performed in this chapter on 

the coated filters. This was done for each type of coating; FAS functionalised, 

HDTMS functionalised, and OA functionalised. 
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Table 2: Testing performed in Chapter 6 

Technique Information Obtained 

Standard Water 

Separation Efficiency 

(WSE) 

Water separation 

efficiency 

Differential Pressure 

(dP) 

Increased face velocity 

WSE. 

WSE response to 

increased face velocity 

dP response to 

increased face velocity 

Carbon black fouled 

WSE 

Physical blockage 

impact on WSE 

Physical blockage 

impact on dP 

pDA & Carbon Black 

Fouled WSE 

Physical & Chemical 

blockage impact on 

WSE 

Physical & Chemical 

blockage impact on dP 

 

It has been shown in this chapter that increasing the water contact angle of 

the fibrous filters does result in a superior performing filter compared to an 

uncoated filter. Figure 6-2 shows that all of the coated filters result in 

increased water separation efficiencies when compared to the uncoated 

filters. It has been shown by numerous authors that increasing the water 

contact angle results in increased performance of water separating filters, so 

this was not a surprising result (12, 87, 117). Often this is shown as a result of 

coating removal through abrasion cycles. For this work, abrasion will not be 

a problem, therefore this has not been investigated.  

It has also been shown in this chapter that the water separation efficiency of 

coated filters has as strong relationship with the water contact angle. Figure 

6-5, shows a proportional relationship between the water contact angle and 

the water separation efficiency. The relationship between water contact angle 

and water separation efficiency is not commonly reported. However, in many 

papers assessing the abrasion resistance in which water contact angle and 

water separation efficiency is reported, the relationship does appear to be 

proportional (117, 216). 

Something that is not often assessed is the effect of pressure drop on the 

separation efficiency of the fibrous filter. In most cases where the separation 

efficiency of filters have been assessed, the driving force of the separation is 

gravity (117, 216-218) It has been shown in this chapter that increasing 

pressure drop results in decreased performance of the filter with respect to 

water separation efficiency, and is therefore an important metric when 
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considering the performance of a filter coating. Figure 6-3 shows that the 

pressure drop for the coated filters has been increased compared to the 

uncoated filter. One of the problems with forming a coating to increase the 

hydrophobic properties of the filter is the unintended effect of increasing the 

pressure drop. In this case it has been shown the increase in water contact 

angle has had a greater positive impact than the negative impact of the 

pressure drop increase. 

The impact of pressure drop has been further investigated by looking at the 

effect of increasing the face velocity of the filter on the water separation 

efficiency. It has been shown that increasing the face velocity has a significant 

impact on both the pressure drop and the water separation efficiency, as 

would be expected. Two things are important to examine here, the response 

of the filter to the increased face velocity from both a water separation 

efficiency and a pressure drop standpoint and also the relationship between 

pressure drop and water separation efficiency for the different coatings.  

For the uncoated filter there is a very pronounced drop in water separation 

efficiency above a face velocity of approximately 0.9mm/s. The aim of the 

coating in general would be to increase the face velocity at which the large 

drop in water separation efficiency occurs. In this case the face velocity is 

effectively an analogue for the pressure drop, the pressure at which the water 

separation efficiency drops significantly is the pressure as which the water 

droplet can be forced through the pores of the filter (breakthrough pressure). 

It can be seen that for almost all of the coated filters this is improved when 

compared to the uncoated filter, the exception being HDTMS ID8. 

There are a number of variables that will have an impact on the breakthrough 

pressure. Nazzal et al. (93) created a simple model based on the Young-

Laplace equation that describes the critical pressure required to force a 

droplet through a pore. The equation developed is shown in equation 2-9. The 

limits of this equation are that the flow regime must be laminar, the hole is a 

perfect circle, the pores are all equal in size and the droplet diameters are all 

equal. While the dimensional constraints are not respected, this model may 

give some insight into the mechanism of breakthrough. The variables that will 

have an impact upon the critical (or breakthrough) pressure are the contact 

angle with the droplet, the interfacial tension, the pore size and the droplet 

size. In this work the droplet sizes should be consistent between experiments 

as will the interfacial tension, the two factors that are affected by the coating 

are the water contact angle and the pore size. 
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Using this model, it has been possible to develop the curve shown in Figure 

6-23. There are a number of things that will occur as a result of coating the 

filters, the nanoparticles will result in a decrease in the pore size this will have 

a positive impact on the breakthrough pressure. The contact angle will be 

increased again having a positive impact on the breakthrough pressure. 

However, due to the fact that in this system the overall face velocity is what 

is being controlled the reduction in pore size caused by the coating will also 

increase the pressure. Without knowing the impact of the pore size on the 

pressure drop, it is difficult to say whether the decrease in pore size has a net 

positive impact on the water separation efficiency. 

The model suggests that there is a very sharp decline in performance of a 

barrier filter when the contact angle drops below ~100°. It is also shown that 

there is an exponential increase in critical pressure as the pore size gets 

smaller. Having said this, it would be expected that as the pores got smaller, 

the pressure would also increase for a constant flowrate. An attempt was 

made to relate the water separation efficiencies measured experimentally to 

the model developed by Nazzal et al. (95), however this was not successful. 

There are a number of possible reasons for this, one of the primary reasons is 

that this model is looking at the pressure at which a droplet would deform 

and pass through a pore. If this were a perfect model for the system being 

examined the separation mechanism would be purely barrier filtration. In 

reality it is thought that the system is a combination of both barrier and 

coalescence filtration. 
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Figure 6-23: Graphical representation of Nazzal et al. model with a droplet 

diameter of 14µm and an interfacial tension of 22 dynes/cm 

In terms of breakthrough pressure, it appears that the oleic acid functionalised 

coatings result in the most effective filtration media. The increase in face 

velocity has the least impact on both the low physical change and the highest 

water contact angle filters with regards to water separation efficiency. This 

would suggest that these filters will be the most effective at resisting 

performance degradation due to fouling. It is also shown that the high contact 

angle coatings outperform the low physical change filters, aside from the oleic 

acid functionalised coatings where the performance is comparable. 

Carbon black was used as an accelerated fouling method. It is expected that 

the carbon black would form a cake layer on the surface, resulting in an 

increase in restriction to flow and a subsequent decrease in water separation 

efficiency. Figure 6-14 shows that the accelerated fouling process was 

successful in increasing the pressure drop across all of the filters. HDTMS ID8 

was found to have an extremely large increase in pressure drop when 

compared to the other filters. The reason for this is not immediately obvious. 

Being that these filters were used in water separation experiments, the 

prevailing theory is that the addition of the foulant material stopped the 

droplets from being released from the surface resulting in the water acting as 

an additional foulant material. 
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Figure 6-15 shows that for the carbon black fouled filters the main variable 

that affects the water separation efficiency is the pressure drop. The water 

contact angle was assumed to be constant for the fouled and unfouled filters, 

while this is not completely true, if the actual water contact angle was used in 

the calculation, the trend was not as strong. The likely reason for this is that 

the carbon black formed a cake layer but did not penetrate through the depth 

of the filter. The fibres that remained uncoated by the fouling material would 

therefore retain the superhydrophobic properties applied by the coating 

material. 

As a method of attempting to show this phenomenon through analysis, the 

change in water separation efficiency for the carbon black fouled filters was 

compared to the un-fouled filters. The results of this are shown in Figure 6-16. 

The strong negative correlation between the pressure drop and the change in 

water separation efficiency suggests that the change in water contact angle 

cause by the carbon black fouling process had little effect. It is known that in 

real samples that there is a major decrease in water contact angle cause by the 

fouling process, therefore further experimentation was required. 

Using poly dopamine, it was possible to impact the water contact angle of the 

carbon black fouled samples. The fouled filters were treated as a whole, this 

was intended to simulate the change to the fibres throughout the depth of the 

filter, rather than just at the surface. Figure 6-17 shows that the addition of the 

polydopamine resulted in a decrease in water separation efficiency for all of 

the filters. The aim of the coatings is to reduce the overall reduction in 

performance at the end of life. The accelerated fouling process developed 

appears to give a methodology for assessing this in a short timeframe. 

An unintended effect of decreasing the contact angle using polydopamine 

was the increase in pressure drop across the filter. While this process does add 

some more material to the filter, the thickness of the coating was expected to 

only be in the nanometre range. Ball et al. (219) using similar conditions to 

this work found that the film thickness reaches a constant value of 

approximately 40nm (independent of substrate). This suggests that the 

addition of material is not the cause of the increase in pressure drop. The most 

likely cause of the increased pressure drop is droplet retention leading to pore 

blinding through a secondary phase blockage. 

Figure 6-19 shows that the water contact angle has been significantly 

decreased as a result of the accelerated fouling process. There are some slight 

variations in the contact angle, this is likely caused by the roughness imparted 

by the coating as well as any un-fouled sections remaining. It has been noted 
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that Figure 6-20 highlights that for the pDA & carbon black fouled filters, there 

appears to be a slightly different trend than has been observed previously. 

The factor that is not been fully accounted for is the roughness of the fibres, 

this will be impacted by the coating and will affect both the contact angle and 

critically the roll off angle. 

Figure 6-21 and Figure 6-22 show the effect of the two variables (pressure drop 

and water contact angle) found to have the largest impact throughout this 

study on the water separation efficiency. As has been consistently shown, the 

pressure drop has a strong inversely proportional relationship with the water 

separation efficiency. The water contact angle does not appear to have a 

significant impact on the water separation efficiency for these samples. The 

reason for this is the interdependency with pressure drop and the small range 

of water contact angles measured. 

There is a significant interest in the fouling behaviour of filters in the 

literature. However, the majority is not focused on emulsion separation 

therefore the methods for testing the flux decline are slightly different. For 

example Lee et al. (220) examined the flux decline in water purification filters, 

it is shown that there is an immediate flux decline levelling out after 

approximately 15hrs. In our work the process that results in the production of 

the insoluble particles that contribute to the blockage of the filters is not 

present. These processes are not fully understood but it is likely that additive 

interaction has an impact, as shown by Barker et al. (39). It is also possible that 

thermal cycling has an impact on the production of the insoluble particles, this 

is shown by Singer et al. (221). 

Shao et al. (222) examined the effect of stabilising emulsions with surfactants 

and with the addition of contaminants. While the study by Shao et al (222) 

was looking at the reverse of what is being examined in this thesis (oil in water 

separation rather than water in oil) similar results were found. In an emulsion 

that is not surfactant stabilised with no contaminants there is no impact on 

the trans membrane pressure within the time of the experiment (25mins). It is 

shown that surfactants have a significant impact for their set up, this is not 

something that was being examined in this thesis therefore is not completely 

relevant. However, what is also shown is that the addition of contaminants 

doesn’t result in an additional increase in the transmembrane pressure. They 

do alter the mechanism by which the surfactants interact with the surface 

which actually results in an improvement in ‘fouling resistance’. This shows 

that for relatively short experiments simply adding contaminants is not a 

viable method for replicating long term fouling. 
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The most important finding from this chapter, alongside the success of the 

coatings at improving the end-of-life performance of the filters, is that the 

methodology used to assess the end-of-life performance seems to be 

successful. It can be shown that filters with different initial performance do 

have varying end of life performances. It doesn’t appear that the initial 

performance of the filters is a direct indicator of the end-of-life performance. 

The likely reason for this is that there are parameters that were not analysed 

that will have an impact on the way in which foulant material is deposited 

and distributed within the filter. These parameters are likely to be the 

roughness imparted by the coating and roll off angle for the dispersed phase. 

6.5 Conclusions 

One of the aims of this chapter was to assess the instantaneous water 

separation efficiency of the coated filters. It has been possible to shown that 

the addition of hydrophobic coatings to the polymeric fibres has resulted in 

increased initial performance of the filtration material. The relationship 

between water contact angle, pressure drop, and water separation efficiency 

shown from the field return samples in Chapter 4 was found to apply to the 

coated samples as well. It was found that although the addition of the coating 

results in increased pressure drops due to the addition of more material, the 

increase in contact angle was more significant with respect to water 

separation efficiency. This achieves the aim of showing that the 

hydrophobicity is an extremely important factor for the separation of water 

in diesel emulsions. 

One of the issues with developing coatings for increasing water separation 

efficiency is that while the initial efficiency is of interest, the end-of-life 

performance is more important. The aim of assessing the end-of0life 

performance was achieved by developing two methodologies for assessing 

the end-of-life performance. The first was extremely simple and assessed the 

breakthrough pressure with increasing flowrate. While this gives an 

indication of the response of the filter to increased face velocities, it doesn’t 

give a true picture of the end-of-life performance. In these experiments it was 

found that the oleic acid functionalised coatings performed the best. 

The second method developed was the use of carbon black as a fouling agent. 

It was found that it was vital to also decrease the water contact angle as well 

as increase the pressure drop. This was achieved by decorating the carbon 

black fouled filter with poly dopamine. The aim of developing a novel method 

for determining the end-of-life performance of a filter was achieved. It was 
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shown that visually the fouling on the surface was similar to what was seen 

in the field, also the decoration with polydopamine was shown to have similar 

impacts to the contact angle to what was seen in the field. It was found that 

this decreased the contact angle to levels that were commonly seen in the 

return filters that were at the end of life. Using this method, it was found that 

the FAS functionalised coatings had the best performance at the simulated 

end of life. Overall, this shows the importance of end-of-life testing when 

assessing the performance of water separators that are prone to fouling. 

Overall the aim of producing a coating that improves the instantaneous and 

end-of-life performance of an as made filter was achieved. 
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Chapter 7  

Discussion, Conclusions and Future Work 

7.1 Discussion 

7.1.1 Attainment of objectives 

The overall aim of this project has been to develop a coating that improves 

both the instantaneous water separation efficiency of currently used barrier 

filtration media as well as the end-of-life performance.  

Aim 1 

The first aim was to assess the fouling that occurs on filters in real engines 

during operation. Two changes were examined in detail, the physical changes 

to the filter material caused by the deposition of the foulant material and the 

chemical changes at the surface. The physical change was assessed in four 

different ways; the air permeability was measured, the pressure drop across 

the filter was measured, an SEM image of the surface was captured, and the 

pore size distribution was determined. The chemical changes at the surface 

were primarily quantified using water contact angle, to determine whether 

this could be attributed to a particular foulant, a Fourier transform infrared 

spectroscopy was taken. 

Filters from three different fuel markets were examined, the Brazilian 

biodiesel market, the Brazilian petroleum diesel market and the Swedish 

petroleum diesel market. It was found that the fuel market has an impact on 

the severity of the fouling. This is broadly attributed to the fuel quality, 

specifically the quality of the biodiesel. It was shown by Ullman et al. (196) 

that carboxylate soaps are liable to form on diesel injectors. The FTIR data 

collected shows that there were carboxylic soaps on the surface of the filters 

examined, these were particularly prominent in the Brazilian fuel market. 

Fersner and Galante-Fox (33) proved that the biodiesel feedstock has a 

significant impact on the blocking tendency of the fuel. The feedstock with the 

worst tendency for blockage out of the feedstocks examined (rapeseed, 

cooking oil, coconut and soybean) was soybean methyl ester, the feedstock 

that performed the best was rapeseed methyl ester. This supports the fact that 

the blockages were occurring more severely and sooner in the Brazilian fuel 

market, because soybean methyl ester is the most common feedstock used in 

the Brazilian market, compared to rapeseed in Europe (198). 
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Even though there were some differences in the fuel market and therefore 

biodiesel feedstock. Overall, the composition of the fouling material is 

relatively consistent. The composition is primarily long chain hydrocarbons 

with some amount of oxygen functionality. There was an attempt to relate the 

oxygen functionality to the water contact angle, because it was postulated that 

the polarity of the molecule would correlate with the water contact angle 

(188). However, it was not possible to find a correlation between the oxygen 

functionality as identified using FTIR and the water contact angle. One 

possible reason for this is that the contact angle is affected by more than just 

the chemistry of the surface. One of the major contributors to the contact angle 

of a surface is the roughness, this is shown in the well understood models 

developed by Cassie-Baxter (103) and Wenzel (102). 

Looking at the SEM images that were captured of the surface of the filters in 

Figure 4-10 and Figure 4-15, it is clear even from these images that the 

roughness imparted by the foulant material varies between filters and fuel 

markets. In addition to this it has been noted that the fouled material has 

differing amounts of coverage, leaving fibres exposed in some cases but not 

in others. This will also have an impact on the contact angle but is not 

something that would be captured by looking at the oxygen functionality 

alone. Therefore, even though there was not found to be a correlation between 

the oxygen functionality determined through FTIR and the contact angle, it 

cannot be said for certain that no such correlation exists. It would likely 

require either a significantly more controlled experiment, or an extremely 

large number of samples for this trend to be identified. 

While the differences between the different fuel markets is something that is 

interesting. It is not completely necessary to understand this in order to create 

a coating that improves the end-of-life performance of a filter. The most 

significant finding from examining the returned filters was the correlation 

between the contact angle and the water separation efficiency, and the 

pressure drop and the water separation efficiency. It is also shown that by 

combining these variables into a simple function an even stronger correlation 

is found with the water separation efficiency. This is important for the 

formation of the coating, since it identifies the need to maximise the water 

contact angle while minimising the pressure drop. 

Overall, it has been shown that the fuel market does have an impact on the 

fouling behaviour in diesel fuel filters. The key parameters that impact this 

are the increase in effective surface free energy as a result of the foulant 

deposition on the surface. This results in the fibres being more preferentially 



- 211 - 

wetted by the dispersed phase resulting in the droplets requiring less force to 

pass through the filter membrane. The second finding was that the restriction 

to flow caused by the foulant material also decreases the filters effectiveness 

with respect to water separation efficiency. The reduction is caused by a 

combination of pore restriction and pore blinding resulting in the force 

experienced by a droplet of the dispersed phase at the surface being increased 

because for a smaller effective free area of flow the overall flowrate is smaller. 

These findings informed the following work on coatings for improved 

instantaneous and end-of-life water separation efficiency.  

Aim 2 

This aim is to develop a one-pot method for forming a silica nanoparticle 

coating functionalised with three different low surface energy compounds. 

The primary challenge encountered when forming the functionalised 

nanoparticles in a one pot method was the impact that the functionalising 

compound had on the Stöber process. Using a model developed by Bogush et 

al. (204), the equations of which are shown in equation 5-1, 5-2 and 5-3. It is 

clear that the addition of the functionalising agent has a significant impact on 

the size of the particles formed. The only aspect of the experiment formed in 

this work that deviated from that of Bogush et al. (204), aside from the 

functionalising agent, was that the temperature in this work was not 

controlled. Qi et al. (209) found that temperature primarily affected the 

polydispersity of the particles formed therefore the addition of the 

functionalising agents has been attributed to the observed changes over the 

standard Stöber process. 

Increasing the water contact angle was the primary metric for determining the 

initial success of the coatings. It has been shown in numerous papers that 

increasing the water contact angle has a positive impact on the water 

separation efficiency (56, 66, 79). There are two primary factors that will affect 

the water contact angle, the surface free energy and the roughness of the 

surface (84, 166). Using silica nanoparticles alone would not increase the 

contact angle, applying the nanoparticles to the surface of the fibres would 

result in an increase in roughness, but would increase the surface free energy. 

It is likely that this will result in the Wenzel wetting state being achieved, this 

would reduce the contact angle having the opposite effect to what is desired. 

Altering the concentration of the reagents in the Stöber process changed the 

morphology of the particles being produced, as expected. However, the 

discrete silica particles were found to form aggregates, this was identified 

using a combination of SEM images and DLS. The level of aggregation was 
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found to have an impact on the contact angle, the main performance indicator 

of the coatings. It has been shown that as the tendency to aggregate increases 

the contact angle decreases. The tendency of the particles to aggregate likely 

leads to a less random and more ordered surface, thus decreasing the 

roughness and resulting in a lower contact angle. It was found that as the 

particle sizes increased, then the contact angle also increased for both the FAS 

and HDTMS functionalised particles. This again is attributed to the roughness 

that would be created by the larger particles allowing a larger fraction of air 

to be trapped leading to increased contact angles. The opposite was seen for 

the oleic acid functionalised particles, this is attributed to a difference in the 

formation of the nanoparticles. 

There were some differences between the different functionalising 

compounds used with regards to contact angle. The FAS functionalised 

particles resulted in the highest average contact angle (146.4°), followed by 

the HDTMS functionalised particles (144.5°) and finally the oleic acid resulted 

in the lowest contact angle (140.2°). This is the result that would be expected 

due to the differences in surface free energies. However, it was found that an 

equally important aspect when creating a superhydrophobic coating is the 

roughness imparted. While it was clear that the roughness did have an 

impact, the sample size used did not allow for a meaningful correlation of the 

Stöber process reagent concentrations to the morphology. However, it was 

found that in general particles that display less aggregation and larger 

particles resulted in increased contact angles. 

As was identified in the field return filters, the pressure drop plays an 

important role in the ability of the filter to separate the emulsions. It would be 

expected that by adding a coating to the fibres that the pressure drop across 

the filter will increase. The goal is to create a coating that maximises the 

positive impact of increasing contact angle whilst minimising the impact on 

the flow characteristics. As has been previously mentioned, the secondary 

function of the filter is to remove any insoluble contaminants from the fuel 

flow. This will result in the gradual clogging of the filter during use, but 

accelerating this process through coating is not desired. 

In this project the coating was being applied to a prefabricated polymer based 

fibrous barrier filter. This was fixed, therefore there was little that could be 

done to improve the restriction to flow. Even though it was shown from the 

field samples that the restriction to flow has a negative effect upon the water 

separation efficiency, it is not possible to consider stopping the fouling 

occurring. Since the secondary function of the filter is to remove insoluble 
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contaminants from the fuel, therefore the filter will always become blocked 

during prolonged usage. The aim of the coating is to maintain as much water 

separating performance as possible once the blockage has occurred. Applying 

a coating to the surface of the fibres will add material and therefore increase 

the pressure drop, it was important to ensure that this was minimised. 

It is shown that for both the FAS and HDTMS functionalised coatings, 

increasing concentrations of the functionalising agent resulted in decreased 

air permeability. The primary reason for this is attributed to the chemical 

reaction that occurs, the slower hydrolysing functionalising agent may act as 

a binding agent forming more stable aggregates that more readily block the 

pores of the filter material (211). The quicker forming silica particles will act 

like nucleation sites for the slower hydrolysing functionalising agent, as the 

functionalising agent begins to react it could bind two silica nanoparticles 

forming a more stable aggregate. This process could occur multiple times, 

creating much larger aggregates. A schematic of this process is shown in 

Figure 7-1. The same occurrence was not observed in for the oleic acid 

functionalised coatings because the reaction governing the functionalisation 

is an esterification reaction rather than a hydrolysation reaction (119). 

This shows that there is an optimum ratio between the concentration of the 

silica nanoparticles formed and the functionalising agent used to create a 

superhydrophobic surface. This ratio was not established in detail in this 

study; however, it is an extremely important finding that would be vital when 

developing this coating further. 

 

Figure 7-1: Diagram showing the mechanism for aggregation with the 

slower reacting functionalising agent. 

In addition to this, the morphology of the particles is found to have an impact 

on the pore size distribution and the air permeability. For all the 

functionalising agents, smaller particles resulted in a lower air permeability. 

This is the result that would be expected, smaller particles are able to create a 

Silica particle 

Functionalising agent 



- 214 - 

more closely packed layer that is easier to hold together with Van der Waals 

forces. It was also shown that the samples with FAS and HDTMS with higher 

polydispersity had a lower air permeability. This is attributed again to the 

high polydispersity allowing a tighter packed coating to form, making it 

easier to bridge open pores and block them. 

Feng and Hays (223) describe the importance of electrostatic forces on powder 

particles, this includes Van der Waals forces. The Van der Waals forces will 

not increase significantly with increasing mass, however the forces due to 

gravity will. The reason for this is that the force experienced by the particle 

due to Van der Waals forces is proportional to its radius. However, the force 

experienced due to gravity is a function of the mass, assuming constant 

density, this is proportional to the cube of the radius. This will result in the 

particles becoming less stable at the surface. This explains why the smaller 

particles are better able to initially block the pores. Obviously if the flow were 

to be forced through the relatively weak Van der Waals forces would be 

overcome. However, once the initial build-up of particles has occurred, more 

particles will be deposited resulting in a significantly stronger blockage. 

It is shown that the morphology of the oleic acid functionalised coatings had 

very little correlation with the air permeability or the pore size distribution. 

This was attributed to the fact that the coating process was not well controlled. 

The dip coating process was used because it was simple, however small 

changes in the speed that the sample is withdrawn from the solution will lead 

to differences in the thickness of the coating (224). If the changes caused by 

the morphology of the particles are only small, this could easily be overridden 

by the differences in film thickness. This is another important limitation of 

this study, the simplistic nature of the coating method is likely not 

representative of the methods that would be used in a manufacturing setting. 

The work has identified that the morphology does have an impact on the 

tendency of the coating to add restriction to the filter, but the coating method 

is also likely to have a significant impact on this as well. 

Once the coatings had been applied to the surface two coatings were selected 

from each of the functionalising agents. The coating that exhibited the highest 

contact angle and the coating that displayed the lowest change to the pore size 

distribution, or lowest physical change. The lowest physical change was 

quantified using the root mean squared error between the pore size 

distribution of the coating and the pore size distribution of an uncoated 

sample. These coatings were then tested for their water separation efficiency. 



- 215 - 

The aim of developing a one-pot method for creating superhydrophobic 

nanoparticles for the application to polymer filter media was achieved. It has 

been shown that this was possible for three different functionalising 

compounds. For all functionalising compounds the coatings created were 

shown to exhibit superhydrophobic tendencies. The understanding of how 

the particle morphology would impact the additional restriction to flow when 

applied to the filters was improved, this will allow the recipes to be tuned 

more accurately to obtain the best results. It was also shown that the 

functionalising agent’s impact on the Stöber process and can lead to 

aggregation of the particles which is undesired. An optimum ration of 

functionalising agent concentration to silica particle concentration should be 

found. 

Aim 3 

The third aim was to prove that the coatings formed were successful on two 

fronts, improving the instantaneous water separation efficiency and 

improving the end-of-life water separation efficiency. It is important that this 

is done in a flow rig because the flow characteristics were found to be a vital 

part in the operation of the filter. Additionally, it is necessary to develop an 

accelerated fouling method for determining the end-of-life water separation 

performance of the coated filters. 

The success of the coatings was universal, each of the coatings selected 

achieved a greater water separation efficiency than the uncoated filter as seen 

in Figure 6-2. This achieves the first part of the aim. It is what would be 

expected, many authors have shown that high water contact angles results in 

improved water separation efficiency (56, 225-227). The vast majority of the 

papers published examining the water separation efficiency of 

superhydrophobic membranes use gravity as the driving force for the 

mixture. From what has been previously shown in this work, the pressure 

drop is one of the most important factors when considering the water 

separation efficiency. In a diesel engine the flux is set based on the 

requirements of the engine, therefore the pressure drop will vary depending 

on the level of obstruction. This means that using gravity as the driving force 

for the experiments will give a skewed perspective of the efficacy of the 

coating. 

In this work the face velocity was used as a crude method for determining the 

end-of-life performance of the coated filters. The theory being that as the pores 

become blocked due to foulant material, the face velocity that each individual 

pore would experience would increase. As expected, increasing the face 
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velocity resulted in a decrease in water separation efficiency. This is very 

similar to what was shown by Patel et al. (79). However, it was found that all 

of the coated filters formed saw a similar decrease in water separation 

efficiency. The coated filters performed better overall when compared to the 

uncoated filter. 

It was expected that an increase in the contact angle would result in an 

improved water separation performance. A study previously introduced by 

Nazzal et al. (95) developed a model based on the Young-Laplace equation. It 

was shown that the contact angle of the dispersed phase had a direct 

relationship with the pressure required to deform a droplet through a pore. 

In this case increasing the face velocity will also increase the pressure drop, 

therefore increasing the likelihood that a droplet will pass through the filter. 

In addition to the contact angle, the size of the pores will also have an impact 

on the pressure required for droplet breakthrough. An attempt was made to 

relate the findings of this work to the model created by Nazzal et al. (95), 

however there wasn’t a good agreement. 

There are a number of possible reasons that the model does not match with 

the experiment. One thing that is certain is that there must be something that 

is occurring in reality that is not accounted for in the model. First looking at 

the assumptions of the model, it is possible to determine some of the reasons. 

Firstly, the pore is assumed to be rigid, and the droplet is being deformed by 

the pressure resulting in breakthrough. In reality, as was shown by Patel et al. 

(79) the fibres can begin to deform under higher pressures, thus changing the 

pore size. In addition to this, the model assumes that there is one pore size, 

and this is constant throughout the material, or more accurately this model is 

looking at the interaction between one droplet and one pore. Applying this to 

a system in which there are a range of pore sizes, and a range of droplet sizes 

will likely result in inaccurate results. 

In addition to the problems mentioned above, the model is assuming that the 

mechanism for separation is purely barrier filtration. It is known that there is 

a combination of both barrier and coalescence filtration occurring, the 

evidence of this is the observation of secondary phase (water) buildup on the 

downstream side of the filter within the filter housing. The primary 

mechanism is barrier filtration, however, is the droplet is not entrained at the 

surface of the fibres it is possible that is becomes caught in the depth of the 

filter. More droplets will then coalesce with this droplet as it moves through 

the filter, providing that it has gained sufficient volume by the time it is 

exiting the filter it will drop out of the flow due to the gravitational forces 
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acting upon it. This means that the complete breakdown that is predicted by 

the model above a threshold pressure will not occur because there will still be 

some coalescence type filtration occurring. 

Using this increase in the face velocity allowed the examination of the 

mechanisms of water in diesel emulsion separation. It was shown that for the 

filters being used, while they are primarily barrier filters there is an element 

of coalescence that occurs. It was also found that due to the complexity of the 

pore structure and the fact that the droplet size distribution is not uniform, 

modelling the water separation efficiency from first principles is very 

complex, and cannot be achieved with the simple equation postulated by 

Nazzal et al. (95). However, it was conclusively shown that the application of 

the coatings, while increasing the initial resistance to flow did result in both 

an improved response to increase in face velocity with respect to both water 

separation efficiency and pressure drop. This is a good indication that the 

coated filters will have a better end-of-life performance when compared to the 

uncoated filter. Further work is required to show this conclusively. 

Something that wasn’t captured during the increased face velocity testing was 

the impact of fouling on increased roughness of the fibres introduced by the 

coating; there was potential for this having no net positive impact on the end-

of-life performance of the filter. Looking at the SEM images of the surface of 

the filters after fouling has occurred (Figure 4-9 - Figure 4-19) the fibres 

become coated in the foulant material. This will eventually form a cake layer. 

This was the main driving force behind the development of an accelerated 

fouling method to allow the impact of a coating to be assessed even after 

fouling occurs. Figure 7-2 shows a comparison between a filter fouled in the 

field and a filter fouled using the accelerated method. The fouling achieved in 

the accelerated methodology is visually very similar to what was observed 

from the field samples. 

 

Figure 7-2: Comparison between artificially fouled (right) and field fouled 

(left) filters. 
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It has shown that even though the fouling material covers the fibres, the water 

separation efficiency is still improved when compared to the uncoated 

sample. This was the case for all the coatings aside from one (HDTMS 8), this 

shows that this method of improving filter performance is valid even though 

the foulant material will eventually cover the fibres. One of the most 

important findings here is that although the filters are primarily barrier filters, 

once fouled the droplets aren’t stopped at the surface alone. If the separation 

was occurring only at the surface the fibres and the fibres were covered in 

fouling material, the surface being covered in foulant material should result 

in complete failure of the filter. This should inform the method of application 

of this type of coating, using the dip method will result in better penetration 

that a spray method and will likely lead to improved end-of-life performance. 

There were some unexpected results when examining the threshold pressure, 

the oleic acid functionalised coatings outperformed both the HDTMS and FAS 

functionalised coatings. This was unexpected because the contact angles for 

the oleic acid coated filters were lower, and the response to pressure drop was 

comparable. One important measurement that was not possible to represent 

in the lab is the roll off angle (contact angle hysteresis); this will represent how 

easily the droplets caught on the surface would be released before settling due 

to gravity. It is possible that the superior performance of the oleic acid 

coatings can be attributed to this. Similarly, HDTMS ID8 showed a 

significantly increased pressure drop compared to the other filters, it is 

possible that at higher face velocities the droplets were not able to release from 

the surface. This caused a chain reaction in which the droplets couldn’t 

release, but were coalescing and blocking more of the pores, hence the 

increased pressure drop and significant decrease in water separation 

efficiency. 

While this method gave some insight into the performance of the filter, it is 

not a true representation of the fouling that would occur in the engine. Using 

carbon black, the engine fouling was mimicked. By using only carbon black 

initially, the effect of increased pressure drop can be isolated somewhat 

because the contact angle of the carbon black fouled filters was found to be 

relatively consistent at 120°. Again, as expected it was found that the water 

separation efficiency was reduced for all of the filters tested. While it was 

found that the model developed by Nazzal et al. (95) did not have a good 

agreement with the experimental results of this work it is a useful tool in 

describing the reasons that the water separation efficiency is reduced by the 

fouling. The lack of agreement with a simple pore scale model suggests that 
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there are more mechanisms governing the capture of a droplet than the simple 

one postulated by Nazzal et al. (93). 

The interfacial tension between the two fluids remained the same throughout 

the experiments, therefore the interfacial tension portion of the model would 

be constant. The primary change after fouling with carbon black is that the 

pores on average will be smaller. The contact angle will be affected as well, 

reducing to approximately 120° in all cases. The reduction in pore sizes would 

result in a higher breakthrough pressure, this would result in an improved 

water separation efficiency. Having said this, the flowrate remained constant 

therefore the reduction in the open area available for flow will result in an 

increase in the overall pressure at the surface of the remaining pores.  The 

reduction in contact angle would result in a reduction in water separation 

efficiency as well. 

It was found that the fouling with carbon black resulted in an increase in the 

pressure drop across the filter, which in turn resulted in a decrease in the 

water separation efficiency. Interestingly, the relationships between the 

contact angle, pressure drop, and water separation efficiency observed in the 

returned filter elements were also found to hold for the artificially fouled 

filters, as shown in Figure 6-15. All of the filters were fouled with the same 

mass of carbon black, it would be expected that the increases in pressure drop 

caused by the fouling process would be similar. This is true for all of the filters, 

aside from one. This suggests that the physical blockage of the pores is not the 

only thing that will impact the water separation efficiency. The likely cause of 

the increase in pressure drop and subsequent decrease in water separation 

efficiency is that the contact angle hysteresis is increased. This would result in 

droplets being entrained on the surface as is designed, but the droplets would 

not be released once they have coalesced. This results in a secondary fouling 

caused by the dispersed phase. A representation of this is shown in Figure 

7-3, if the contact angle hysteresis is high the droplets are not released from 

the surface, they continue to coalesce, and the pores become blinded. If the 

contact angle hysteresis is low, the droplets are released from the surface. 
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Figure 7-3: Representation of the effect of an increased contact angle 

hysteresis. 

While the fouling with carbon black alone resulted in some interesting data 

and confirmed the fact that the two primary attributors to the water 

separation efficiency are contact angle and resistance to flow, it doesn’t satisfy 

the aim of determining the end-of-life performance of the filter. In order to do 

this the decrease in the contact angle caused by the fouling material also 

needed to be mimicked. In order to achieve this the fouled filter was coated 

with polydopamine, this will result in a very thin layer of hydrophilic material 

being deposited on the filter. It was important to achieve a coating that had as 

little impact on the size of the pores as possible. 

As expected, the reduction in contact angle resulted in a subsequent reduction 

in the water separation efficiency. Figure 6-17 shows that compared to the 

clean and filters fouled with only carbon black there is a marked decrease in 

the water separation efficiency. It is important to compare the performance of 

the uncoated sample to that of the returned field samples. The water 

separation efficiency achieved by the uncoated sample that was artificially 

fouled was 54%, this is comparable to the water separation efficiencies seen in 

the field return samples examined in Chapter 4. This gives confidence that the 

technique is able to mimic the fouling process. 

Looking at Figure 6-18 for the polydopamine and carbon black fouled process 

the pressure drop increases for almost all of the filters examined when 

Flow 

High contact angle hysteresis 

Low contact angle hysteresis 
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compared to the ones fouled only with carbon black. One possible cause for 

this is that the addition of the polydopamine as a method for reducing the 

contact angle has added material to the surface. However, as shown by Ball et 

al. (219), with conditions comparable to the conditions used in this work the 

maximum film thickness was shown to be approximately 30nm. It is 

extremely unlikely that this would result in the increases in pressure drop that 

has been observed. 

The mechanism that has caused the increase in pressure drop is most likely 

caused by the change in the surface free energy as a result of the poly 

dopamine coating. The effect of increasing contact angle hysteresis has been 

discussed previously, shown in Figure 7-3. There have been very little if any 

published work looking at the link between the hydrophilicity and the flux of 

water in diesel emulsions. However, Shakeri et al. (228) examined the effect 

of surface modification on the flux in reverse osmosis filters. It was shown 

that increasing hydrophilicity resulted in increased water fluxes, as would be 

expected. Another study by He et al. (229) examined a number of different 

hydrophobic filters for water in oil separation. As a part of this it was shown 

that as the hydrophobicity increased the flux through the filter increased. This 

is the same as is seen in this work. 

The one exception to the increase in pressure drop with decreasing 

hydrophobicity is seen for the HDTMS ID8 coated filter, for this filter the 

pressure drop decreased as the hydrophobicity decreased. What should be 

noted is that this filter exhibited a significantly higher pressure drop when 

compared to the other filters. It has been previously suggested that this is a 

result of the entrainment of the dispersed phase on the surface, this then acts 

as a secondary blockage to the foulant material. If the chemistry and 

morphology at the surface is such that the droplets are not able to release and 

are coalescing to form larger droplets and subsequently restricting flow, the 

decrease in hydrophobicity will likely aid the droplets in passing through the 

filter. It has already been noted that Shakeri et al. (228) have shown that higher 

fluxes are seen for membranes with lower hydrophobicity. Therefore, it is 

very likely that this is the cause of the decrease in pressure drop for this 

particular filter. 

In terms of end-of-life performance, the filters that performed the best were 

the ones formed with the FAS functionalising agent. Looking at Figure 6-17 

the FAS functionalising agent coatings are the only ones that show a marked 

improvement in end-of-life performance when compared with the uncoated 

sample. This is a significant finding; it is known that the C-F bond produces a 
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lower surface energy product when compared to the C-H bond. For example 

Ozkan et al. (230) examined the contact angle on the surface of a number of 

different materials. It was shown that polymers with C-F bonds typically 

displayed higher contact angles, polymers with C-H bonds displayed lower 

contact angles and polymers with a combination of C-H and other bonds (e.g., 

C-O) had even lower contact angles.  

This is the primary difference between the other two types of coating and the 

FAS functionalised coating; therefore, it is theorised that this is the cause of 

the increased performance. Having said this Zhang et al. (231) found that 

polydopamine has a greater adhesion to hydrophobic surfaces. However, it 

was also found that the air/vapour layer found particularly on 

superhydrophobic surfaces when submerged in water will act as a significant 

barrier to polydopamine deposition. The polydopamine in this work was 

applied to the surface in an aqueous solution, meaning that this layer would 

be present. Being that the fluorine containing compounds would give a more 

hydrophobic surface it is likely that this layer would be more prominent 

leading to a reduction in the effectiveness of the polydopamine deposition. 

If the air/ vapour barrier is present in the filter during use in a diesel engine, 

it is possible that this would result in a decrease in fouling during use, 

drastically increasing the end-of-life performance of the filter. Having said 

this, an additional finding by Zhang et al. (231) is that ethanol has the ability 

to displace this layer. This is of particular interest because if ethanol will 

displace the layer, it is possible that diesel will also displace the layer because 

diesel has a comparable wetting ability to ethanol (232). This means that the 

deposition of foulant material when the filter is in use would not have to 

contend with the air/ vapour barrier. In either case, what has been made clear 

by this work is that increasing the hydrophobicity will help increase the 

instantaneous performance of the emulsion separating filter. It has also been 

shown that it is possible that a marked increase in end-of-life performance 

will also be seen. 

It has been possible to achieve the aim of proving the performance of the 

coatings that were formed in the previous section. Initially it was shown that 

the instantaneous water separation efficiency of the coated filters was 

improved across the board when compared to the uncoated filters. Using the 

facile method of increasing the face velocity at the filter allowed the 

mechanisms behind the water separation efficiency to be examined in more 

detail. It also further indicated the success of the coatings showing improved 

response in water separation efficiency and pressure drop when compared to 
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the uncoated filter. Finally, the aim of developing an accelerated fouling 

technique was successful, it was shown that an uncoated filter had a similar 

response to the artificial fouling as was seen in the field fouled samples. Using 

this novel technique, it was then possible to show that the coating has 

improved the water separation efficiency at the end-of-life of the filters. 

7.1.2 Novel Contributions 

Hydrophobic silica formation. 

Three different compounds were used as functionalising agents in the 

formation of hydrophobic silica nanospheres, it is well known that fluorine 

containing compounds have some of the lowest surface free energies (233). 

Therefore, a fluorine containing silane was used. Fluorine containing carbon 

compounds have a low surface free energy because the CF bond is very stable 

and leads to extremely low polarity. For similar reasons CH containing 

molecules have quite low surface energy as well. The other two 

functionalising agents used were a long chain silane, which will react in the 

same way as the fluoro-silane and oleic acid which reacts slightly differently 

(234). Li et al. (119) postulated that this is an esterification reaction at the 

surface of the silica sphere. 

Super hydrophobic particles were formed in a one step process. The ability to 

do this in a one step process would have the benefit of being more cost 

effective. A one pot method has been used by a number of authors to create 

FAS (Fluoroalkylsilane) functionalised silica nanoparticles (203, 235), only one 

paper was found to have created HDTMS (Hexadecyltrimethoxysilane) 

functionalised silica nanoparticles using a one pot method (121) and there 

were no instances of a one pot method being used for oleic acid 

functionalisation. The application of these particles to as prepared meltblown 

PET diesel filters is completely novel. 

Flow loop as a test method. 

While this is something that seems to be relatively intuitive, the majority of 

the literature focusses only on improving the water contact angle as a method 

for increasing the water separation efficiency. This is one of the ways that this 

study is novel, especially as this applies to the separation of water in diesel 

emulsions using a barrier filter. For example Zhao et al. (117) created super 

hydrophobic fabrics similar to those used in this study. However, in the study 

by Zhao et al. (117), when examining the oil water separation potential, the 

driving force used was gravity. It has been shown in this study that the 

pressure drop has a significant impact on the ability of a filter media to 
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separate two phases, therefore using gravity alone as a driving force may not 

give a true performance metric of the filtration media. 

Using the flow loop method, it is possible to have a set flowrate, this will more 

accurately determine how the coated filters would behave in a real-world 

environment. It was only possible to find one other paper that used a similar 

methodology for assessing the water separation efficiency of a barrier filter. 

Patel et al. (79) used a pumped system to demonstrate the change in 

performance of electrospun poly vinylidene fluoride with changing face 

velocities. This work highlighted the need for this type of experiment, one of 

the filters formed had an extremely high contact angle, however once the face 

velocity was increased the water separation efficiency was drastically 

reduced. The reduction in water separation efficiency with increasing face 

velocity was attributed to deformation of the pores allowing the droplets to 

pass through. While this is unlikely to be the case for the membranes used in 

this work, it highlights the need to mimic a realistic flow system as close as 

possible. 

The fouling experiments highlight the requirement for testing the 

performance of emulsion separation filters in flow conditions rather than 

through gravity filtration. If gravity filtration was used, it would not be 

possible to directly shown the reduction in performance that is caused by the 

fouling of the filters. Something that is often used when examining the 

performance of filters using gravity driven filtration is the flux through the 

filter, with higher flux indicating better performance (111, 142, 144, 226). 

While this will give an indication of the performance of the filter when 

combined with the water separation efficiency, using a flow loop gives a more 

representative outlook of performance in the field. It was shown in this study 

that increasing the face velocity (and thus the pressure across the filter) had a 

differing impact depending upon the coating that was used. 

Accelerated fouling technique 

The most novel aspect of the work is the development of the accelerated 

fouling technique using a combination of carbon black, for the physical 

change, and polydopamine, for the chemical change. It is important to note 

that the accelerated fouling technique developed for assessing the filters in 

this work is unique. There has been work looking at the performance of filters 

with respect to fouling. For example Muppalla et al. (236) examined the 

fouling resistance of nanofiltration membranes for the separation of 

emulsions. The technique used was to run the experiments for a relatively 

long time (8hrs) monitoring the flux and oil rejection performance. For a diesel 
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filter, this would not be sufficient to determine its fouling resistance. It has 

clearly been shown that there are deposits on the surface that occur in the 

engine that would not build up in a lab test over 8hrs. Additionally, the 

conditions in the engine are not easily mimicked in the lab. It is possible, if not 

likely, that the combination of temperature and pressure cycling that the fuel 

undergoes in the engine results in the formation of the deposits, this is 

without considering the interaction of additives. 

7.1.3 Limitations and Future Work 

During the examination of the filters fouled in the field, some interesting 

correlations were identified, it was possible to develop this somewhat to the 

beginnings of a fouling index. However, the data set available was quite small 

making it difficult to give full confidence to the correlations observed. In 

addition to this the filters that were returned were predominantly at the end-

of-life, it would have been more useful to have some filters that were in the 

middle of their operational life as well. That way the development of the 

fouling over operational time could be examined. 

When forming the coatings using the modified Stöber process the one 

parameter which is known to impact the morphology of the particles formed 

that was not examined was temperature. This parameter was relatively 

uncontrolled, with the reaction taking place at room temperature. It would be 

extremely interesting to examine the impact of temperature of the modified 

Stöber process developed in this thesis. 

The method used to coat the filters was relatively crude. This is something 

that may have had an impact on the performance of the coated filters, 

especially with regards to the flow characteristics. If the filter was withdrawn 

at a slower rate for one than another the mass of coating on the surface could 

have increased resulting in an increased restriction to flow. A more controlled 

method for coating should be considered, this could either be dip coating with 

some sort of mechanical control, spin coating or spray coating. 

When examining the performance of the coated filters with respect to 

hydrophobicity water contact angle was the primary method that was used. 

One of the issues with this was the fibrous nature of the samples making the 

fitting algorithm required difficult to implement. Additionally, it was not 

possible to determine the contact angle hysteresis. It would be recommended 

that a method should be developed to quantify this. The options I see, would 

be to apply coatings to a solid piece of the fibre material and apply the coating 

to this. This would make the measurements possible. Another method that 
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was considered, but ultimately abandoned due to time constraints was atomic 

force microscope pull off force, this can be used to determine the surface free 

energy. 

It was intended at the beginning of this project that while examining filters 

from different fuel markets, certain trends would be seen allowing coatings to 

be developed for specific types of fouling. However, there wasn’t sufficient 

samples from each region to make any solid conclusions on this. However, it 

was possible to see some slight differences. It would be beneficial to the field 

of study to continue this work in understanding the effect of different fuel 

make-ups on the fouling behaviour seen. 

Something that was not examined in this work, which could have a large 

impact on the efficacy of a filter is the size of the pores. Having larger pores 

would allow the coatings to be applied achieving a final pore size to the clean 

filter media used in this study. Additionally, the coating process itself was not 

examined. Using different coating processes could lead to more favourable 

coating of the fibres such as better fibre coverage without impacting the pores 

as significantly. 

All the laboratory experiments using the flow rig were using pure reference 

grade diesel as the continuous phase. It would be extremely informative to 

complete the same testing of the coatings formed using different blends of 

biodiesel, especially because the fuel market is trending towards having 

higher percentages of biodiesel in the future. Additionally, there are a 

significant number of additives in fuel which are known to inadvertently 

result in the stabilisation of water droplets. This was again not considered as 

part of this thesis but would be a vital part of ongoing research. 

7.2 Conclusions 

During the initial research for this project, it was found that there was very 

little published research looking at the performance of water in diesel 

emulsion separators after being fouled in the field. Therefore, first stage of this 

research was examining filters that had been fouled in real engines. Filters 

were received from three different fuel markets; the petroleum diesel markets 

in Sweden and Brazil and the biodiesel fuel market in Brazil. Analysing the 

fouling material on these filters it was possible to determine that in general 

terms, the composition of the material was relatively consistent. It was shown 

that the material consisted of long chain hydrocarbons with some oxygen 

functionality. There was some variation in the samples, however due to the 
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uncontrolled nature of the samples received from the field, it was not possible 

to identify any significant trends. 

The water separation performance of the returned filters was examined using 

the flow rig. It was shown that there was a strong correlation between the 

pressure drop, contact angle and the water separation efficiency. A very 

simple model was created to show this. This was an important finding and 

was the primary reason for conducting this initial research. Understanding 

this relationship was able to help guide the formation and application of the 

coating. The coating is intended to increase the water separation efficiency of 

the filters both instantaneously and at the end-of life. 

There has been significant research into the formation of superhydrophobic 

coatings. The next section of this thesis was intended to develop a one pot 

method to create superhydrophobic microspheres. The reason for this is that 

having a one-pot method will decrease the cost of the process significantly. It 

was shown that using a modified Stöber process hydrophobic microspheres 

could be formed using three different functionalising agents. It was found that 

the addition of the functionalising agents affected the Stöber process, this was 

identified by comparing the expected particle size with the measured particle 

size. 

It was also found that the size and morphology had an impact on both of the 

variables found in the first chapter to have an impact on the water separation 

performance of the filters. It was observed that the smaller particles had a 

greater tendency to aggregate, this led to increased pore blockage due to the 

coating resulting in increased pressure drop and reduced water separation 

performance. Conversely, the FAS functionalised particles resulted in the 

smallest spheres. It was observed that these spheres formed a hierarchical 

structure, this resulted in increased contact angles, likely caused by an 

increase in the Cassie-Baxter effect. 

Once the initial water separation testing was complete, it was clear that the 

addition of the coatings resulted in an increase in the water separation 

efficiency when compared to the uncoated media. Having said this, as 

expected the addition of the coating resulted in higher pressure drops in all 

cases. The primary finding in this is that the benefit from increasing the 

hydrophobicity outweighed the negative effect of increasing the resistance to 

flow. 

While increasing the initial performance of the filters is of interest, it was more 

important to understand the end-of-life performance of the filters. In order to 
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do this an accelerated fouling process was developed. It was shown that the 

pressure drop after the fouling process was similar to that seen in the field 

return samples. Additionally, when examined using the SEM visually, the 

fouling looked comparable. The initial stage of fouling with carbon black 

alone had little impact on the contact angle, therefore the surface was treated 

with polydopamine to increase the hydrophilicity. This was found to be 

successful. 

Using the accelerated fouling method, it was found that not all of the filters 

coated showed increased end-of-life performance when compared to the 

uncoated filter. This highlights how vital testing of end-of-life performance is 

when developing new coatings. The functionalising agent that performed the 

best during the end-of-life performance was FAS. It is likely that the reason 

for this is that it has the lowest surface free energy. This would mean that the 

fouling material used would have the least chance of adhering to the surface 

of the particles, allowing the coating to retain its hydrophobic properties. 
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