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ABSTRACT 

 

 Polymeric electrospun nanofibrous membranes were investigated for use in water 

filtration applications.  A customized pressure vessel was designed according to the American 

Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel Code (BPVC) to be used 

to test the membrane for its filtration properties.  Low pressure filtration was focused on due to 

previous research that suggested that high pressure water testing of electrospun polymeric 

nanofibrous filters could decrease the filtration capability by expanding the pore size within the 

membrane.  During testing it was found that this technology does reduce pathogens but will only 

remove a portion of them per pass, and thus is not adequate for use as a one pass pathogenic 

filter.  The filter was found to be well suited for the reduction in the amount of suspended and 

dissolved solids, increasing clarity, and reduction of odor.  A scanning electron microscope 

(SEM) was used to study the electrospun fibrous pads to narrow down on an ideal parameter set 

that gave the desirable characteristics for the application of filtration.  The composition of the 

polymer, and electrospinning parameters, were also manipulated to give a hydrophilic, or 

absorbent, membrane to facilitate a low pressure differential for filtration.  It was demonstrated 

that this type of filtration membrane can be manufactured inexpensively while not requiring 

electricity or other external power source to generate large pressure differentials and flow.  This 

is desirable because it allows this technology to be used in areas where both basic utilities and 

clean water are limited, for example in remote Africa and India.  It was also shown that this filter 

has benefits over best selling commercial water filters currently on the market.  This technology 

may be best suited for enhancement of tap water where healthier and cleaner water is desired.  

Pre-filtration of reverses osmosis (RO) or other ultrafine filter system, to increase the life of the 

primary filter while decreasing fouling and maintenance may be another application.   
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1. INTRODUCTION 

 

An epidemic of lacking access to clean water is killing a staggering number of people, 

has the potential to ruin entire societies, is causing huge famines by keeping crops from growing, 

and even has the potential to instigate wars if not properly addressed [1, 2].  The solution to this 

problem will likely manifest as advancements in technology, whereby the efficiency and 

inexpensiveness of the water treatment processes will increase as much as possible, which in turn 

will allow the technology to be brought to a greater portion of the population, ideally to the point 

where even those in poverty will be able to afford the technology [2].  Technology has 

continually increased the effectiveness of water purification and this point is where this paper 

will focus.  Since this paper investigates using a polymeric nanofibrous membrane as a filter it 

was first required to design a filter testing vessel to be used in conjunction with the membrane.  

Once the vessel was theoretically designed it was constructed in a way that allowed a high 

pressure or low pressure application, although in this experiment only low gravity fed hydrostatic 

pressure was utilized to facilitate a low amount of deformation of the fibers in an attempt to 

prohibit the pores from expanding with high flow and/or pressure.  The vessel was designed and 

manufactured by way of the ASME Section VIII BPVC.  The BPVC is the governing code in the 

state of Kansas as well as most of the United States and many other countries too.  The BPVC 

gives equations, manufacturing rules, restrictions, acceptable materials, and other safe practices 

in the design of pressure vessels.  Some features that are incorporated in to our filter testing 

vessel are, the ease of changing out the membranes by using a flanged design, the outlet and inlet 

sizes are compatible with the size of most hoses and faucets so that natural pressure from the 

water tower can be used, and it was made of a non corrosive metal that meets standards for 
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potable water, although for safety reasons a sixteenth inch of corrosion allowance was built in to 

the calculations, as was a safety of factor of three and a half to one.  

The innovative technology at the heart of this filtration project was electrospinning.  

Electrospinning allowed the construction of polymer based nanofibrous membranes.  These 

electrospun nano and micro membranes was researched, tested and discussed.  Electrospinning 

has the ability to create fibers down to the nanometer range and at this range they have the ability 

to create an inexpensive way to remove a majority of contaminants [3].  Previous research 

indicates the inability of pressurized electrospun nanofiber membranes to remove all pathogens 

so our experiment was carried out with no external pressurization, and was gravity fed because it 

was thought that the pressure widened the pores and let nanoparticles, bacteria, and viruses 

through [3].  There is also an advantage to low pressure for simplicity and the range of places it 

could immediately be sent to.  For example this filter system could be used in areas that 

desperately need this technology where there is likely no electricity to run pumps to pressurize a 

vessel for filtration.  Another potential application is the fine filtration that includes undesirable 

contents like suspended solids and chemical compounds, so the effectiveness in removing 

suspended solids will also be investigated with these electrospun nanofiber membranes.   

A scanning electron microscope (SEM) was used to categorize several parameter sets to 

determine the best resulting nanofiber to be used as a water filter membrane.  The SEM helped 

determine the desirable characteristics like a small fiber diameter, a tight pore structure, a small 

amount of defects such as beading and solid polymer sections, and a consistent patterned 

structure with no large holes.  The parameters of the nanofiber surface were evaluated for their 

hydrophilic, or absorbent, nature in order to facilitate low pressure filtration.   
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2. BACKGROUND AND LITERATURE REVIEW 

 

2.1 Background and Information on Electrospinning: 
 

 The technology that lies at the core of this project is the manufacture of membranes via 

the process of electrospinning.  Electrospinning is a process that has been known for centuries 

and is quite similar to electrospraying, which was discovered by Lord Rayleigh in the late 1800‟s 

[3].  Electrospinning was patented in 1934 as an experimental way of producing fibrous 

filaments using an electrostatic force [3].  Since then this method has been used to produce very 

fine fibers and the frequency of experiments picked up starting in the 1970‟s and 1980‟s but the 

market was very specialized and it was not until the 1990‟s that interest was renewed with the 

nanotechnology boom [3].  The methods used today are quite a bit more advanced than were 

used originally, as the first investigations into the process were conducted with a pipette and two 

electrodes with volts in the kilo range between the polymer solution [3].  The electrically charged 

solution is pulled with the pipette, and it begins to act erratically and loop around as the positive 

charged liquid is drawn to the negative electrode or a ground [3].  As it loops around over and 

over in a state of instability there is a decrease of the diameter as it is lengthened and this pushes 

the diameter down to the nanometer range [3].  Today a syringe not a pipette is used to 

accurately dispense the liquid, a syringe pump is used to push the fibers at a constant rate, and 

there is modern equipment such as precise voltage sources.  The craft has evolved through 

testing over the decades the conditions that alter the result have been documented and perfected 

on.   

 There are several techniques used to create the liquid electrospinning solution, probably 

the most widely used is using a solvent along with polymer powder where the powder is 

dissolved in the solvent with heat, but alternatively a pure polymer powder can be used by 
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melting the polymer by itself and placing this pure polymer melt in the syringe [3].  An 

important parameter is the selection of a suitable solvent for the polymer to be absorbed in, it 

must dissolve the polymer relatively well and must evaporate quickly enough for the fiber to 

maintain its structure but not so fast that it hardens prematurely which hinders its ability to 

stretch into the submicron range [3].  Also important are the surface tension and viscosity of the 

solvent to have a jet that has form enough to be drawn but not too stiff that it won‟t be drawn out 

[3].  Another parameter which is crucial is the power source, it must provide a strong enough 

electrical field to be able to overcome the surface tension and viscosity [3].  The gap between the 

power source and the ground must not be to close that the current can connect through the air, 

but also must not be too far away which would allow the solvent to evaporate prematurely [3].  

The flow rate is another important parameter, if the solution comes out to fast it can be prone to 

beading and large solid sections, but if it is to slow then a fiber won‟t develop [3].  In general the 

smaller the molecular weight is the smaller the fiber diameter will be [4].  The ambient 

environment is also a component as humidity, temperature, and the compositing of the 

atmosphere can affect several of the other critical parameters [3, 5].  The electrical conductivity 

of the polymer/solvent mix is also important as a nonconductive solution will not work because 

the solution has to be charged so that the jet is drawn to the target [5].  Other parameters are the 

inside diameter of the pipette or syringe tip and typically the smaller the diameter the smaller the 

fibers are, this is because as the polymer is pulled toward the opposite charge a Taylor cone is 

developed as the solution is stretched and can be seen in Figure 1 [3, 6].  The Taylor cone is an 

important feature in electrospinning as it is where the solution leaves the tip of the syringe and is 

drawn rather sharply down to a much smaller fiber diameter. 
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Figure 1: This Taylor Cone Shows the Large Reduction in the Size of the Diameter [6]  

 

There are other methods in electrospinning that use additional equipment for specialized 

results, for example a rotating catcher has been employed to catch fibers that are aligned, going 

the same direction [5].  Although polymers are the most common material used, composites, 

ceramics and metals are also possible, and well over a hundred different materials have been 

successfully used to create nanofibers via electrospinning [5].  The most basic modern 

electrospinning set up is shown in Figure 2 [5].  

With electrospinning polymers can be manufactured with a diameter in the micron to 

nanometer range.  When you have fibers in the nanometer range, that is a billionth of a meter, 

you have are at such a small size it is possible to capture fine particles and pathogens.  For 

example the smallest biological dangers are just tens of nanometers across, so conceivably 

nanofibers created by electrospinning allow filters to be made that are efficient in the removal of 

pathogens and other miniscule particles [1].   
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Electrospinning is a very versatile process allowing the fine tuning of many of the 

process parameter outputs.  One way to alter the diameter of the fibers is by using a polymer 

melt solution instead of using a solvent polymer mixture [7].  The polymer melt method can give 

larger fibers in the tens of micrometer diameter range, while the solvent polymer method can 

create fiber diameters under ten nanometers [7].  One advantage of larger diameter fibers is the 

increase in the amount of weight the cross-section can support.  This combination of polymer 

melt and polymer solvent solution could be used to create a chemically homogeneous membrane 

made with a strong base of microfibers and a finer nanofiber web on top of that to catch very 

small nanoparticles.  The ability to remove such small particles opens up a variety of applications 

such as the separation of smaller liquids or gases from larger liquids or gases, water filtration, as 

well as non-filtration applications such as lighter and more effective chemical and military 

clothing, medical applications, aerodynamic applications, improved fracture resistance 

particularly in composites, drug delivery, and scaffolding [3, 8]  

 
Figure 2: The Fundamental Components in the Electrospinning Process [5]  
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2.2 Information on Nanofibers as Filtration Media:  
 

 One of the unique properties of electrospun nanofibers is there large surface area to mass 

ratio which makes them valuable in a variety of different applications, but are particularly 

characteristic for filtration applications [8].  The high surface area, small diameter and low basis 

weight makes for the very efficient catching of particles for a very fine filtration capability [8].  

The low weight basis quality allows for the ability to manufacture this filter with minimal 

material and in turn results in a low cost membrane.   

There are several processes that are used to make nanofibers [3].  These recently highly 

sought after materials can be made by drawing, template synthesis, phase separation, and self 

assembly [3].  Table 1 shows these processes and their manufacturing properties, and as can be 

seen the only process that can be scaled up, is very repeatable, convenient, and has high control 

over fiber diameter is electrospinning [3].   

 

Table 1: Table Showing the Benefit of Using Electrospinning for Producing Nanofibers [3] 
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Electrospinning is also the most versatile method of producing nanofibers because it 

allows more materials and solvents to be used, it has the biggest range of fiber diameters, and 

can produce fibers that are longer than are produced by any other method [3].  Although it is 

difficult to carry out mechanical tests on such a small scale there is some data that suggests that 

the Young‟s modulus increases as the fiber diameter decreases, with the increase in strength 

being attributed to the fact that at such a small scale there are far less flaws in the fibers for 

failure initiation [9].  Another unique feature of electrospun nanofiber membranes is the 

exceptional flow rates and the corresponding pressure differential [10].  The following figure, 

Figure 3, shows the relationship between fiber diameter and surface area [10].  It is apparent that 

the smaller the fiber diameter the larger the surface area becomes [10].   

 

 

Figure 3: Surface Area and Fiber Diameter Relationship [10] 
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Electrospun nanofilters with a diameter of at least 250 nanometers have been on the 

market for over twenty years [11].  In fact one of the first high volume productions was in gas 

mask filters [12].  Another popular application is in HEPA (High efficiency particle 

accumulation) filters, military filters and vacuum cleaners [12].  Donaldson Filtration uses 

electrospinning in their high performance air filters that claim to increase airflow, decrease 

pressure drop, increase efficiency, nearly half the power consumption meaning much less 

electricity usage [12].  The life of filter is also enhanced verses the standard media used for this 

application resulting in an extremely high performance filter [12].  The Donaldson filter claims 

to use a 200 to 300 nanometer diameter fibers spun onto a larger micron base, the web can be 

seen in the following image Figure 4 [12].  From investigation it seems that there has been a fair 

amount more investigation and no doubt more products in the market for air filtration then for 

water filtration using this technology.  Several research papers were found on electrospun 

nanofilters for water filtration but no products were found in a market search [12, 13, 14, 15].  In 

the papers that did deal with electrospun nanofiber membranes for water filtration the results 

were inconclusive in regards to their ability to eliminate pathogens,  indicating more research 

needs to be undertaken or were negative in nature [13].  The conclusion of one such research 

paper concluded that pathogen removal was unsuccessful because the pressure enlarged the pores 

and thus allowed the pathogens through [13].  Another study aims to use an electrospun 

nanofilter for pathogen removal and had limited success, they were unable to removal all 

bacteria and stated that more research was needed [14].  Another study that used electrospun 

nanofibers to construct filters also failed to eliminate all pathogens without functionalizing the 

filter using a filter that killed bacteria and viruses rather than removing them all [15].  It  
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Figure 4: Showing the Nanoweb and the Nanoweb on the Much Larger Micron Layer [12] 

 

seems that the large pressure required in water applications for electrospun nanofiber membranes 

are a problem to be overcome if the removal of all pathogens can be accomplished with this 

method.  Possible solutions to this are low pressure filters or strengthening the fibers so that the 

pores remain small under large pressures.  Alternatively, the filter can be functionalizing to kill 

or neutralize the microorganisms that cannot be trapped.  In the experiment that will be carried 

out in this research there will be no external pressure to try to avoid this problem of pore 

stretching.  In our experiment the only pressure will be the hydrostatic pressure from the weight 

of the water which will be less than one half of a pound per square inch.  This gravity driven 

system will result in a slower filtration but will potentially get around the problem of pore 

stretching and has the added benefit of making the filter use more widespread, because people in 

locations without electricity or pumps to pressurize the inlet water can still use this filter.     
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2.3 Background and Information on Water Filtration: 
 

 Clean water is the basis for life and is essential for the vitality of any population and 

unfortunately the fact remains that half the world‟s population has water quality worse than the 

ancient Roman Empire had [16].  Approximately one in eight people lack access to safe water, 

this results in over three and a half million deaths each year [16].  Even more troubling about this 

reality is that the most innocent ones are the greatest affected, children are impacted the most, 

every twenty seconds a child dies from a water related disease [16].  It is ironic that such a vital 

asset for life is both extremely prevalent, as it covers over seventy percent of the earth‟s surface, 

but also so scarce as most of it is unsuitable for drinking [16].  Ninety seven percent of the 

surface waters are oceans which are hard to make suitable for drinking in part because of the 

high salt content [16].  Furthermore less than one percent of the fresh water is accessible for 

human use and most of that freshwater, seventy percent, is used for agriculture [16].   

 Even the cleanest sources of water in nature contain contaminants, Figure 5, shows a 

sampling of some sizes of contaminants and the types and ranges of various kinds of filtration 

[17].  There are two basic methods of water purification, one involves removing the 

contaminants and the other centers around neutralizing contaminants.  Filtration can remove 

things such as particles, chemicals and biological contaminants.  In the case of biological 

contaminants, they can be neutralized by using techniques ranging from ozone exposure, 

ultraviolet light treatment and chlorine treatment, among others [18].  These methods of 

neutralization are expensive and in the case of chlorine, and other chemicals,  there is a risk of 

detrimental health effects to those who drink the water, such as significant carcinogenic risk [18].  

In some areas there are natural dangers inherent in water such as lead, fluoride, and arsenic,  
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Figure 5: Filtration Types and Contaminant Ranges [17] 

and nanofilters and reverse osmosis are viable ways of removing and significantly reducing the 

amount of these substances in water [16, 19].  Fresh water sources are the ideal place for water 

stock, they can be very clean and do not typically need an abundance of treatment to make it 

potable.  Unfortunately there are many populations that do not have access to this ideal source 

and many countries rely on technology to clean other sources such as lake water, river water, and 

even sea water.  To clean sea water the salt must be removed, usually in large desalinization 

plants which are very expensive and require lots of processing [20].  Methods of cleaning water 

are an ever growing field and has had continual improvements as technological advancements 

continue to make water cleaner and safer while driving down the costs of doing so [20].         

 One of the oldest and most effective methods of water treatment is distillation [21].  This 

method involves adding thermal energy to cause the water to reach its boiling point, the vapors 

are then separated and collected and condensed back to liquid form [21].  Distilling is a fairly 
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good method in that it removes a great deal of contaminants and has a high effectiveness [21].  

There are however some contaminants such as pesticides, herbicides and chemicals that have 

boiling points close to that of water and are carried with the water to the condensation stream 

[21].  The worst problem with this method is the energy input required to instigate the phase 

change from liquid to vapor, also strict maintenance is needed to keep the system going, both of 

which can become very costly and make large scale treatment plants less feasible than other 

methods [21].  Another drawback is the taste of the water is sometimes lacking because the 

resulting water lacks ample oxygen and minimal minerals, to compensate manufacturers 

sometimes aerate and add back in certain minerals [21].  The lack of minerals is considered by 

some to be a health issue but is a topic of debate because some people argue that the body will 

leach out its own minerals into the water and that water is a good source for minerals the body 

needs, however the American Medical Association report, "The body's need for minerals is 

largely met through foods, not drinking water", so these claims may be exaggerated [22].  

 Another type of water treatment is that of ion exchange, usually by passing the water 

through ion exchange resins [21].  This type of treatment is good for hard water because it 

removes the minerals that cause the water to be referred to as hard [21].  This method is also how 

deionized water is processed [21].  This method removes inorganics very well, and is fairly 

inexpensive to start up and for equipment but it is expensive over the long run in operating costs 

[21].  Resin exchange leaves a large number of particles and pathogens [21].   

 One of the more popular products for families and individuals is activated carbon filters 

[21].  Activated carbon is made by treating carbon to high temperatures which results in a matrix 

with abundant holes and crevices to catch contaminants [21].  It is a fairly inexpensive way of 

removing particles, and can reduce the amount of chlorides in water that have been linked to 
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cancer and are added to neutralize pathogens [21].  Also, it is good at improving taste and 

removing odors, it cannot remove all bacteria or suspended and dissolved solids [21].  The 

popular Brita water filters use this technology which will be discussed in more detail later.   

 Porous filtration, membrane filtration, and ultra filtration are other methods of water 

treatment based on porous media that traps larger molecules and lets smaller through [21].  In 

this application the goal is to let water and select ions pass through while trapping the 

contaminants [21].  This is a fast growing area of research and development and is where the 

contents of the research in this paper is categorized.  This type of filtration is mechanical in 

nature, and ranges from woven filters in the millimeter and micrometer range, all the way down 

to ultrafilter and nanofilter membranes [21].     

 Ultra violet treatment is another method of treatment whereby the radiation is absorbed in 

the DNA and proteins of microbes and this causes the organisms to perish, so this method is 

effective in sanitizing but does nothing for dissolved solids or other aspects of treatment [21].  

Another similar method is using ozone, which is a molecule with three oxygen atoms, or 

chloramines to come into contact with and neutralize organisms [23].  This works by rendering 

pathogenic organisms incapacitated or dead [23].   

 Reverse Osmosis (RO) is the most complete method of filtration removing up to 99% of 

all contaminants [21].  It uses pores that are under 300 daltons, but requires a large amount of 

pressure and has very slow flow rates and overall is one of the more costly methods [21].  This 

method is so thorough that even desirable compounds like minerals that the body needs are 

removed so, like distillation, certain minerals are added after RO processing [21].  It does 



  

15 
 

remove dissolved and suspended solids, ionic compounds including slat and lead, volatile 

organics, pesticides, and even nuclear compounds, as well as many other impurities [21].   

There are other methods of separation that are used especially when working with very 

dirty sources or waste water streams, these methods are often found in water treatment plants 

[24].  One method used is gravity separation which is a useful method of taking advantage of 

heavier particles which will sink down and are then collected, this method of separation is also 

known as settling and has the drawback of sometimes taking a considerable amount time [24].  

Another method is to introduce bubbles at the bottom of a tank which will capture particles and 

bring them to the top as the bubble floats upward, at which point they are skimmed off in the 

form of soiled foam bubbles [24].  Another method, which is used more infrequently and mainly 

in cases where the removal of certain contaminants are desired, the method uses centripetal force 

mechanisms to push heavier particles out while light particles travel less when rotating about a 

point [24].  Eddy currents can also be employed, again usually when particular types of 

contaminants are sought to be removed [24].  One of the cheapest and most widely used effective 

methods of pre-treating water is by passing the water slowly through a sand type filter to remove 

particles before going to finer treatment methods [24].  Another method is called flocculation 

where small particles on the order of micrometer and nanometer are attracted to particles with 

the opposite electric charge, this causes them to stick together until a large mass of them are 

formed and then collected [24].  Another innovative method, used especially with specific and 

very contaminated waters, it is using bacteria and protozoans to reduce other pathogens or other 

contaminants [24].   

Finding innovative sources of water is key in minimizing the level of treatment required, 

for example rain water is notorious for being a time trusted source of clean water.  Rain water is 
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essentially natures way of using distillation, as liquid water on the earth is evaporated and 

condensed in clouds until it falls back to earth as rain [24].  The collection of rain water is one of 

the oldest methods of obtaining clean water, however with the modern cities we live in there is 

often hazardous chemicals in the atmosphere which can contaminate the rain, the best known 

example of this is acid rain.  Water is inherent in our atmosphere, called humidity, and can be 

obtained from the air by machines that harvest the water that is in the air.   

Innovation is driving more diverse ways to clean water, recently there was an experiment 

that used the heat from the sun to help deliver cleaner water in India where there is an epidemic 

of child deaths from diarrhea leading to dehydration due to lack of clean water [25].  In an 

experiment plastic bottles were painted black on the bottom portion and left in direct sunlight 

before consumption, the results showed a statistically significant reduction in diarrhea in the 

children that drank from these bottles [25].  This extremely simple method shows how with 

knowledge of science great life saving things can be accomplished even with minimal resources 

and materials, in this case cheap and readily available materials were used to reduce the number 

of preventable child deaths [25].  This is a good example of how the water treatment really does 

depend on human ingenuity.  Ancient Rome had a complex water system, the remnants of which 

can be seen today still in the form of bridges and aqueducts used to transfer the water from 

distant sources.  In every culture clean water projects have been developed to help the population 

and to reduce illness.  One of the largest water projects in recent history was undertaken in Libya 

whereby huge underground pipes transported water from deep desert regions to the more 

populated north [26].  There will increasingly be major water projects taken up by countries as 

resources are depleted and as new parts of the population become upgraded to running water and 
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fresh water sources.  It has been said that the wars of today are fought for oil, but the wars of the 

near future will be fought over water. 

   

2.3 Background and Information on Pressure Vessels:  
 

 Pressure is a property that has been long sought to be harnessed and understood [27, 28].  

Some of the earliest recorded design of pressure vessels, although quite crude by current vessels, 

were from basic experiments performed by Leonardo da Vinci in 1495 and described in Codex 

Madrid [28].  Among the descriptions and experiments described in his book involved using air 

to lift heavy weights and sand from ships [28].  Throughout time the understanding of the 

principles at work and technology advanced allowing more feats to be accomplished.  In the 

1800s and 1900s the technology had advanced to the level of allowing the production of steam 

and use of that steam for power, and steam became the main source of power, and is still used 

almost exclusively as the working fluid in power plants to turn the turbines and make electricity 

[28].  From industrial uses to power on boats the use of these vessels were fast increasing, and 

with the discovery of oil pressure vessel technology was being used more pushing the limits of 

technology [28, 29].  There was virtually no standardization in the design, manufacture, 

construction, maintenance and operation of steam boilers and the result was an increasing 

number of boiler explosions in the1800's, occurring at a rate of about one explosion and two 

deaths per day [28].  These explosions ranged from minor damage to extremely catastrophic and 

deadly, with the worst of them destroying entire ships and buildings [28].  One of the 

intellectuals who addressed this growing problem was William Fairbairn, in a lecture in May 

1851 [27].  In his lecture he addressed issues such as strength of iron plates used, manufacturing 

techniques, examining the causes of boiler explosions, and safety techniques to try and avoid 
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further failures [27].  There were five reasons he cited as causing boiler explosions, too much 

internal pressure, lack of water in boiler (rapid expansion of air), collapse, construction 

techniques, and operator or owner error in mismanagement and ignorance [27].  These types of 

lectures were helpful in informing people of the mechanics and dangers but since there were 

competing ideas on best practices and a lack of a unified source to gather these ideas, as well as a 

lack of governmental intervention to ensure public and worker safety the explosions continued to 

happen, and at an increased rate as the popularity of steam boilers increased [27].    

 In 1905 there was an especially brutal accident in a shoe factory from a steam boiler 

explosion in Brockton, Massachusetts where fifty-eight people were killed and over a hundred 

more were injured, a before and after photo can be seen in Figure 6 [28, 30].  As was seen from 

this photo there is an extreme amount of energy that these vessels can contain and the potentially 

huge destructive force that is unleashed when a vessel fails to contain that energy.  At the time of 

this explosion many people regarded such accidents as acts of God or as an inherent unfortunate 

 

Figure 6: Shoe Factory Before and After a Disastrous and Deadly Boiler Explosion in Brockton, 
Massachusetts on March 20, 1905  [30]  
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reality of the business but were not always seen by the public as an engineering or manufacturing 

issue [28].  After much debate it was agreed upon that building techniques and design was the 

main cause and a solution was then sought which resulted in the first regulation, in 1907,  when a 

measure to regulate steam boilers was introduced at the state level in Massachusetts, and soon 

after in Ohio [30].  Soon cities that had experienced similar problems began to adopt their own 

methods of safe practice but there was no standardization and manufactures as well as users of 

the vessels were having trouble keeping up with the rules imposed in the various areas which 

made construction and selling across boundaries difficult so a need for unity was seen as the 

solution [30].  In 1911 the American Society of Mechanical Engineers (ASME) were appealed to 

in order to formulate a standard for steam boilers and other vessels [30].  After several years, and 

the formation of two committees a draft report was released and improved upon, and finally an 

official draft came out called the ASME Rules for Construction of Stationary Boilers and For All 

Allowable Working Pressures which was adopted in 1915 [28, 30].  The code grew to include the 

unfired pressure vessel section, which came with the advent and development of oxyacetylene 

process [28].  Most of the boilers at the time were riveted construction and high pressure and 

especially high temperature vessels were unsatisfactory for riveted construction so the pressure 

vessel code was developed for the growing needs in the petrochemical and chemical industries 

[28].  The high temperature and pressure process of cracking used in the petroleum industry in 

the manufacture of gasoline, and other highly sought after oil products, was especially hard on 

the riveted construction, and cracking was seen around the rivets [28].  The first welding was 

around the rivets but the welds were brittle and usually cracked because of undeveloped welding 

methods [28].  The oxidation of iron and other metals at high temperatures was not widely 

known which made the first welding ineffective because the molten metal oxidized very rapidly 
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and heavily which resulted in new types of welding [28].  Stick welding and innovative ways of 

keeping oxygen away from the melt of the weld were developed, one of the first methods used 

wood pulp coatings on the stick or occasionally in the weld groove [28].  The coatings, when 

burned, displaced the atmosphere, thereby allowing the melt to solidify without being exposed to 

oxygen which greatly improved the weld characteristics [28].  By the 1920‟s and 1930‟s many 

vessels were constructed by welding and this helped move the petrochemical industry improve 

the process and range of products being produced as higher temperatures and pressures were 

possible, this was important in many areas but one example is in the cracking unit, where crude 

oil is broken into more desirable smaller hydrocarbons [28, 29].  Because welding was so new it 

was looked at very skeptically and large restrictions were placed on welding making the vessels 

much thicker, bulkier and heavier than were established as safe in the development in several 

industries, this had the affect of individuals and manufacturers ignoring the requirements because 

they were seen as not reasonable or profitable [28].  This lead to a reform of the code, for 

example the safety factor was five, this was the largest of any official code, and it also led to a 

split off and another committee and code was developed by the American Petroleum Industry 

(API) [28].  The two compared the standards and came up with changes that were incorporated 

into the next code in 1934 and it including a factor of safety of four [28].  Over the years the 

United States has largely adopted Section I, the boiler code, and/or Section VIII, the unfired 

boiler and pressure vessel code, as law [30].  Not all vessels fall under these codes there are 

certain circumstances that make the code applicable including the size of the vessel and its 

pressure [30].  Most states have adopted both Sections I and VIII by law when applicable [30].  

The codes developed have been broadened to not only cover vessels and boilers but also to 

certain type of piping, and nuclear plants, as well as specifications for materials and other similar 
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rules [31].  The ASME BPVC, which is Section VIII, is the largest in terms of the volumes size 

and it also the most widely accepted and used section of the code in the United States [32].  

Additionally, the code has been adopted by several foreign cities, territories, and countries [33].  

Pressure vessels today are made for a variety of applications, from the bullet tanks underneath 

your propane grill, to the distillation columns in a many processes, they are used to store product, 

to mix product, as reactors, as measurement vessels, and to facilitate phase changes known as 

knock out drums in the industry.  Pressure vessels are designed with a multitude of features for 

safety and maintenance and ease of use, there are pressure relief devices installed at lower 

pressers than the maximum the vessel was designed to, there are nozzles that can be used to enter 

the vessel for internal inspection and maintenance as well as hand holes to feel the interior to 

check for pitting or general corrosion [31]. 

      The theory of how pressure vessels are designed and how manufacturing procedures are 

addressed in the ASME code has been developed for nearly a century [28].  The code was 

developed from the start heavily involved with people in the industries that use these vessels as 

well as the evolving engineering principles and technology, so it is necessary to update the code 

and it is continually changing with addendums and new editions being released regularly [28].  

One way the code is updated is through code interpretations, like most large documents there is 

room for interpretations so when a vague statement is found or other ambiguity needs 

clarification a question can be posed to the committee and the results will be published for other 

users of the code to see [28].  There are a myriad of rules that users must follow to be in 

compliant with the code such as the weld type, nondestructive testing, acceptable materials, and 

calculations [31].  The calculations deal with things such as the thickness of reinforcement for 
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nozzles, the limits of reinforcement materials, welding set up and configurations, and of course 

the thickness of the main components such as the shell, and the heads [31].   

Pressure vessels are made with minimal stress points, so the bodies are made circular 

instead of rectangular when possible because the stress is more evenly distributed this way.  One 

of the main components of pressure vessels is the shell which is the cylindrical section.  The 

other main parts are usually the heads, and can be a variety of shapes, from a perfect half a 

sphere, called a hemispherical head, to a more shallow profile called a flanged and dished head, 

but the most popular that is used today is a shape between the two and is called a two to one 

ellipsoidal head.  Code equations are compared to the engineering theoretical equations for 

pressure and thickness of the main component, the cylinder.  First a two dimensional state of 

stress from the shell is assigned a direction in the direction of the hoop and longitudinal stress, as 

shown in Figure 7 [34]. 

 

             Figure 7: Two Dimensional State of Stress Applied to a Shell to Estimate the Shell 
Stresses; Circumferential and Longitudinal [34] 
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Equalizing the internal pressure with the longitudinal stress gives [34]: 

                                      (2.3.1) 
 

Solving for the internal longitudinal stress gives:  

 

                                                 (2.3.2) 

Equalizing the internal and material hoop stress gives the following equation [34]: 

                                           (2.3.3) 

Solving for the circumferential, or hoop, stress gives: 

                                                               (2.3.4) 

 

As can be seen from the equations the circumferential stress is twice the value of the longitudinal 

stress.  The BPVC equation for circumferential, or hoop stress, is as follows [32]: 

                                                            (2.3.5) 

The BPVC equation for the longitudinal is as follows: 

                                                         (2.3.6) 
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There is some deviation in the ASME equations from those that are derived, for example 

the addition of 40% of the pressure being added in the denominator, the inclusion of a term for 

the efficiency of the weld joint along with the stress term.  The stress term is very important in 

the ASME equations because it is where the stress is adjusted for temperature, material type, and 

the safety factor, which is currently equal to three and a half, which has somewhat recently been 

reduced from the last safety factor which was four [32].  The efficiency term can range and is 

based on most notably nondestructive testing of radiography [32].  It is worth noting that both 

equation sets approximate the strength of the circumferential stress as being twice that of the 

longitudinal stress, so that makes the circumferential stress equation the functional, driving 

equation.  This is incorporated into the ASME BPVC in the nondestructive testing portion, which 

alters the value of the joint efficiency.  In the code there are four different types of radiographic 

examination labeled; RT-1, RT-2, RT-3, RT-4, with the most radiography at RT-1, going in 

order to the least defined at RT-3, and four is reserved for any case that doesn‟t fall into the other 

three categories [33].  These RT values dictate the amount of weld length that gets radiographic 

testing and the efficiency that can be applied to the calculations, as one would imagine the more 

radiography that is done the higher confidence one would have in the weld and thus the Code 

allows a higher efficiency to be claimed resulting in a thinner parent sample [32].  For example 

on RT-2 the Code allows the user to claim a high joint efficiency on both the circumferential and 

longitudinal seams, even though the longitudinal seam is fully radiograph tested and the 

circumferential seams only receives a small portion of radiographic testing [32].  The reasoning 

behind this full credit for both seams even though the circumferential welds were only spot x-

rayed while the long seam was fully tested is because we know from the equations that the vessel 

will theoretically experience about twice the stress on the longitudinal seam that it would from 
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the circumferential seams [32].  This can be seen in a trivial but widely relatable analogy, that is 

when a hot dog is cooked and it gets too hot the skin breaks open along the length of the hot dog.  

This consistent split pattern is because of the above equations show that there is twice the stress 

on the longitudinal seam than there is on the circumferential seams, this relates to the maximum 

stress causing the fracture at this point of maximum pressure.   

 The code is continually evolving as there are always new and better ways to build vessels 

due to advances in theory, materials, and equipment [35].  The factor of safety has changed 

several times, to account for things such as current events, for example the factor of safety was 

changed from five to four due to shortages in the war effort, to technological achievements in 

different fields, such as advancements in metal work making the metal stronger, to better rod and 

coatings making welding stronger, to increased theories in fatigue science and stress analysis 

[35].  Software has also helped the field incredibly by allowing faster computation and more 

precise analysis, this is the difference between Section VIII division 1 which relies on the vessel 

design rule, where as Section VIII division 2 relies more on analysis making it more precise to 

the unique situations that are found in the design of pressure vessels [34, 36].   

 

2.4 Information on Contact Angle:  
 

 Hydrophobic surfaces are a physical property that manifests as the repulsion of water and 

can be measured by measuring the contact angle [37].  The contact angle that incorporates 

hydrophobic behavior of a surface is an angle over 90° [37].  If the angle exceeds 150° then the 

surface is said to be superhydrophobic [37].  The opposite of hydrophobic is hydrophilic, which 

is also known as a water absorbent material surface [37].  Hydrophilic surfaces are characterized 
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by a contact angle of less than 90°, and superhydrophilic has a contact angle of 5° or less [37].  

There are three forces acting on the water droplet that affect the contact angle [37].  The first is 

the interfacial tension between the solid and the gas, the interfacial tension between the liquid 

and gas, and finally the interfacial tension between the solid and liquid [37].  These three forces 

can be plotted and assuming the solid surface is horizontal then the angle measured from the 

edge of the droplet defines the hydrophobic or hydrophilic nature of the surface [37].  The 

rougher and/or the more voids on the surface increases the hydrophobic nature of the surface 

[37].  A goniometer is an accurate way to find the contact angle and is used in this experiment to 

define the degree of hydrophilic behavior of the electrospun fiber membranes.    
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3. EXPERIMENTAL PROCEDURE 

 

3.1 Components and Equipment:  

 

 The nanofibrous membrane at the core of this project was constructed using polymers, 

two polymers were used as shown below.  The first polymer was purchased from Aldrich 

Chemical Company, Inc. is poly(vinyl chloride) also known as PVC.  PVC has a chemical 

formula of [-CH2CH(Cl)-]n.  The polymer was in the form of a white powder, the label is shown 

in Figure 8 below. The other polymer used was poly(ethylene oxide) also known as PEO.  PEO 

has a chemical formula of [-CH2CH2O-]n.  The polymer was purchased from Acros Organics, 

was in a fine white granular powder and its label is shown in the figure below, Figure 8.    

 

Figure 8: The Polymers, PVC and PEO, that Were Used to Make the Nanofibrous Membranes 

 

         The polymers were dissolved into a solution of the solvent N,N-Dimethylacetamide, also 

known as DMAC, under heating and stirring at around 85◦ C.  DMAC was purchased from 

Fisher Scientific and has the chemical formula of CH3C(O)N(CH3)2.  The DMAC label is shown 
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Figure 9: The Solvent Used to Dissolve Polymers, DMAC 

 

in, Figure 9.  After the polymer and solvent solution was made it was heated to be fully 

dissolved, and then placed in a custom syringe altered so that it could be connected to an 

electrode.  The syringe altered by placing a Belden 1.5 mm outside diameter copper wire that's 

tin coated into the body of the syringe and extending out of the tip.  A high strength adhesive 

that's resistant to high temperatures was used to seal the syringe where the wire punctured it.  

The purpose of the wire was to electrify the solution by placing the electrode directly to the wire 

so that the polymer coming out of the tip can be affected by the electrical field created.  The 

syringe brand was BD and was a ten milliliter plastic throw away type.  The plastic tips that 

screwed on the end of the syringe were made by Jenson Global Inc and came in sizes; 0.43mm, 

0.62mm and 1.22 inside diameter.  The syringe was then filled with the polymer solvent solution, 

was placed in the syringe pump and hooked to an electrode which is connected to the power 

source.  The power source is made by a company called Spellman and is shown in Figure 10.  

The syringe filled with the solution was connected to one electrode and the other end of the 
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power source was connected, with the opposite charge, to a metal grid called the catcher.  The 

syringe pump is made by Fisher Scientific and was used to control the volumetric flow rate of 

the solution leaving the end of the tip.  Figure 11 shows a completed syringe in the syringe 

pump, and the entire set up is shown in Figure 12. 

  

  

Figure 10: Spellman Power Source with a Positive Red Electrode and Negative Black Electrode 
Used to Create an Electric Field that the Polymeric Fiber is Drawn Through 

 

            

        Figure 11: Fisher Scientific Syringe Pump Shown with the Syringe Nozzle 
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Figure 12: Complete View of the Electrospinning Equipment Setup 

 

 The other part of this project was the design, and manufacture of the membrane testing 

vessel.  The filter was made according to ASME Section VIII division 1, also known as the 

BPVC.  The basic design was a stainless steel 304 machined ¾” threaded nipple with a transition 

to 2” NPS cylinder with 150# Stainless 304 slip on flange, which is shown in Figure 13.  The 

vessels were designed to be screwed directly to a standard garden hose so that the pressurized 

water that's available to most people in cities and towns via water towers can be used.  Another 

feature of this design is the ability to expand in series as shown in Figure 14.  Alternatively, this 

design could be used to house two types of filters, one filter to get course contaminants and the 
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other to get finer.  Another variation is to use two flanges to each hold a fine filter and could be 

used to filter tap water similar to how the popular Brita filters are used.  This method would give 

the user a way to clean up tap water for a healthier and more aesthetic drinking experience. 

 

 
 

Figure 13: Filter Body Component Shown as a Single Piece and as the Finished Filter Where the 
Nanofiber Membrane Fits In Between Two Red Gaskets Which is Bolted Between the Flanges 

 

 

Figure 14: Expanded Filter Showing the Ease of Scaling up for Multiple Filters in Series 
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3.2 Constructing Electrospun Nanofibers:  
 

 

          The filter was fabricated using the novel process of electrospinning to make polymeric 

nanofibers.  The ratio of solvent to polymer was 80% solvent and 20% polymer powder.  The 

polymers used were PVC and PEO in a ratio of 90% PVC and 10% PEO.  The powder and 

solvent were weighed out and put on a hot plate with magnetic stirrer until the powder was 

absorbed into the solvent solution and was thoroughly mixed.  The solution was then loaded into 

a syringe with a tin/copper wire that extends down through and into the plastic tip, this was used 

to attach one electrode to and charges the solution so that as it left the syringe tip it was drawn to 

the catcher that has the opposite electrode attached to it.  The syringe was placed in the syringe 

pump to control the volumetric flow rate by the digital controls and was run at a constant rate.  

Once the electrode was placed on the syringe wire and the other electrode on the catcher, the 

voltage and amperage were set.  Typical values for the electrical components were a maximum 

of one milliampere and twenty five thousand volts.  Once the pump was started the electricity 

acting on the solution that comes from the tip of the syringe causes it forms a Taylor cone.  The 

Taylor cone greatly decreases the diameter of the solution as it's drawn to the catcher.  Due to the 

large voltage difference the solution whips the polymer around spinning it and further reducing 

the diameter and this is how fiber is formed in to the nanometer range.  The further the distance 

the fiber has to travel the more it will be stretched and the smaller the fiber will be.  However, if 

the catcher and syringe are placed to far apart then the electric field will not be strong enough to 

pull the solution, and if they are to close then there is the possibility of the electricity jumping 

from the syringe electrode to the catcher, so a „sweet spot‟ exists that gives small fibers, and a 

good matrix layout.  The ideal distance from tip to the catcher was found to be is twenty five 

centimeters.  Another factor is the evaporation of the solvent as soon as it leaves the syringe tip 
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this also reduces the diameter and can be a problem if too much evaporates before it gets to the 

catcher because as the fibers hit the catcher they must have enough liquid to bond with the wet 

fibers already on the catcher.  The fiber mat that results from this method is a random nonwoven 

polymer matrix of micro and nano fibers.  Figure 15, shows the Taylor cone and the fiber 

whipping around, in the top two pictures you see the polymer being drawn up and down, the 

bottom two pictures show the Taylor cone as it is being drawn from the 0.43 mm syringe tip and 

the decrease in the diameter allowing for fibers down to the nanometer range.          

  

 

Figure 15: Top- Voltage Difference Causing Polymer Spin, Bottom- Showing Taylor Cone 
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Several different parameter sets were chosen for electrospinning and were carried out in 

the lab.  The basic parameters were the voltage, distance from syringe to catcher, flow rate, 

solvent, polymer, and tip diameter.  After a number of samples were created, the fibrous mats 

were analyzed by a scanning electron microscope (SEM) to determine which parameters gave 

the best characteristics for use as a membrane for water filtration.  In the below table, Table 2, 

the original parameters are shown, this was the original design of experiment (DOE) used to 

determine which parameter sets gave the outcome characteristics that would likely result in the 

best membrane filter.  It has been shown that the smaller the fiber diameter the finer the particles 

can be collected, so that along with a consistent matrix, low defects such as beading and solid 

polymer sections, and a small pore structure were desired [8]. 

 

Table 2: Initial Experimentation to Determine the Ideal Parameters for Filter Membrane 

 
Voltage Distance Flow Rate Solvent Polymer 

Inside 

Diameter 

 25KV 25cm 8.4ml/hr DMAC 0.9PVC/0.1PEO 0.62mm Sample A 

  

25KV 25cm 5.0ml/hr DMAC 0.9PVC/0.1PEO ~0.75mm Sample B 

  

25KV 25cm 2.5ml/hr DMAC 0.9PVC/0.1PEO ~0.75mm Sample C 

  

25KV 25cm 8.4ml/hr DMAC 0.9PVC/0.1PEO 0.43mm Sample D 

  

25KV 25cm 2.5ml/hr DMAC 0.9PVC/0.1PEO 0.62mm Sample F 

  

25KV 25cm 6.5ml/hr DMAC 0.9PVC/0.1PEO 0.43mm Sample G 
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3.4 Filter Testing: 
 

The parameters that seemed to show the most promise based on the SEM images resulted 

in the production of several more samples, these are shown below in Table 3.  The qualities that 

were desired were small diameter of fibers, a close pack with small pores, and a small amount of 

defects.  The other thing that was important in the final filter was an absorbent membrane as to 

facilitate low pressure filtering, this will be talked about more in the next section. 

Table 3: Final Filter Membranes Parameters 

 
Voltage Distance Flow Rate Solvent Polymer 

Inside 

Diameter 

  

25KV 25cm 5.0ml/hr DMAC 0.9PVC/0.1PEO 0.62mm Sample T1 

  

25KV 25cm 2.5ml/hr DMAC 0.9PVC/0.1PEO 0.43mm Sample T2 

  

25KV 25cm 5ml/hr DMAC 0.9PVC/0.1PEO 0.43mm Sample X1 

  

25KV 25cm 2.5ml/hr DMAC 0.9PVC/0.1PEO 0.62mm Sample X2 

  

25KV 25cm 1ml/hr DMAC 0.9PVC/0.1PEO 0.62mm Sample X3 
 

   

 To analyze the membranes ability to filter out bacteria, the stainless steel filter testing 

vessel and fibrous mats were taken to an analytical lab which specializes in water testing.  A 

water sample was made up with E. Coli and K. Pneumonia bacteria, this combination was 

representative of coli form bacteria, at levels comparable to wastewater.  This was passed 

through the filter one time to see if the media could capture all of the bacteria or a portion of the 

bacteria by comparing the filtered sample to an unfiltered sample.    
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The nanofiber mats were placed on a support and sandwiched between two red rubber 

gaskets then put in between the flanges and tightened up with a wrench.  There were three filters 

made with varying thickness so thickness can be studied to see how this affects the outcome.  

First a control was done, bacteria free water was passed through the filter, after this a bacteria 

laden sample was passed through the filter, both samples collected in sterile containers and the 

lids fastened.  This was repeated for several samples each filter had a different mix of parameters 

and resulting thickness.  The 100 milliliter samples were given a special bacteria food product 

called Colilert-18 which was placed in an incubator to let a colony grow for around 18 hours in 

ideal temperature conditions.  Colilert-18 allows the user to detect bacterial contamination 

because as the bacteria consumes the Colilert-18 it emits a yellow color for E. Coli and has a 

luminescent color when exposed to a black light if K. Pneumonia bacteria are present.    

A second test was carried out to test the filters ability to reduce the dissolved solids in 

water.  In this test stagnant water from a local manmade lake was collected and analyzed.  The 

lake was in Wichita, KS near Meadow Park at Forestview and Maple streets.  This water was 

measured with a total dissolved solids meter to see its initial dissolved solids content.  It was then 

run through one of the second parameter set filters in order to see how the filter did in the 

removal of dissolved solids.  There are two types of solids in water, one is the suspended solids 

which are the solids in the water but are not dissolved, then there are dissolved solutes which are 

ions such as salt and minerals.  The method of determining the suspended solids was to 

evaporate a known amount of water before and after being put through the filter, then the solid 

residue was measured to get a weight, since this method will give the total dissolved solids the 

number given by the dissolved solids meter was subtracted to give the approximate number of 

suspended solids.  The filters were arranged just as they were in the bacteria test with the filter 



  

37 
 

sandwiched between two red rubber gaskets and tightened down with four bolts.  At the 

laboratory the membranes were supported by a course galvanized steel grate (0.12” square that is 

0.034” thick) and bolts tightened with a wrench.  When the bacteria and solids test was done a 

slightly different approach was taken, the bolts were only hand tightened and the course support 

was replaced by a fine stainless steel mesh (with 63 micrometer gap, 240 mesh, and 0.005” 

thick).  This was done to leave the fibers in the most pristine and unbroken state possible since it 

was feared that the first test in the lab may have broken the fragile matrix of nano and micro 

fibers by tightening with the wrench and using a course support as it was observed that the wire 

support was wedged into the soft electrospun membrane when it was removed from the filter.  

The following table, Table 4, shows the parameters of the filters used in this experiment:  

 

 
Table 4: Final Filter Membrane Characteristics 

 

Filter 1 Filter 2 Filter 3 Filter 4 

Thickness 0.0280" 0.0691" 0.0481" 0.0438" 

Weight 1.660g 3.675g 2.505g 6.217g 

Parameter Set Used B+T1+T2 T1+T2 G+T2 X 

Support Type 
Course 
Galvanized 

Course 
Galvanized 

Course 
Galvanized 

Fine 
Stainless 

Bolting  Wrench Tight Wrench Tight Wrench Tight Hand Tight 
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3.5 Design of Pressure Vessel for Lab Testing of Membranes:  

 

 The membrane testing vessel was designed and constructed in accordance with the 

applicable pressure vessel code which is the ASME Section VIII Division I, also known as the 

Boiler and Pressure Vessel Code.  Advanced Pressure Vessel (APV) aided in carrying out the 

calculations.  APV is a computer program that incorporates a good portion of the code 

calculations and rules for computation of pressure vessels.  The design started with choosing a 

material, and according to industry standards for potable water service the metal used was 

stainless steel grade 304.  This material prevents the need for large corrosion allowances for use 

with water and it ensures a rust free outlet of water.  A machined part called a swage was used 

for the body of the vessel.  A swage is a solid piece of metal, in this case a 2” cylinder that 

transitioned down to a ¾” threaded section.  The ¾” threaded nipple was chosen so that the 

vessel could be connected directly to a hose so that the pressure from a water tower could be 

easily used.   

 

 

 

 

 

 

Figure 16: Schematic of the Filter Testing Pressure Vessel Assembly Showing the Swages on 
the Outside, the Gaskets Between the Flanges, and Filter Membrane/Screen in the Center 
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A stainless steel 304 slip on flange was welded to the 2” section.  A flange was chosen because it 

gives an easy way to change out the membrane and gives a secure and tight fit to prevent 

leakage.  Two of these stainless steel housings were manufactured, then the membrane was 

placed in between the flanges of the housing with a red gasket on each side of it, this assembly is 

shown in Figure 16.  This filter testing vessel was manufactured with quality stainless steel that 

is relatively costly, and because of the low pressure filtration a lower cost alternative such as 

PVC pipe and flanges could be used to create the most economical vessel if this idea were ever 

brought to market.   
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4. RESULTS AND DISCUSSION 

 

4.1 SEM Characterization for Membrane Selection:  
 

 

          The following are the SEM images that were taken to help ascertain parameters that would 

make the best filter.  Samples A through G were analyzed via SEM and are presented below, 

there was a variation in pore size from a few micrometers to the nanometer range and fiber 

diameters down to around 50nm.  The use of SEM was extremely valuable to be able to see 

which fibers had the best characteristics to be a good filter.  The characteristics that were looked 

for here were the size of the fibers, the distribution nd layout of the fibers, the most even pattern 

across the sample, the size of the pores and defects.  The first sample was sample A, shown in 

Figure 17, it was not a good sample due to several large areas of solid polymer.  

 

Figure 17: Sample A Magnified 3,000 times, Bar is 5µm 
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Figure 18: Sample B Magnified 330 times, Bar is 50 µm 

 
Figure 19: Sample B Magnified 2,200 times, Bar is 10 µm 
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Figure 20: Sample B Magnified 3,300 times, Bar is 5 µm 

 
 

 Sample B was a good sample, the fibers were small and the pores small.  The only 

problem with this sample was a fair amount of beading.  Sample B is shown in Figure 18, 19, 

and 20.  Sample C was one of the most consistent matrix layouts with a small pore diameter and 

a small fiber diameter, the fiber diameter was also very consistent.  Sample C is shown in Figure 

21, 22, 23, and 24, where it can be seen that the average diameter was about 200 nm and the 

largest pore seen was about 2 µm.  Sample D is shown in Figure 25, 26, 27 and 28.  Sample D 

was one of the better samples as it had very small fibers that were distributed evenly.  The 

smallest fiber seen was about 100 nm, and the largest pore appeared to be about 5 µm.   
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Figure 21: Sample C Magnified 250 times, Bar is 100 µm 

 

 
Figure 22: Sample C Magnified 900 times, Bar is 20 µm 
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Figure 23: Sample C Magnified 4,000 times, Bar is 5 µm 

 

 
Figure 24: Sample C Magnified 11,000 times, Bar is 1 µm 
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Figure 25: Sample D Magnified 220 times, Bar is 100 µm 

 

 
Figure 26: Sample D Magnified 1,100 times, Bar is 10 µm 
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Figure 27: Sample D Magnified 4,000 times, Bar is 5 µm 

 
Figure 28: Sample D Magnified 14,000 times, Bar is 1 µm 
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 Sample F was another good set with a small fiber diameter.  The fiber diameter was also 

very consistent.  Sample F is shown in Figure 29, and 30 where it can be seen that the average 

diameter was under 100 nm.  Sample G was another one of the better samples as it had very 

small fibers that were distributed evenly and is shown in Figure 31, and 32.  The smallest fiber 

seen was under 100 nm, and the largest pore appears to be about 5 µm.   

 

 
Figure 29: Sample F Magnified 2,700 times, Bar is 5 µm 
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Figure 30: Sample F Magnified 8,000 times, Bar is 2 µm 

 

 
Figure 31: Sample G Magnified 1,300 times, Bar is 10 µm 
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Figure 32: Sample G Magnified 7,000 times, Bar is 2 µm 

 

 

4.2 Results of Filtration: 

 

 The initial experiments with filter one through three were based on bacteria removal and 

although there was a marked reduction in the amount of bacteria that got through the filter it was 

unable to remove all of the bacteria with one pass.  The fourth filter was also tested against 

bacteria and got some of the bacteria out but there was ultimately a positive.  There were several 

other tests conducted on the fourth filter that had to do with removing suspended and dissolved 

solids.  The dissolved solids of the lake water were 538ppm before being filtered and was 

reduced to 433ppm after being passed one time through the filter.   This was a reduction of about 
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20% dissolved solids.  The following figure shows the lake water before being passed through 

the filter, Figure 33.  

 

                              

                                           Figure 33: Lake Water Before and After Filtration 

 

As is obvious the amount of clarity is improved significantly and the total dissolved solids were 

reduced to a level that is near what was measured in the local tap water.  Further testing to 

determine the amount of suspended solids was carried out.  A sample of lake water totaling 

100ml was placed on a burner and slowly evaporated, the resulting solids were weighed and are 

shown on the right in Figure 34, the same was done for water that was passed through the fourth 

filter and is seen on the left.  The final weight of the unfiltered sample was 0.07 grams and the 

filtered sample weighed about 0.05 grams.  This is a reduction of about 30% with one pass 

through the filter.  Another factor that was significantly reduced was the odor, the water that 
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emerged from the filter had no odor while the water that was untreated had a very strong musky, 

mud, and fish odor.  

 

 

Figure 34: Solids Left After Evaporation of Lake Water 
 

 
4.3 Absorbent Testing: 

 

 In order to have a successful low pressure filter it was desired to have a filter that was not 

hydrophobic, in other words a filter that was absorbent of water, or hydrophilic.  This is because 

it was desired to have water be readily accepted into the filter with as little resistance as possible, 

thus lowering the pressure required to pass water through.  The hydrophilic or hydrophobic 

nature of the electrospun mats were analyzed using the CAM 100 system.  This program and 

equipment allows the user to measure the contact angle of the water droplet by utilizing a 

goniometer.  The following image, Figure 35, is of a pure PVC sample.  PVC is very 

hydrophobic as can be seen, with a contact angle of 127°.   
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Figure 35: Contact Angle of PVC Electrospun Nanofiber Membrane, with a 127° Angle 

 

The goal of this portion of the experiment was to create a hydrophilic sample while still 

using PVC because of its other desirable characteristics like strength, established use in the 

marketplace, and low cost.  The strategy was to alter the hydrophobic nature of PVC by adding a 

fraction of PEO, which is hydrophilic.  An additional approach to accomplish this was to alter 

the process parameters used in the electrospinning process, specifically to change the surface of 

the nanofiber membrane.  In Figure 36 it can be seen that the polymer mix of 90% PVC and 

10%PEO was affected by the flow rate of the solution from the syringe.  In the figure there are 

three membrane samples, from left to right; X1, X2 and X3 and flow rates of 5 ml/hr, 2.5 ml/hr 

and 1 ml/hr respectively.  As can be seen at the slowest flow rate of 1 ml/hr the sample had a 

hydrophobic nature, then at 2.5 ml/hr the sample was less hydrophobic and at 5ml/hr the sample 

was the least hydrophobic of them all.  This suggests that to make the sample absorbent the 

volume flow rate during production should be at least 5 ml/hr.  Most of the samples turned out to 

be absorbent indicating that for most of the samples the 10% PEO addition was enough to make 

the membrane absorbent but this was not the case for all of the samples indicating that 
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manufacturing techniques and parameters also change the contact angle, specifically the flow 

rate of the solution.   

Figure 36: Contact Angle on 10%PEO and 90%PVC Electrospun Nanofiber Membrane, with a 
Steady Change in the Flow Rate from Left to Right, X1, X2, X3; Left is 5ml/hr, middle is 2 
ml/hr and right is 1 ml/hr 

 

 

4.4 Cost Analysis and Comparison to Popular Filter on the Market: 

 

The cost of one filter will be approximated by summing the material costs.  There are two 

basic chemicals to form the actual filter membrane, PVC and PEO.  Also the solvent DMAC was 

used in the process but was not in the final product.  DMAC is about $89 for 2.5Lfrom Cole 

Palmer [38].  PVC is about $92 per kilogram from Sigma-Aldrich [39].  PEO is about $135 per 

500 grams at Sigma-Aldrich [40].  The calculations will be based on the thickest filter, so for the 

thickest filter used the following quantities.  A 25 gram solution mix with 80% solvent and 20% 

polymer was used.  There was 90% PVC and 10% PEO by weight, so 20% of polymer is 5 

grams total, making 4.5 grams of PVC and 0.5 grams of PEO.  80% DMAC at this ratio comes to 

20 grams.  This total of 25 grams efficiently made two filters identical to the filter labeled F4 and 

the material cost is added below.  

PVC – $0.092/gram so 4.5 grams is about $0.42 
PEO – $0.27/gram so 0.5 grams is about $0.14 
DMAC – $0.0355/gram, so 20 grams is about $0.71 
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Summing these gives the total cost for the thickest filter tested to about $1.27, which is actually 

enough for two filters, so each filter would be just under 64ȼ in material cost.  Other costs that 

would also be factored in would be electrical bill for doing the electrospinning, the initial 

equipment cost and the man hours, if the system is not automated.  However, it is entirely 

possible that if this was done on an industrial scale then the materials could probably be 

purchased for half of the price listed so these other costs could be cancelled out in the end.  

Regardless of those details it is apparent that these filters can be made for a relatively small 

amount of money.  Additionally, compared to products on the market that do similar things to 

this filter this price is substantially lower than the Britta's activated carbon filters that are sold as 

water enhancers [41].  These Britta filters have had a great success with millions of units sold in 

over sixty countries [42].  Britta is not intended to be used to purify water because it cannot 

remove all of the bacteria [41].  In essence the electrospun filter accomplished what the Brita 

filter did for a fraction of the money of a refill filter for the Brita, as the refill was found to be 

around $10 per filter [43].  As can be seen the electrospun filters are definitely a cost effective 

alternative, and when the Brita filter was tested with the dissolved solids meter it was found that 

there was a contamination of 316ppm before the filter and 266ppm after, so it only had a 15% 

reduction, meaning the electrospun filter had about 33% more of a reduction in dissolved solids 

than the Britta filter was able to achieve.   
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5. CONCLUSION  
 

  Water is extremely important to each and every person on earth and technology has 

continually made it cleaner and more accessible to a wider portion of the population, but there is 

still a large number of people that lack access to this most basic of human needs.  One of the 

growing fields of research in water filtration is nanofiber membrane technology such as that 

formed by electrospinning polymers.  A low pressure water filter testing vessel was successfully 

designed and used to test the electrospun nanofiber membranes.  The research presented here 

builds on the research of many others, and in particular it was shown that low pressure and low 

flow does not necessarily create a situation where membrane pores are unexpanded to the point 

of not letting bacteria through, as was previously postulated by others.  It is possible, however, 

that the pores were left in a better filtering position by the low pressure and could improve the 

other filtration mechanisms such as the removal of suspended and dissolved solids, but the filter 

may not be suited for the smaller sized pathogens removal regardless of pressure.  The 

clarification of water and the removal of suspended, dissolved solids was investigated and it was 

shown that a significant reduction is plausible and efficient with this type of membrane.  This 

filter technology is not likely to be able to treat water of all pathogens without functionalizing the 

membrane or improved manufacturing techniques being incorporated.  This technology has 

potential to be a low cost method of improving the clarity, taste and odor of water.  It could also 

have use as a pre-filter in line with other technologies such as reverse osmosis to extend the 

primary filters life, or it could find a niche in a specific industrial process.  It seems these 

membranes may have the best success as water enhancer similar to Brita filters, and it has been 

shown in this research that there is a significant reduction in the amount of dissolved solids 
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compared to the performance of Brita filters.  Furthermore this filter can likely be brought to the 

market magnitudes more inexpensively than the widely successful Brita filter. 
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6. FURTHER INVESTIGATION 
 

 The low pressure filtration vessel was designed, manufactured and tested successfully 

with the only area of further research being the investigation of adding a solid portion to the side 

of the flange so that it is not possible for water to escape out the side.  This could be 

accomplished by melting the sides of the membrane so that it is not open to the atmosphere, or it 

could be accomplished by adding a strong ring around the edge of the membrane that acts as a 

barrier.  Or by possibly making the membrane and gasket as one solid piece.  At low pressures 

there was only a very small amount of water that escaped from the side of the flange so it was 

not an issue here but this problem is expected to get worse with higher pressures.  Further 

investigation is required to determine some important factors of this filter before it is brought to 

the market.  The first thing that needs to be looked at is the efficiency of electrospun nanofiber 

membranes to remove bacteria, viruses, and other pathogens.  Also a larger range of bacteria and 

viruses should be tested with this filtration technology, in our investigation some of the smallest 

bacteria were chosen to look at, so it is entirely possible that all of a larger bacteria set would be 

captured.  Other factors that would need more study include the life of the filter, or how long 

until fouling occurs.  Any methods that could be used to clean out the filter when fouling occurs 

to see if could be reused should be investigated.  On the manufacturing side it would be desirable 

to have further tests to determine if there are parameters that would result in finer pores and 

smaller diameter fibers.  Furthermore any methods to make the membrane less random is desired 

so that a very consistent pore size and fiber diameter can be reliably manufactured so that a 

better understanding of particle size reduction and the limitations of electrospun polymeric 

membranes can be known for water filtration.  A possible method to do this may be a scanning 

laser or electron based sensor that can examine the surface of the mat, possibly as the mat is 
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being manufactured.  Other things that could help with bacterial effectiveness include embedding 

or even coating with silver or possibly other particles like chlorine to neutralize any pathogens 

that do make it through the filter.  Another possibility is to manufacture the polymer coated with 

a conductive material, possible carbon nanotubes or metallic elements, to make the filter stronger 

and/or so that the membrane can be electrified to kill pathogens.  Another area for further 

research would be to charge the surface of the filter as to attract the oppositely charged particles.  

Other further research should include comparison of this technology to a wider selection of 

current technology on the market. 
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