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ABSTRACT 

Electrospinning has been widely used in the last decade for research in the field of 

nanotechnology because of its ability to create sub-micron to nanoscale fibers. In this research 

work, hydrophilic nanofiber membranes were produced by using the electrospinning process at 

three different spinneret distances (20 cm, 25 cm, and 30 cm) utilizing a polymeric solution of 

polyvinyl chloride (PVC) incorporated with polyvinylpyrrolidone (PVP) at different weight 

proportions ranging from 2% to 5%. Water contact angle values were measured for all of the 

membranes, and it is observed that membranes produced by maintaining a spinneret distance of 

30 cm resulted in a lower contact angle in comparison with other spinneret distances. At the 

spinneret distance of 30 cm, the 2% and 3% PVP membranes exhibited hydrophobic properties. 

At 5%, PVP membranes exhibited that of a super hydrophilic nature. The membranes produced 

at 4% PVP showed the desired hydrophilic nature, which were utilized for the filtration process.  

Three water samples were selected for the filtration experiments including: lake water, abrasive 

particles from a water jet cutter, and magnetite nanoparticles. The main concentration of the 

current research work was to create highly hydrophilic nanofiber membranes and utilize them to 

filter water at an optimal level of purification (i.e., drinking water). In order to overcome the 

fouling property of the membrane, coagulation, which enhances the efficiency of the membrane 

in the removal of colloidal particles, was used as a pre-treatment process. Two coagulants, 

Tanfloc and Alum, were used during the coagulation process. The removal efficiency of the 

suspended particles in liquid was measured in terms of turbidity, pH, and total dissolved solids 

(TDS). It was observed that the coagulation/filtration experiments have shown higher efficiency 

in the removal of turbidity in comparison with the direct filtration process.  
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CHAPTER 1 

INTRODUCTION 

1.1 Polymeric Nanofibers 

Polymeric nanofiber has gained a lot of interests from many researchers for its numerous 

applications in the field of nanotechnology. The fiber diameters of these nanofibers can vary 

from a few micrometers to nanometers [1]. Due to their nano-scale diameters, the fibers exhibit a 

property of large surface area to volume ratio. This property has enhanced the importance of 

polymer nanofibers in many industrial and biological applications, such as molecular filtration, 

tissue engineering, wound dressing, drug delivery, cosmetics, sensor devices, fuel cells, and 

more [1,2]. Figure 1.1 shows the SEM image of PLC electrospun nanofibers with porous 

structures [2]. 

 

 

Figure 1.1   SEM image of PLC electrospun nanofibers with porous structures [2]. 
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1.2 Properties of Nanofibers 

 The nanofibers have a number of different properties as shown below [1,2]: 

• High aspect ratio  

 • Large surface area to volume ratio 

 • Thermal and chemical stability 

 • High porosity 

 • High directional strength 

 • Biocompatibility and biodegradability 

 • Good structural morphology 

 • Flexibility 

1.3  Nanofibrous Fabrication Techniques 

Polymer nanofibers are fabricated by using different techniques according to its 

respective applications. The most widely used techniques are template synthesis, self-assembly, 

drawing, phase separation, and electrospinning [1]. Due to its unique properties, electrospinning 

has stood apart in attracting the interest of many researchers in recent decades and has many 

comparative advantages due to its simplicity, cost effectiveness, and capacity to mass produce a 

wide array of fibers with different diameter formations by altering system parameters. 

1.4 Electrospun Nanofibrous Membrane 

Electrospinning is a relatively easy and cost effective process of producing fibers that 

range from micrometers to nanometers. The process is simple. A drop of polymer solution is 

held at the tip of a needle by surface tension then subjected to a voltage [1]. The applied 

electrical voltage overcomes the surface tension causing a charged jet to erupt. The erupted jet 

should be provided with a potential difference so that it can drive the charged solution towards 
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the collector. The grounded collector, which is placed at a certain distance from the spinneret, 

will induce the required potential difference (Figure 1.2) [1,3]. 

                       

Figure 1.2   SEM image of a nanofibrous membrane [3]. 
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CHAPTER 2 

BACKGROUND 

2.1 Classification of Aqueous Electrospun Membranes by Pore Size 

2.1.1 Microfiltration 

Microfiltration (MF) has been used in the removal of microorganisms and micro level 

suspended solids for many decades. It has the ability to retain suspended particles with diameters 

ranging from 0.1 to 10 microns [4]. The first application of MF membranes was in the culture of 

micro-organisms in drinking water taken to monitor contamination in World War II Germany 

[4]. As these membranes are able to retain all the micro-organisms and bacteria, they are used in 

pharmaceutical industry for sterile filtration to produce injectable drug solutions [5]. Today, MF 

membranes applications are mainly used in the filtration of ultra-pure water and drinking water 

to retain the micro-organisms, bacteria, and colloidal solids present in water. 

2.1.2 Ultrafiltration 

Ultrafiltration (UF) membranes are used to remove the macro size molecules and colloids 

when water is allowed to pass through them. The UF membrane pore size ranges from 2-100 

microns [6]. The first UF plant was built in 1969 with the purpose of recovering electro coat 

paint from automobile shop rinse water [4]. The food industry began using UF processes shortly 

thereafter for protein separation of milk whey and apple juice clarification [6].  These 

membranes are also used in waste water treatment, particularly to retain the valuable suspended 

colloids in waste water. In the biotechnology industry, UF is employed for a range of separation 

in enzyme production, cell harvesting, and virus production [4].  It is also used as a pretreatment 

process for Nanofiltration and reverse osmosis in waste water treatment. Applications for UF 

membranes are limited because of its fouling property. The application includes: 
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 • Protein separation from milk in food industry 

 • Collecting paint from rinse water 

 • Biotechnology materials 

 • Wastewater treatment 

2.1.3 Nanofiltration 

Nanofiltration (NF) membranes have a wide range of applications in the field of 

filtration. The pore size of the membrane is around 1 nm. NF membranes are often used in the 

softening of ground water, and the purification of surface water for drinking water production 

[4]. The pore size of NF membranes enables a wide range of industrial applications, particularly 

as waste water treatment for textile industries to enable water reuse [4]. NF membranes are 

capable of size-based separation with sub-nanometer resolution that could attract significant 

markets in the chemical, pharmaceutical, and food industries [4]. In general, applications of NF 

membrane are between UF and RO. 

 • Water softening 

 • Dyestuffs desalination 

 • Recovery of acids from chemical waste water 

 • Color removal 

2.1.4 Reverse Osmosis 

Reverse Osmosis (RO) filtration process is widely used in many water treatment 

applications. The structural morphology and pore size of NF membrane make it comparable to 

that of RO membrane, putting NF somewhere between RO and UF. These membranes are 

prominently used in the purification of surface water for drinking water production. RO 

membranes are able to retain all solutes in water including small ions such as sodium and 
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chloride (Figure 2.1) [4]. The most prominent application of RO is in the desalination of brackish 

water and sea water to drinking water [4]. It is also widely used in the production of ultra-pure 

water for the electronics and pharmaceutical industries [4]. The major disadvantage of RO 

filtration is that it retains the healthy minerals along with other ion impurities from waste water. 

The major applications are given below: 

 • Desalination of sea water to produce drinking water 

 • Ground water softening 

 • Production of ultrapure water for industrial applications 

 • Color removal 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1   Reverse osmosis filtration process. 

 

2.2 Electrospinning Process 

Presently, electrospinning is an important technique for the production of micro and nano 

fibers (Figure 2.2). Electrospinning uses an electrical charge to form a mat of micro or nanosize 

polymeric fibers [7]. In this process, two electrodes are used to supply the charge. One electrode 

is connected to the polymer fluid while the other is connected to the collector. The electrode 

connected to the polymer solution is given a high positive voltage so that charges are induced 
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within the fluid. When the charges within the fluid reach a critical amount, a fluid jet erupts from 

the droplet at the tip of the needle resulting in the formation of a Taylor cone [7]. By increasing 

the electric field, a critical value is achieved as a repulsive electrostatic force overcomes the 

surface tension, and the charged jet of fluid emerges from the tip of the Taylor cone [7]. During 

the process of traveling from the Taylor cone tip to the collector, the solvent mixed with the 

polymer evaporates to form fine fibers that will be collected onto the collector. After the 

electrospinning process, the collected fibers are allowed to dry for few hours (or days depending 

on the wet ability of the fibers formed) until the jet discharged is completely solidified. The 

effects of parameters play a major role in the complete structure of the fiber, which include fiber 

and pore size. The parameters affecting the electrospinning process are broadly classified into 

polymer solution parameters, processing conditions (which include the applied voltage), 

temperature, effect of collector, and ambient temperature. By varying these parameters, the 

structural morphology of nanofibers is also varied.  

 

Figure 2.2   Schematic representation of electrospinning process. 
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2.3 Effects of Parameters 

There are two types of parameters that affect the electrospinning process. 

 •   Polymer solution parameters 

 •   Processing condition parameters 

2.3.1 Polymer Solution Parameters 

2.3.1.1 Polymer and Solvent Types 

Different types of polymers and solvents play a major role in the process of 

electrospinning. The solvent chosen should be such that it can dissolve polymer easily [7]. The 

final polymeric solution depends upon the molecular weights of both the polymer and solvent. If 

the molecular weights are too high or low then the electrospinning process will be difficult and 

result in spherical and beaded structured fibers; thus before the electrospinning process, the 

appropriate molecular weights should be examined by conducting several experiments for both 

the polymer and solvent. 

2.3.1.2 Viscosity, Conductivity and Surface Tension of Polymeric Solution 

Viscosity is an important parameter to be considered before the electrospinning process. 

The fiber diameter is directly proportional to viscosity. If the viscosity is too high, the structural 

morphology of the membrane fibers is affected. It also results in the formation of large fiber 

diameters. If the membrane is prepared for the application of filtration then it will be difficult for 

pores to form. As the viscosity of polymeric solution increases, the hemispherical shape at the 

apex of the capillary tubes changes to conical shape. This results in the formation of beads on the 

membrane [7]. 

The polymeric solution prepared for the electrospinning process should be conductive. If 

it is non-conductive, additives can be added to make it so. For the formation of nanomembranes, 
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the conductivity of the polymeric solution should be high. At low conductivity, beads are 

observed on the membrane structure. 

When the surface tension of the polymeric solution is low, membranes are formed 

without beads on the structure [7]. Surface tension shouldn’t be too low or high for 

electrospinning. It should be a compromise between the two having fibers at nanoscale range. 

2.3.2 Process Parameters 

2.3.2.1  Electrical Potential 

Due to the increase in the electrical potential, the fiber diameter will be decreased. 

Electrical potential is inversely proportional to fiber diameter. An increase in the applied 

electrical potential increases the field strength, which in turn accelerates changes in the 

electrified jet and instability region [7]. Increases in field strength decrease the jet diameter 

because the solvent is evaporating, and the fiber is continuously stretched by jet electrostatic 

forces [7]. 

2.3.2.2 Flow Rate 

The structural morphology of the membrane changes with the flow rate. If the flow rate is 

high then beads will form on the membrane, and the increased volume of solution will not allow 

enough time for the dissolved solvent to evaporate in the polymer. In order to overcome this 

defect, appropriate flow rate should be chosen. Flow rates are varied according to the polymeric 

solution. 

2.3.2.3 Polymeric Solution Concentration 

This is an important parameter to consider before the electrospinning process. Polymeric 

solution concentration, viscosity, and molecular weights are the three interrelated parameters. 

The polymeric solution is directly proportional to molecular weights and viscosity. The 
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molecular weights of the polymer and solvent should be moderate, so the solution concentration 

and viscosity are not high. In some high viscous polymeric solutions, spinning of fibers is 

difficult or impossible. With high viscosity the fibers are formed with larger diameters. When the 

molecular weight is high, viscosity will be high, and any electrospun fibers will result in a 

beaded structure [7]. 

2.3.2.4 Distance between Capillary and Collection Screen 

The fiber diameter varies with changes in distance between the capillary and the 

collector. If the distance is increased, then the fiber diameter will be decreased because the jet 

coming from the capillary has to travel a longer path in high electric field strength, which 

reduces the jet diameter [7]. The appropriate distance will vary with the type of polymeric 

solution.  

2.3.2.5 Temperature and Humidity 

The electrospinning process is usually carried out at room temperature and under normal 

conditions. If the temperature is little above the room temperature, however, the evaporation rate 

will be higher and will help reduce the fiber diameter [7]. Increased humidity will also reduce 

fiber diameter to some extent [7].  

2.4 Coagulation 

A coagulant is “an agent that induces curdling or congealing.” The main purpose of using 

the coagulation process in waste water treatment is to neutralize the colloids (Table 2.1).  This 

occurs by providing positive charge to negatively charged effluents to colloid. The result is the 

formation of larger particles or flocs. In general, this is a pretreatment process before filtration 

for many applications like drinking water production and filtration of industrial waste water. The 
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pretreatment process enhances the efficiency of filtration process by reducing turbidity and color 

of the waste water.  

2.4.1 Properties of Coagulant 

 The following properties should be considered before choosing the coagulants; 

 • Effectiveness 

 • Cost  

 • Reliability of supply 

 • Sludge considerations 

 • Compatibility with other treatment process 

 • Environmental effects. 

 There are many chemicals used in the coagulation process, but their advantages and 

disadvantages are associated with different parameters.  These include: chemical composition of 

the coagulant, type of effluents present in the water, pH of the solution, and the dosage of 

coagulant used.  Among all the parameters, dosage of coagulant is the most important. The 

reason for this is that the efficiency of the flocs sedimentation increases depending on the 

appropriate dosage to water sample.  Many experiments can be performed by varying the 

coagulant dosage. Coagulants are classified into inorganic, polyelectrolyte, and natural. 

2.4.2 Inorganic Coagulants 

Three main classifications of inorganic coagulants are: 

 • Aluminum derivatives 

 • Iron derivatives 

 • Lime  
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2.4.2.1 Aluminum Derivatives 

 The most commonly used coagulants in aluminum derivatives are: 

2.4.2.1.1 Aluminum Sulphate (Alum, Al2 (SO4)3.18H20) 

Dry alum is available in several grades with a minimum aluminum content (expressed as 

%A1203) of 17%. Liquid alum is about 49% solution or approximately 8.3% by weight 

aluminum as A1203. Alum coagulation works best for a pH range of 5.5 to 8.0; however, actual 

removal efficiency depends on competing ions and chelating agent concentrations. [8]. 

Advantages 

 • Easy to handle 

 • Most commonly used 

 • Produce less sludge than lime 

 • Most effective between pH 6.5 and 7.5 

Disadvantages 

 • Adds dissolved (salts) to water 

 • Effective only at a limited pH range 

2.4.2.1.2 Sodium Aluminate (Na2Al2O4) 

Sodium aluminate is an alternative to alum and is available in either dry or liquid forms 

and contain an excess of base. Sodium aluminate provides a strong alkaline source of water-

soluble aluminum, which is useful when adding sulfate ions is undesirable. It is sometimes used 

in conjunction with alum for controlling pH. 

Advantages 

 • Effective in hard waters 

 • Small dosages usually need 
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Disadvantages 

 • Often used with alum 

 • High cost 

 • Ineffective in soft waters 

2.4.2.1.3 Poly Aluminum Chloride 

Polyaluminum chloride (PAC, Al13(OH)20(SO4)2.Cl25), another aluminum derivative, 

is a partially hydrolyzed aluminum chloride solution. Although still not widely used, it has been 

reported to provide stronger and faster settling flocs than alum in some applications. 

Advantages 

 • In some applications floc formed is denser and faster settling than alum 

Disadvantages 

 • Not commonly used 

 • Little full-scale data compared to other aluminum derivatives 

2.4.2.1.4 Iron Derivatives 

Iron coagulants include ferric sulfate, ferric chloride, and ferrous sulfate (copperas). 

Compared to aluminum derivatives, iron coagulants can be used successfully over a much 

broader pH range of 5.0 to 11.0. However, when ferrous compounds are used, the solution is 

typically chlorinated before it is sent into the coagulation vessel. As this reaction produces both 

ferric chloride and ferric sulfate, chlorinated ferrous sulfate has the same field of usefulness as 

the other iron coagulants. Because ferrous sulfate works better in feeding devices, compared with 

the ferric coagulants, chlorinated copperas is sometimes preferred. The ferric hydroxide floc is 

heavier than alum floc. Therefore, it settles more rapidly. 
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2.4.2.1.5 Lime 

Although lime is primarily used for pH control or chemical precipitation, it is also 

commonly used as a co-coagulant. 

2.4.3 Natural Coagulants 

Coagulants made from natural organic compounds are sometimes used for water 

treatment. Natural coagulants such as chitosan (cationic) and sodium alginate (anionic) are as 

effective, or even more effective, than their synthetic polyelectrolytes counterparts at similar 

dosages. The main difference is that the natural coagulants do not cause any adverse effects to 

human health. As organic coagulants, they produce a lower volume of sludge compared with 

alum flocculation, and their effectiveness is not greatly affected by the pH level of water. Natural 

coagulants, which can be extracted from certain kinds of plant and animal life, are a workable 

alternative to synthetic polyelectrolytes [8-11]. 

2.4.3.1 Tanfloc 

Under tannins denomination there are a lot of chemical families. Tannins have been used 

traditionally for tanning animal skins, but it is possible to find several products that are 

distributed as flocculants. Tannins come from vegetal secondary metabolites: 10 bark, fruits, and 

leaves. Tannin-rich barks come from trees such as Acacia, Castanea, and/or Schinopsis. It is not 

just tropical species that contain tannin, Quercus ilex, suber, or robur have also tannin-rich bark. 

Tanfloc is a trademark that belongs to TANAC (Brazil). It is a tannin-based product that is 

modified by a physicochemical process and has a high flocculant power. It is obtained from 

Acacia mearnsii de Wild bark. This tree is very common in Brazil, and it has a high 

concentration of tannins. The production process is under intellectual patent law, but similar 

procedures are widely reported as Mannich base reaction. The specific industrial process for 
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Tanfloc is referred by U.S. patent number 6,478,986 B1.12. It involves tannin polymerization by 

the addition of formaldehyde (37%), ammonium chloride, and commercial hydrochloric acid. 

The product, obtained under certain temperature conditions, has a viscous appearance with 36% 

of active material. 

TABLE 2.1 

ADVANTAGES AND DISADVANTAGES OF DIFFERENT COAGULANTS. 
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2.5 Literature Review 

In the recent past, a wide range of research has been carried out by many researchers in 

the usage of different materials for the filtration processes. The interesting yielded results can 

evolve the overall field of filtration. A.H Ghaly et al. [9] conducted the experiments where the 

filtration of grease wash water is treated by aluminum sulfate, which is used as chemical 

coagulant. The efficiency at which this chemical coagulant worked was measured in terms of pH, 

total solids, and optical density. The research yielded in result of an effective optimum coagulant 

dosage of 2 g/lit and the turbidity removal was observed to be 89.6%. 

K. Konieczny et al. [10] have investigated the process of filtration by inline coagulation 

without sedimentation. The process used is the MF/UF process and coagulation sedimentation, 

also called the MF/UF system. Iron chloride (FeCl3.6H2O) and aluminum sulfate (Al2(SO4)3) 

are the two coagulants used in the process where polyether sulfate (PES) and polypropylene 

membranes are used for ultra-filtration and microfiltration experiments. The main advantage 

possessed by this kind of approach in comparison with UF/MF process is that the hybrid process 

allows for an improvement in water quality and reduction in fouling intensity [10]. The results 

illustrate that both coagulants used in the process yielded satisfactory results. The overall 

filtration quality of the water, employed by all the processes, yielded in traces of iron and 

aluminum at level that is below legal regulations for drinking water with 0.2 mg/dm3 [10].  

L. Wang et al. [11] employs treatment of the Luan River water with a combination of 

coagulation and microfiltration process. The coagulants that are utilized in the process are FeCl3, 

polymeric ferric sulfate, aluminum sulfate, and polymeric aluminum chloride. The efficiency at 

which these coagulants works in the filtration of water is measured in terms of turbidity, pH, 

TOC and UV. After a series of filtration experiments with these coagulants, it was observed that 
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iron chloride showed positive results in removing turbidity (above 95%) and organic matter 

(above 50%).  The results also showed that the optimum coagulant dosage of iron chloride was 

35 mg/L [11]. 

R.C.V. Eduardo et al. [12] have utilized five different coagulants, alum, ferric sulfate, 

chitosan, polyacrilamide, and anionic polymer for the treatment of two different water samples 

from copper and alumina CMP waste water.  The chemical coagulation process was conducted 

under the optimal operating conditions that suit both the coagulant and the waste water. The 

chemical coagulation process for the copper CMP water sample was carried out with only three 

coagulants: alum, chitosan, and anionic polymer because of their capability to remove nano-sized 

copper solids. With the use of these coagulants, results yielded by the usage of anionic polymer 

were very efficient and resulted in turbidity less than 3.5 NTU.  On the other hand, all five 

coagulants were used to treat the alumina CMP wastewater.  When comparing the results of the 

coagulation process against one another, the anionic polymer demonstrated much less residual 

turbidity, less than 2.0%. From these results, it can be concluded that anionic polymer exhibits 

the results that are more efficient than other coagulants for copper and alumina CMP waste 

water. 

The current research paper [13] focuses on the usage of Tanfloc as the coagulant to treat 

four types of water samples: surface water, municipal water, textile industry water (simulated by 

a 100 mg/L aqueous solution of an acid dye), and laundry water. This treatment process is 

carried out in three steps called coagulation, sedimentation, and filtration. The process of 

filtration was carried out at different dosages of coagulant. It was discovered that the optimum 

coagulant dosage was 92.2 mg/L with an exception of 2 mg/L in the case of surface water. The 

results showed that at the optimum coagulation level, the turbidity of surface and municipal 
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water was completely removed. In the case of dye, 95% was removed from textile waste water.  

In laundry waste water, 80% of surfactants were removed. Filtration process waste used in the 

removal of flocs, turbidity, and suspended solids employed the whole removal process resulting 

in an improvement of the process as whole. The same coagulant of Tanfloc was used by another 

team of researchers [14-15] as coagulant and flocculent in the filtration of urban waste water. 

The results were measured in terms of turbidity, biological oxygen demand (BOD), and chemical 

oxygen demand (COD). Tannin based coagulant showed a high effectiveness in the removal of 

turbidity (almost 100%) and 50% of BOD and COD.  From the results of these experiments, it is 

understood that Tanfloc is an effective coagulant and flocculent agent in the process of waste 

water treatment. The results also show that the coagulant and flocculent process is independent 

of temperature but dependent on optimum agitation speed and time. 

J. Beltran-Heredia et al. [14-15] utilized Tanfloc in the removal of dedecyl benzene 

sulfonate (SDBS). SDBS is a very dangerous coagulant and pollutant anionic surfactant. The 

process of removing these impurities by the utilization of Tanfloc resulted in the removal of 

SDBS by 70% with an optimum coagulant dosage of 150 mg/L. The presence of wastes in the 

surface water is considered as the major issue. It can, however, be removed by Tanfloc, which 

was tested as coagulant and flocculent for removal of Zn, Ni and Cu from surface water. The 

results showed that the removal of metal was around 75% with an optimum dosage between 100-

150 ppm. 

2.6 Filtration Theory 

Mechanical de-watering is a process which is kinetically defined where water flows 

through the porous cake channels created by a bed of particulates. In the year 1856, Darcy 
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invented the rate equation which can used to quantify this process into equation shown below 

[17-21]. 

                                                L

PA
K

dt

dV 


 ,                                                                    (1) 

Where V indicates the volume of fluid, t is the time, P is the drop of pressure across the surface 

of the cake, L indicates the thickness, A represents the cross-sectional area of the cake,  is 

viscosity of water, and K is rate constant, also widely recognized as permeability. From the 

equation (1), it can be interpreted that the rate at which filtration occurs is inversely proportional 

to the viscosity. On the other hand, it is directly proportional to the pressure gradient and cross-

sectional area. The flow of liquid through a bundle of tubes is widely related to the filtration 

process where Poiseulle’s equation is utilized to represent this process. Here, r represents the 

radius of the capillary tube. 
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  In the year 1927, a researcher named Kozeny combined the two equations (1) and (2) to 

obtains equation (3) which further explains the process. 

      L
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 ,                                                       (3) 

Where  is cake porosity, it represents volume fraction of void space in the filter cake, S is 

specific surface area of the particles per unit volume, and k is a constant term often termed as 

Kozney’s constant.  Theoretically, k is always equal to 2 for an ideal filter cake which is a porous 

medium made of capillary tubes of radius, r. But in reality, when many experiments are 

conducted, it was found that k is approximately equal to 5 for filter cakes made of simple 

monodisperse solids [17-21]. For numerous other industrial filter cakes created in the existence 
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of flocculants, k is repeatedly greater than 5 and can be as large as several thousand [17-21]. 

From Equations (1) and (3), the following relationship can be obtained: 





1

2)1(2

3





kS
K

             (4) 

Where  is specific cake resistance, Equation (4) suggests that with decreasing  and S, the 

permeability of the cake also goes down, and both equally decrease with the decrease in particle 

size.  Thus, the rate equation derived based on the Darcy’s law [Equation (1)] provides an 

explanation for the difficulty in de-watering fine coal and mineral particles [17-21].  

            From Equation (1) it is assumed that relationships between flow filtrate against time 

should vary linearly. When the experiments are conducted to check this behavior practically, it 

was observed that it exhibits parabolic behavior. In the process of investigation, to find out the 

possible reason in having this deviation is to disregard of the rate equation by Darcy’s law and 

the distribution of pore sizes. It implies that wide range of pore sizes is available in the porous 

bed. Laplace equation explains that water can be easily removed from the porous bed where the 

size of the pores is large. On the other hand, it is difficult to remove water from a bed with small 

pore size. This indicates that large pores will determine the initial de-watering rate; whereas, 

small pore sizes will help in water retention [16-20]. 

It is also observed that after the reduction of moisture in the cakes crosses the certain 

amount, there exists a limitation on the moisture reduction. This is also termed as irreducible 

saturation. This value is directly dependent on the applied pressure, filter medium, cake 

thickness, particle type and size, specific gravity, cake porosity, shape of the particles, surface 

oxidation, viscosity, surface hydrophobicity, and water contaminations. The equation shown 

below considers the factor of saturation (S) of the cake [21-28]. 



21 

 

                                                          S = 0.155(1+0.031 Ncap
-0.49

)                                                (5) 

Where Ncap is capillary number, this number varies with the use of filtration and centrifugation 

techniques. For the filtration processes: 

                                Ncap = 
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Where g is gravitational acceleration, d is particle diameter, L is cake depth, is surface tension. 

For the centrifugal filtration:  

                                     Ncap = 
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,    (0.14 < Ncap < 10)                                               (7) 

N is number of revolution per minute, and r is radius of centrifugal basket. For the cake porosity: 
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(8) 

V and v0 represent the volume of the solid and void space respectively. For the irreducible 

saturation, the amount of moisture available in the cake is called residual saturation (SR) at the 

end of the dewatering period. 

                                                              SR=
e

e
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SS
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,                                                                    (9) 

However, this value can be changed based on the dewatering and particle conditions. 

Laplace Equation: To remove the water from the capillary tube with radius r, the pressure 

should be higher than capillary pressure. 

                                                              r
p

 cos2 23 ,                                                             (10) 

Equation (10) is widely recognized as Laplace equation. In the above equation, 23 

represent surface tension of liquid and the water contact angle.  It can be observed that as the 
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value of p decreases with decrease in the value of 23. It increases with the increase of r [17-21]. 

In these studies, it is preferable method for use as it pertains to cake filtration. 

2.7 Theory of Contact Angle 

In 1805, based on the three forces acting on the surface of a water droplet, Thomas 

Young defined the principle of contact angle. According to Young, a water droplet stays on the 

solid surface, and it orients itself with a certain contact angle with the surrounding air [14,18]. 

Figure 2.3 shows the schematic representation of the water droplet positioned on the solid 

surface at a contact angle θc.  

 

Figure 2.3   Schematic representation of contact angle [14] 

The equilibrium between the three interfacial forces is expressed by Young’s equation (1).  

                                                            γSG = γSL + γLG cosθ                                                           (1) 

Where γSG is the interfacial between the solid and gas, γSL is the interfacial between solid and 

liquid, and γLG is the interfacial between liquid and gas. According to Wenzel, when the same 

droplet comes in to contact with a micro-structured surface then the contact angle is defined as 

Wenzel state, or angle, and it is represented as θW
*
. The equation describing the Wenzel’s angle 

is shown in the Equation (2), where r represents the ratio of the projected area to the actual area:  

                                                                    CosθW
*
 = r cosθ                                                        (2) 
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According to Wenzel’s equation, surface of a micro-structure has a vital effect on the 

hydrophobic property of the surfaces and will portray a neutral tendency of the surface. A 

hydrophobic surface becomes even more hydrophobic when the surface micro-structures are 

altered by increasing the void space or making it rougher.  

 

Figure 2.4   Contact of water droplet on solid surface, Wenzel and Cassie-Baxter states [14]. 

On the other hand, a hydrophilic surface becomes more hydrophilic and the contact angle 

of the droplet in contact reduces in comparison with the original angle. In our study, highly 

hydrophilic electrospun membranes (PVC+PVP) have the Wenzel state where liquid droplets are 

completely absorbed by the membranes. Cassie and Baxter found out that when the liquid is 

suspended on the highly-porous micro-structured surface, θ is represented by θCB
*
 and is shown 

in the equation (3). 

                                                           CosθCB
*
 = φ (cosθ + 1) – 1                                                (3) 

Where φ represents fraction of area interacted by the water droplet on the solid surface. It is 

widely reported that water droplet is more mobile in comparison with the theory proposed by 

Wenzel state. If the surface morphology of solid surface is rough and if the water droplet is in 

contact with the surface in such a way that it maintains an intimate contact with solid asperities, 

then this is called as Wenzel state (represents our nanofiber membranes). If the water droplet is 

in contact with surface in a way that it rests on top of the asperities then this state is referred to 
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Cassie-Baxter state. Figure 2.4 shows the contact of water droplet on solid surface as Wenzel and 

Cassie-Baxter states. 

2.8 Hydrophobicity and Hydrophilicity:  

Hydrophobicity is the physical property of being water repellent. Water contact angle 

values for hydrophobic materials were found to be around 90
0
-150

0
. Superhydrophobicity is a 

physical property of a surface where a water contact angle exceeds 150
0
. Hydrophilicity is the 

physical property of a material that can transiently bond, mix, or be wet with water. In other 

words, a hydrophilic material is a friend of water. The water contact angles for hydrophilic 

materials were found to be less than 90
0
. Table 2.2 gives the contact angle values of different 

surfaces. 

TABLE 2.2 

CONTACT ANGLE VALUES FOR DIFFERENT PARAMETERS. 

Parameters Contact Angle Values () 

Superhydrophobicity 150-180 

Hydrophobicity 90-150 

Hydrophilicity Below 90 

Superhydrophilicity Below 5
 
in 0.5 second 
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CHAPTER 3
 

EXPERIMENTAL PROCEDURE 

3.1 Materials 

Polymer and solvents: Two polymers including polyvinyl chloride (PVC), polyvinyl 

pyrrolidone (PVP), and one solvent (Dimethylacetamide – DMAc) were purchased from Fisher 

Scientific and used in the electrospinning process. For the coagulation tests, Tanfloc and 

aluminum sulfate (or Alum) were employed as shown in Figures 3.1 and 3.2.  

 

Figure 3.1   Tanfloc SG utilized in this study. 
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Figure 3.2   Aluminum Sulfate (Alum) used in the present study. 

Magnetite (Fe3O4) nanoparticles used in the present study were prepared using the following 

procedures:  

 • Prepare 40 ml of 1 M ferric chloride (FeCl3.6H2O), 10 ml of 2 M ferrous chloride 

(FeCl2.4H2O), 50 (4x12.5) ml of 1 M HCl (36-38%), and 200 (4x50) ml of 3 M 

ammonium hydroxide (NH4OH) (30%) solutions in beakers. 

 • Combine 10 ml of 1 M ferric chloride and 2.5 ml of 2 M ferrous chloride both 

dissolved in 1 M HCl in 125 ml of an Erlenmeyer flask while vigorously stirring with a 

magnetic stirrer at 1200 rpm.   

 • Pour 25 ml of DI water into this solution and mix in well. 

 • Add 50 ml of 3 M ammonium hydroxide solution drop-wise in 5 min at 1200 rpm 

and room temperature. Black magnetite nanoparticles (~ 10 nm) will form in this step. No 

inert gas (nitrogen, argon, etc.) is used in these steps. 
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 • Wait 3-5 min. while stirring, and then use a strong Nd magnet (Nd2Fe12B) to settle 

all the magnetic particles. Keep the magnetic bar in the flask, which will increase the 

settlement of magnetic nanoparticles.  

 • Decant the ammonium hydroxide solution into a waste bottle, and then wash the 

dispersion 3 times using 50 ml of DI water. Use the Nd magnet in this step for the 

settlement of the depression, as well. Figure 3.3 shows the TEM image of magnetite 

nanoparticles (~10 nm). 

 

Figure 3.3   TEM image of magnetite nanoparticles. 

3.2 Methods 

3.2.1 Hot Plate/Magnetic Stirrer  

The hot plate/magnetic stirrer bar was purchased from Fisher Scientific. Its speed is 

adjusted based on the requirements of the experiment. In this research work, it was used to mix 

the polymer into the solvent and in all coagulant experiments needing a homogeneous mixture in 

the solutions. Figure 3.4 shows the hot plate/magnetic stirrer bar used in the experiment. 
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Figure 3.4   Hot plate. 

3.2.2 Turbidity Meter (Lamotte 2020)  

Turbidity meter is used to measure the turbidity values in the water samples before and 

after the coagulation/filtration experiments. The turbidity meter was purchased from FarrWest 

Environmental, Inc. Figure 3.5 shows the turbidity meter which was used for the coagulation and 

filtration experiments. 

 

Figure 3.5   Turbidity meter - Lamotte 2020. 

3.2.3 pH Meter 

It is used to measure the pH values of the liquid samples before and after the coagulation 

and filtration experiments. The pH meter was purchased from Fisher Scientific. Figure 3.6 shows 

the pH meter used for this research work. 
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Figure 3.6   The picture showing the pH meter in our lab. 

3.2.4 TDS Meter 

This meter was used to measure the dissolved solids present in the water samples before 

and after the coagulation and filtration experiments. Figure 3.7 shows the TDS meter used for the 

coagulation experiments. 

 

Figure 3.7   Total dissolved solids (TDS) meter. 
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3.2.5 Fabrication of Hydrophilic Nanofibrous Membranes 

The nanomembrane for filtration process was fabricated by using the electrospinning 

technique.  It begins by dissolving PVC powder in dimethylacetamide (DMAc). The ratio of 

solvent to polymer is 85% solvent and 15% polymer. The PVC is allowed to dissolve completely 

in the solvent (DMAc) by using a magnetic bar and hot plate at 65
o
 for about four hours. The 

mixed homogenous solution is then available for electrospinning. Electrospinning experiments 

are conducted at various distances (D=20cm, 25cm, 30cm) while keeping DC voltage and pump 

speed constant. Electrospun PVC fibers are then used in the contact angle measurements. From 

the contact angle results and previous research papers, it was concluded that the PVC membrane 

completely exhibited hydrophobic nature at all three distances (greater than 90
o
), which cannot 

be used for filtration process easily. For any membrane surface to be hydrophilic, the contact 

angle should be less than 90
o
. For this reason, PVP was chosen as a blend polymer for PVC. As a 

result of this conclusion, all electrospinning experiments were carried out by adding different 

percentages (2%, 3%, 4%, and 5%) of PVP to PVC until the membrane surface shows 

hydrophilic nature (less than 90
o
).  It was then suitable to be used for filtration process. Fiber size 

and structural morphology of all membranes were analyzed using scanning electron microscopy 

(SEM) as shown in Figures 3.8-3.18. Figure 3.8-3.10 shows the SEM images of electrospun 

fibers formed with PVC and 2% PVP at three different distances: 20 cm, 25 cm, and 30 cm. It is 

observed from the Figures below that the increase in the spinneret distance has reduced the fiber 

diameters. The fibers formed at three distances are found to be at nanoscale (below 500 nm).  
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Figure 3.8   SEM images of PVC and 2% PVP fibers at a spinneret distance D = 20cm. 

 

Figure 3.9   SEM images of PVC and 2%PVP fibers at a spinneret distance D = 25cm. 

From Figure 3.10, it is observed that the fiber diameters of this membrane are at nanoscale and 

more pores are seen when compared with Figure 3.7 and Figure 3.8. 
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Figure 3.10   SEM images of PVC and 2% PVP fibers at a spinneret distance D = 30cm. 

Figures 3.11-3.13 show the SEM images of electrospun fibers formed with PVC and 3% PVP at 

three different distances: 20cm, 25cm and 30cm. At a spinneret distance of 20 cm the fiber 

diameters for 2% and 3% PVP are similar. In the case of 25 cm and 30 cm, the fiber diameters 

are reduced.  

 

Figure 3.11   SEM images of PVC and 3% PVP fibers at a spinneret distance D = 20cm. 
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Figure 3.12   SEM images of PVC and 3% PVP fibers at a spinneret distance D = 25 cm. 

From the Figure 3.13, it can be observed that the fibers formed are consistent throughout the 

membrane at nanoscale diameters. The fiber diameters are reduced with the increase of spinneret 

distance, which can be seen from Figure 3.11 and Figure 3.12. 

 

Figure 3.13   SEM images of PVC and 3% PVP fibers at a spinneret distance D = 30 cm. 
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Figures 3.14-3.16 show the SEM images of the electrospun fibers formed with PVC and 4% PVP 

at three different distances: 20 cm, 25 cm and 30 cm. The fiber diameters, at three different 

distances, are at nanoscales. Fiber diameters are very consistent throughout the membranes. 

 

Figure 3.14   SEM images of PVC and 4% PVP fibers at a spinneret distance D = 20 cm. 

 

Figure 3.15   SEM images of PVC and 4% PVP fibers at a spinneret distance D = 25 cm. 
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From Figure 3.16, it is observed that the fiber diameters are consistent throughout the membrane, 

and that they are at nanoscale. The fibers formed at D=30 cm have less diameters when 

compared with other two distances (D=20 cm and D=25 cm).  

 

Figure 3.16   SEM images of PVC and 4% PVP fibers at a spinneret distance D = 30cm. 

Figures 3.17-3.19 show the SEM images of electrospun fibers formed with PVC and 5% PVP at 

three different distances: 20 cm, 25 cm and 30 cm. The fiber diameters throughout the 

membranes are consistent, and they are observed to be at nanoscale. 

 

Figure 3.17   SEM images of PVC and 5% PVP fibers at a spinneret distance D = 20 cm. 



36 

 

 

Figure 3.18   SEM images of PVC and 4% PVP fibers at a spinneret distance D = 25 cm. 

 

Figure 3.19   SEM images of PVC and 4% PVP fibers at a spinneret distance D= 30 cm. 
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3.2.6 Coagulation/Filtration Experiments 

All the filtration tests were conducted on three different suspended waters at 25 cm in the 

Hg vacuum using the Buchner filter. The following steps are involved in coagulation/filtration 

experiments: 

 •  Add 200 ml of water samples to different beakers. 

 • Samples should be mixed thoroughly until the solution becomes completely 

homogenous to measure turbidity, pH and TDS. 

 • Add different dosages of coagulant to each apparatus and mix rapidly at 100 rpm 

for 1 min. 

 • Decrease the speed to 40 rpm and continue mixing for 5 min. 

 • Turnoff the hot plate/stirrer. 

 • Allow the water samples to settle down for 1 hour and then test the parameters 

such as turbidity, pH and TDS. 

 • Allow the above samples to settle down for one more day and then test parameters 

again. 

 • Measure final turbidity, pH and TDS for all the samples and tabulate. 

 • From the tables determine the optimum conditions for different water samples. 

 • Samples with optimum conditions are chosen for filtration experiments. 

 • Measure the parameters such as turbidity, pH, and TDS for the filtered solution. 

Figure 3.20 shows the formation of the flocs after one day of sedimentation for Tanfloc 

and Alum for the lake water. Both the coagulants were very effective in the removal of turbidity 

from the lake water. 
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Figure 3.20   Formation of flocs for Tanfloc and Alum as coagulants in Lake Water. 

Figure 3.21 shows the formation of the flocs for the abrasive particles in water with the addition 

of Tanfloc and Alum as coagulants after 1 day of sedimentation. It is clearly observed that both 

the coagulants are not that effective in the removal of turbidity when compared with the lake 

water. 

 

Figure 3.21   Formation of flocs with Tanfloc and Alum as coagulants in Abrasive particles from 

water Jet cutter. 
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Figure 3.22 shows the coagulated samples with Tanfloc and Alum as coagulants for the 

magnetite nanoparticles dispersion. The formation of the flocs in these samples is not visible 

because the magnetite particles are all at nanoscale (10 nm).  It can be clearly observed that the 

floc formation is not very effective in case of magnetite nanoparticles when compared to the lake 

water and abrasive particles from the water jet cutter. 

 

Figure 3.22   Formation of the flocs with Tanfloc and Alum as coagulants in the magnetite 

nanoparticle dispersion. 

Figure 3.23 shows the treated water with addition of Tanfloc and Alum as coagulants for three 

different water samples: lake water, abrasive particles from water jet cutter, and magnetite 

nanoparticles dispersion after 1 day of the sedimentation. The three testing parameters such as 

turbidity, pH and TDS were tested for all the water samples after 1 hour and 1 day of 

sedimentation. Formation of the flocs with the Tanfloc and Alum as coagulants for three 

different water samples is shown below. 
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Figure 3.23   Coagulated water samples with Tanfloc and Alum for three different water samples 

(from top: magnetic nanoparticles, abrasive jet water and lake water). 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Hydrophilic Behavior of Electrospun PVC Nanofibers with PVP Blending 

In this research, smaller size PVP powder was added into a PVC polymeric solution at 

different weight percentages (2%, 3%, 4%, and 5%).  It was then electrospun at three different 

distances (20 cm, 25 cm, 30 cm) with the constant DC voltage (20 kv) and pump speed (1 ml/hr). 

The reason for adding PVP particles into PVC polymeric solution is to increase the hydrophilic 

nature of the electrospun fibers. Figure 4.1 through Figure 4.10 show the contact angle behavior 

of the electrospun fiber surfaces with the addition of PVP powder at different weight 

percentages. The water contact angle values of all the electrospun samples are tabulated in Table 

4.1. 

Shown in Figure 4.1 are the contact angle values of PVC at three different distances (20 

cm, 25 cm, and 30 cm). The values range between 136.02
o
 and 135.70

o
. The membranes 

completely show the hydrophobic nature of the membrane. 

 

Figure 4.1   Contact angle values of PVC at three different distances (from the left D=20 cm, 

D=25 cm, D=30 cm). 
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Figure 4.2 shows the contact angle values of PVP only fibers at three distances. It is observed 

that the contact angle values of all the samples are 0
o
. That means the membrane is super-

hydrophilic, which cannot be used for filtration experiments. 

 

Figure 4.2   Contact angle values of PVP at three different distances (from left D=20 cm, D=25 

cm, D=30 cm). 

Figure 4.3 shows the contact angle values of the PVC membranes associated with 2% PVP. The 

contact angle values at three different distances are 127.14
o
, 125.26

o
, and 124.23

o
 for 20, 25, and 

30 cm distances, respectively. The contact angle values for these membranes are very similar to 

the PVC only membranes. In other words, 2% PVP is not enough to make the surfaces of the 

membranes hydrophilic enough. The contact angle values clearly shows the hydrophobic nature 

of the membrane, which cannot be used for filtration experiments. 

 

Figure 4.3   Contact angle values of the PVC membrane with the addition of 2% PVP at three 

different distances (from left at D=20 cm, 25 cm, and 30 cm). 
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Figure 4.4 shows the contact angle values of the PVC membrane incorporated with 3% PVP. The 

contact angle values are reduced to 118.35
o
, 116.08

o
, and 105.85

o
. From Figures 4.3 and 4.4, it 

can be clearly observed that the values are still above 90
o
 but cannot be used for filtration 

experiments either. 

 

Figure 4.4   Contact angle values of the PVC membranes associated with 3% PVP at three 

different distances (from left, at D=20 cm, 25 cm, and 30 cm). 

Figure 4.5 shows the contact angle values of the PVC membrane with the 4% PVP inclusion at a 

distance of 20 cm. The contact angle value is 103.03
0
 and this indicates that with the increase of 

PVP weight percentage into PVC polymeric solution is decreasing the contact angle values. The 

figure below shows the changes in behavior of the water droplets on the surface of the 

membranes. 

 

 

Figure 4.5   Contact angle values of the PVC membranes with addition of 4%PVP at a spinneret 

distance of D=20 cm. 
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Figure 4.6 shows the contact angle values of the PVC membrane incorporated with 4% PVP at a 

distance of 25 cm. The contact angle value is found to be 70.95
o
. It is also observed that the 

increase of spinneret distance achieved lower contact angle values. 

 

Figure 4.6   Contact angle values of the PVC membranes with the inclusion of 4% PVP at a 

spinneret distance of D=25 cm. 

Figure 4.7 shows the contact angle values of the PVC membrane with the inclusion of 4% PVP 

at a distance of 30 cm. As is seen, the contact angle value is lower than 60
o
. It can be observed 

that the contact angles for this membrane were lower than 90
o
, which means the membrane 

shows a hydrophilic nature and better filtration properties. The contact angle values clearly 

indicate that the membrane is hydrophilic and can be further used for the filtration experiments. 
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Figure 4.7   Contact angle value for PVC membrane with inclusion of 4%PVP at a spinneret 

distance of 30 cm. 

Figure 4.8 shows the contact angle values of the PVC membrane with the inclusion of 5% PVP 

at a distance of 20 cm. The contact angle value for this membrane is 21.30
o
. The values clearly 

show the high hydrophilic nature of the membrane, which can be used for filtration experiments, 

as well. 

 

Figure 4.8   Contact angle reading for PVC membranes with 5% PVP inclusion at a spinneret 

distance of 20cm. 
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Figure 4.9 shows the contact angle values of the PVC membrane with the 5% PVP inclusion at a 

distance of 25 cm. The contact angle is observed to be 20.30
o
. The contact angle value 

demonstrates the high hydrophilic nature of the membrane, which can be used for the filtration 

purposes. 

 

Figure 4.9   Contact angle reading for PVC membranes with the inclusion of 5% PVP at a 

spinneret distance of 25 cm. 

Figure 4.10 shows the contact angle values of the PVC membrane with 5% PVP inclusion at a 

distance of 30 cm. The contact angle value for the membrane is 16.12
o
. The high hydrophilic 

nature of this membrane can be used for filtration experiments. 

 

Figure 4.10   Contact angle values of the PVC membranes with addition of 5% PVP at a 

spinneret distance of 30 cm. 
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TABLE 4.1 

 CONTACT ANGLE VALUES OF PVC MEMBRANES INCORPORATED WITH 

DIFFERENT PVP AT THREE SPINNERET DISTANCES. 

PVC/PVP+DMAC 
D=20 cm D=25 cm D=30 cm 

15%PVC+ 85%DMAC 
136.02 

 
135.76 135.70 

15%PVP+DMAC 0 0 0 

 

PVC+2%PVP+DMAC 

 

127.14 125.26 

 

124.23 

 

PVC+3%PVP+DMAC 118.35 116.08 105.85 

 

PVC+4%PVP+DMAC 

 

103.03 70.95 

 

58.51 

 

 

PVC+5%PVP+DMAC 

 

21.30 20.30 16.12 

From Figure 4.1 to Figure 4.10 and Table 4.1, it is observed that an increase in the PVP weight 

percentage into the PVC electrospun fibers gradually decreases the contact angle values 

drastically. In the absence of PVP, water contact angle of PVC fibers was 135.70
o
 (Cassie and 

Baxter state); however, water contact angle values of 2, 3, 4, and 5% PVP added nanofibers are 

124.23, 105.85, 58.51, and 16.12
o
 respectively. This indicates that the addition of PVP into a 

PVC polymeric solution drastically changes the structural morphology and chemistry of 

electrospun nanofibers.  This results in lower contact angles causing the electrospun membrane 

to show hydrophilic nature. Adding PVP into PVC accelerates the formation of the Wenzel state 

of the fiber membranes and makes the filtration process easier. For this reason, the electrospun 

fibers formed with 4% PVP are considered for all the filtration experiments throughout this 

research study. Figure 4.11 shows the SEM image of 4%PVP+PVC blended electrospun 

membrane. 
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Figure 4.11   SEM image of PVC and 4% PVP fibers at a spinneret distance D = 30 cm. 

4.2  Coagulation/Filtration Experiments 

In all the coagulation experiments, the changes in parameters: turbidity, pH, and TDS 

were considered before and after coagulation/filtration processes for the lake water, abrasive jet 

water, and magnetic nanoparticle dispersion. Table 4.1 shows each change. The coagulated water 

samples were tested after 1 hour and 1 day of the coagulation and settlement processes. In all the 

coagulation experiments, the effectiveness in the removal of turbidity is achieved after 1 day of 

the coagulation. The filtration tests were conducted on different waters at 25 in an Hg vacuum 

using the Buchner filter.  

4.2.1 Lake Water 

 Comparisons of Parameters for Tanfloc Coagulated Water/Filtration Process with    

Direct Filtration Process: Table 4.2 gives the Tanfloc test results for the lake water without 

filtration only settlement by gravity. The test results showed that the turbidity was drastically 
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reduced by increasing the coagulation concentrations. Initial turbidity for lake water was 21 NTU 

and after 1 hr of duration, the turbidity values of the lake water were reduced to 6.41, 4.7, 3.5, 

4.85 and 4.86 NTU at 5, 10, 15, 20 and 25 mg/L Tanfloc dosages, respectively. Turbidity 

reduction for lake water was reduced to 15% after 1 hour and 25% after 24 hours without 

addition of coagulants (settlement due to gravity). After 24 hours, the turbidity values were 

further reduced. From the results, it is concluded that 15 mg/L concentration and 1 hour duration 

are sufficient to get clean water from the lake water. The other parameters, pH and TDS, were 

not significantly changed during the experiments.     

TABLE 4.2 

 REMOVALS OF SUSPENDED PARTICLES IN THE LAKE WATER WITH ADDITION OF 

DIFFERENT DOSAGES OF TANFLOC. 

Experiments 
Initial Turbidity 

Coagulation Dosage (mg/l) 

 (1 Hour) 

Coagulation Dosage (mg/l) 

 (1 Day) 

5 10 15 20 25 5 10 15 20 25 

Turbidity 

(NTU) 
21  6.41 4.70 3.50 4.85 4.86 2.6 2.30 1 1.75 1.80 

pH 8.14 8.13 8.12 8.11 8.09 8.07 8.13 8.12 8.11 8.09 8.07 

TDS (ppm) 4
8
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Table 4.3 gives the comparisons of the water qualities for the settlement, filtration with the 

nanofiber membranes (PVC + 4% PVP), and coagulation + filtration test results for the lake 

water.  Highly hydrophilic nanomembranes in the vacuum filter associated with 15 mg/L Tanfloc 

reduced the turbidity down to 0.20 NTU. This is much cleaner than the regular tap water used in 

the house.  Figure 4.12 shows the removal of turbidity using coagulation, coagulation/filtration 

and direct membrane (PVC+4%PVP) filtration. From the results, it is clearly seen that 
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coagulation and filtration process provides lower the turbidity results (more than 100 times better 

– Figure 4.13) for the lake water.  

TABLE 4.3 

 COMPARISONS OF THE WATER QUALITIES FOR THE SETTLEMENT, FILTRATION 

AND COAGULATION (TANFLOC) + FILTRATION TESTS FOR THE LAKE WATER. 

PARAMETER 
15 mg/L Tanfloc 

(Settlement) 

Before 

Filtration/After 

Filtration 

Coagulation + 

Filtration 

Turbidity (NTU) 1 21/0.49 0.20 

pH 8.09  8.14/8.14 8.09 

TDS (ppm) 460 460/440 450 

 

Figure 4.12   The removal of turbidity using coagulation, coagulation/filtration and direct 

membrane filtration. 
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Figure 4.13   The lake water treatment process: from left, untreated lake water, coagulation 

treatment (settlement), direct filtration, and coagulation/filtration processes. 

Comparisons of Parameters for Alum Coagulated Water/Filtration Process with Direct Filtration 

Process: Table 4.4 gives the Alum test results for the lake water without filtration (only 

settlement by gravity). The test results showed that the turbidity was considerably reduced from 

21 to 1.92 NTU using 50 mg/L Alum after 24 hours of the settlement time. The other parameters, 

such as pH and TDS were not significantly changed during the experiments.     

TABLE 4.4 

 REMOVALS OF SUSPENDED PARTICLES IN THE LAKE WATER WITH ADDITION OF 

DIFFERENT DOSAGES OF ALUM. 

Parameter Initial Turbidity 

Coagulation Dosage (mg/l) 

 (1 Hour) 

Coagulation dosage (mg/l) 

 (1 Day) 

10 20 30 40 50 10 20 30 40 50 

Turbidity 

(NTU) 
21  5.20 4.76 3.50 2.85 2.20 3.5 2.86 2.20 1.95 1.92 

pH 8.14 8.05 7.80 7.68 7.54 7.49 
8.0

5 
7.80 7.68 7.54 7.49 
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Table 4.5 gives the comparisons of the water qualities for the settlement, filtration with the 

nanofiber membranes (PVC + 4% PVP), and coagulation (Alum) + filtration test results for the 

lake water. 50 mg/L Alum was used in the coagulation tests. The coagulation + filtration tests 

revealed that the turbidity value was as low as 0.3 NTU, which is closer to the 15 mg/L Tanfloc 

(0.20 NTU). Alum indicated higher efficiency in the reduction of pH when compared with 

Tanfloc. Figure 4.14 shows the removal of turbidity using the coagulation (Alum), 

coagulation/filtration and direct membrane filtration. As is seen, the coagulation and filtrations 

process provides the lowest turbidity results on the lake water (Figure 4.15). 

TABLE 4.5  

 COMPARISONS OF WATER QUALITIES FOR THE SETTLEMENT, FILTRATION AND 

COAGULATION (ALUM) + FILTRATION TESTS FOR THE LAKE WATER. 

PARAMETER 50 mg/L Alum 

(Settlement) 

Before 

Filtration/After 

Filtration 

Coagulation + 

Filtration 

Turbidity (NTU) 1.92 21/0.49 0.30 

pH 7.49 8.14 7.49 

TDS (ppm) 472 460/440 447 
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Figure 4.14   The removal of turbidity using coagulation (Alum), coagulation/filtration and direct 

membrane filtration. 

 

 

Figure 4.15   The lake water treatment process: from left, untreated lake water, coagulation 

treatment (Alum), coagulation/filtration, and direct filtration processes. 
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4.2.2 Abrasive Particles from Water Jet Cutter 

 Comparison of Parameters for Tanfloc Coagulated Water/Filtration Process with Direct 

filtration process: Table 4.6 shows the effect of filtration on abrasive jet water by varying the 

amount of Tanfloc added. From the table, it can be seen that the turbidity value was 32 NTU 

prior to coagulation. After an hour of coagulation, varying the amount of dosage from 5 to 25 

mg/L, it shows that the turbidity value has drastically dropped from a value of 15NTU at 5 mg/L 

to 7.5 NTU at 25 mg/L of Tanfloc concentration. Furthermore, after one day, it was also tested 

again, and and the turbidity values have dropped further from 9.12 NTU to 4.5 NTU for the 

concentration values of 5 to 25 mg/L. This drop in turbidity is not as steep as it was for the 1hr 

coagulation time. From all these values the ideal result is at a concentration of 25 mg/L the 

turbidity values is 4.5 NTU. Furthermore the pH and the TDS were not significantly varied with 

change in concentration. For Abrasive jet particles, the turbidity reduction was 15% after 1 hour 

and 25% after 24 hours without addition of coagulants (settlement due to gravity). 

TABLE 4.6 

 REMOVALS OF SUSPENDED PARTICLES IN THE ABRASIVE JET WATER WITH 

ADDITION OF DIFFERENT DOSAGES OF TANFLOC. 

Parameter 
Initial Turbidity 

Coagulation Dosage (mg/l) 

(1 Hour) 

Coagulation Dosage (mg/l) 

(1 Day) 

 10 15 20 25 5 10 15 20 25 

Turbidity 

(NTU) 
32  15 13.9 10.47 6.69 7.5 9.12 8.58 6.12 4.10 4.05 

pH 7.70 7.70 7.67 7.65 7.63 7.62 7.60 7.52 7.48 7.40 7.38 

TDS (ppm) 6
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The three water quality testing parameters, turbidity, pH, and TDS, were tested for the 

abrasive jet water treated by the settlement process, filtration process, and coagulation plus 
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filtration process. From Table 4.7, the turbidity value in settlement process is about 4.5 NTU. In 

coagulation and filtration together this value reached its lowest point of 2.9, which is considered 

highly safe water. The TDS and pH values were not affected by the change in the filtration 

process. Figure 4.16 shows the removal of turbidity by the settlement, direct filtration, and 

coagulation plus filtration processes. Whereas Figure 4.17, shows the water samples of untreated 

lake water, and the water treated by the three different filtration processes. 

TABLE 4.7 

 COMPARISONS OF THE WATER QUALITIES FOR THE SETTLEMENT, FILTRATION 

AND COAGULATION (TANFLOC) + FILTRATION TESTS FOR THE ABRASIVE JET 

WATER. 

PARAMETER 25 mg/L Alum 

(Settlement) 

Before 

Filtration/After 

Filtration 

Coagulation + 

Filtration 

Turbidity (NTU) 4.05 32/6 2.9 

pH 7.38 7.70/7.70 7.38 

TDS (ppm) 662 653/653 662 

 

Figure 4.16   The removal of turbidity using coagulation (Tanfloc), coagulation/filtration and 

direct membrane filtration. 
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Figure 4.17   The abrasive jet water treatment process: from left, untreated lake water, 

coagulation treatment (Tanfloc), coagulation/filtration, and direct filtration processes. 

Comparison of Parameters for Alum Coagulated Water/Filtration Process with Direct filtration 

Process: In Table 4.8, the results of the efficiency of turbidity removal, pH, and TDS for abrasive 

particles from water jet cutter subjected to treatment was collected with the addition of alum as a 

coagulant. And the coagulation process was carried out for different time intervals. Coagulation 

process duration was performed for one hour and one day of sedimentation. From the results, it 

can be interpreted that throughout different coagulation duration times, pH and TDS are 

constant, but the turbidity values were varying with change in concentration of coagulation and 

duration. Initially without the coagulation, turbidity was 32 NTU but with one hour coagulation 

process the turbidity value decreased from 14.5 NTU to 4.9 NTU. By further increasing the 

duration process from one hour to a day the turbidity value further decreased to an ideal value of 

3.73 NTU at a coagulation dosage of 50 mg/L. 
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TABLE 4.8 

 REMOVALS  OF SUSPENDED PARTICLES IN THE ABRASIVE JET WATER WITH 

ADDITION OF DIFFERENT DOSAGES OF ALUM. 

Parameter 
Initial Turbidity 

Coagulation Dosage (mg/l) 

 (1 Hour) 

Coagulation Dosage (mg/l) 

 (1 Day) 

10 20 30 40 50 10 20 30 40 50 

Turbidity 

(NTU) 
32  14.5 12 6.90 5.37 4.90 11.4 6.54 5.15 4.53 3.73 

pH 7.70 7.70 7.71 7.71 7.72 7.72 7.71 7.73 7.75 7.76 7.76 

TDS(ppm) 6
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After validation the ideal settlement duration and quantity of alum coagulant dosage, filtration a 

process of water sampling was carried out by three methods namely: settlement at 50 mg/L alum, 

direct filtration, and coagulation plus filtration. The results obtained from these three processes 

are tabulated in Table 4.9. From the table it can be observed that the pH and TDS are pretty 

consistent, but the turbidity value has drastically improved from 6 NTU with direct filtration 

process to a value of 2.63 NTU with coagulation plus filtration process. Figure 4.18 shows the 

turbidity values for the different type of filtration process and Figure 4.19 shows the water 

sample before filtration and after three different types of filtration processes. 

TABLE 4.9 

 COMPARISONS OF THE WATER QUALITIES FOR THE SETTLEMENT, FILTRATION 

AND COAGULATION (ALUM) + FILTRATION TESTS FOR THE ABRASIVE JET 

WATER. 

PARAMETER 50 mg/L Alum 

(Settlement) 

Before Filtration/After 

Filtration 

Coagulation + 

Filtration 

Turbidity (NTU) 3.73 32/6 2.63 

pH 7.76 7.70 7.76 

TDS (ppm) 664 653/653 664 
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Figure 4.18   The removal of turbidity using coagulation (Alum) coagulation/filtration and direct 

membrane filtration. 

 

Figure 4.19   The abrasive jet water treatment process: from left, untreated lake water, 

coagulation treatment (Alum), coagulation/filtration, and direct filtration processes. 

4.2.3 Magnetite Nanoparticles Dispersion 

 Comparison of parameters for Tanfloc coagulated water/filtration process with direct 

filtration process: The effect of filtration of magnetite nanoparticle dispersion water with varying 

the amount of Tanfloc added is performed and tabulated. From the Table 4.10, it can be 
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interpreted that, before coagulation, the turbidity value was 13NTU. After an hour of 

coagulation, and varying the amount of dosage from 5 to 25 mg/L, it shows that the turbidity 

value has drastically increased from a value of 6.20 NTU at 5 mg/L to 9.66 at 25 mg/L of 

Tanfloc concentration. Furthermore, samples left out after one day were also tested, and it was 

observed that the turbidity values had increased from 3.06 NTU to 5.46 NTU for the 

concentration values of 5 to 25 mg/L. This rise in turbidity is not as sharp as it was for the 1 hour 

coagulation time. From all these values, the ideal result is at a concentration of 5 mg/L the 

turbidity values is 3.06 NTU for a duration of one day. Furthermore, the pH and the TDS were 

not significantly varied with change in concentration of Tanfloc. 

TABLE 4.10 

 REMOVALS OF SUSPENDED PARTICLES IN THE MAGNETITE NANOPARTICLE 

DISPERSION WITH ADDITION OF DIFFERENT DOSAGES OF TANFLOC. 

Parameter 
Initial Turbidity 

Coagulation Dosage (mg/l) 

 (1 Hour) 

Coagulation Dosage (mg/l) 

 (1 Day) 

5 10 15 20 25 5 10 15 20 25 

Turbidity 

(NTU) 
13  6.20 5.15 9.1 9.50 

9.6

6 
3.06 3.70 5.03 5.45 5.46 

pH 6.60 6.40 6.20 6.16 5.99 
5.8

5 
6.40 6.20 6.16 5.99 5.85 
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Water quality testing parameters like turbidity, pH, and TDS were performed for the magnetite 

nanoparticle dispersion treated by the settlement process, filtration process, and coagulation plus 

filtration process. From Table 4.11, the turbidity value in settlement process is about 3.6 NTU, 

but in coagulation and filtration together, this value reached its lowest point of 0.47 NTU. This is 
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considered highly safe water when compared with the human drinking water. The TDS and pH 

values were not affected by the change in the filtration process. Figure 4.20 shows the removal of 

turbidity by the settlement, direct filtration, and coagulation plus filtration processes. Whereas 

Figure 4.21 shows the water samples of untreated magnetite nanoparticle dispersion water and 

the water treated by the three different filtration processes. 

TABLE 4.11 

 COMPARISONS OF THE WATER QUALITIES FOR THE SETTLEMENT, FILTRATION 

AND COAGULATION (TANFLOC) + FILTRATION TESTS FOR THE MAGNETITE 

NANOPARTICLE DISPERSION. 

PARAMETER 5 mg/L Alum 

(Settlement) 

Before Filtration/After 

Filtration 

Coagulation + 

Filtration 

Turbidity (NTU) 3.06 15/1.01 0.47 

pH 6.40 6.60/6.60 6.40 

TDS (ppm) 0.18 0.15/0.15 0.18 

 

Figure 4.20   The removal of turbidity using coagulation (Tanfloc) coagulation/filtration and 

direct membrane filtration. 
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Figure 4.21   The magnetite panoparticle dispersion treatment process from left: untreated lake 

water, coagulation treatment (Tanfloc), coagulation/filtration, and direct filtration processes. 

Comparison of parameters for Alum coagulated water/filtration process with direct filtration 

process: In Table 4.12, the results of the efficiency of turbidity removal, pH, and TDS for 

magnetite nanoparticles dispersion from water jet are subjected to treatment, was collected with 

the addition of alum as a coagulant was carried out for varying time intervals. Coagulation 

process duration was performed for one hour and one day. From the results, it can be interpreted 

that throughout different coagulation duration times, pH and TDS are considerable invariable, 

but the turbidity values were varying with change in concentration of coagulation and duration. 

Initially, without the coagulation turbidity was 15 NTU. With one hour coagulation process, the 

turbidity value decreased from 8.16 NTU to 7.36 NTU. Contrary to all previous coagulation 

cases performed, by further increasing the duration process from one hour to a day, the turbidity 

value increased from 3.20 NTU to 6.45 NTU with change in alum concentration from 10 to 50 

mg/L. An ideal turbidity value of 3.20NTU was obtained at a coagulation dosage of 10 mg/L for 

duration of one day. 
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TABLE 4.12  

 REMOVALS OF SUSPENDED PARTICLES IN THE MAGNETITE NANOPARTICLES 

DISPERSION WITH THE ADDITION OF DIFFERENT DOSAGES OF ALUM. 

Parameter Initial 

Turbidity 

Coagulation Dosage (mg/l) 

 (1 Hour) 

Coagulation Dosage (mg/l) 

 (1 Day) 

10 20 30 40 50 10 20 30 40 50 

Turbidity 

(NTU) 
15  8.16 11.2 14 11.6 7.36 3.20 5.14 6.20 6.40 6.45 

pH 6.60 5.95 5.78 5.36 5.12 4.98 5.95 5.78 5.36 5.12 4.98 

TDS(ppm) 0
.1

5
 

0
.1

5
 

0
.1

5
 

0
.1

5
 

0
.1

5
 

0
.2

3
 

0
.3

3
 

0
.4

4
 

0
.6

0
 

0
.7

5
 

0
.2

3
 

0
.3

3
 

0
.4

4
 

0
.6

0
 

0
.7

5
 

After tracing the ideal settlement point of 3.20NTU at 10 mg/L for one day duration, filtration 

process of water sample was carried out by three methods: settlement at 10 mg/L alum, direct 

filtration, and coagulation plus filtration. The results obtained from these three processes are 

tabulated in Table 4.13. From the table, it can be observed that the pH and TDS are consistent, 

but the turbidity value has drastically improved in the settlement process from 3.20 NTU to a 

value of 0.79 NTU with coagulation plus filtration process. This level value of 0.79 NTU shows 

that filtered water is very safe.  Figure 4.22 shows the turbidity values for the different type of 

filtration process, and Figure 4.23 shows the magnetite nanoparticle dispersion water sample 

before filtration and after three different types of filtration processes. 

TABLE 4.13 

 COMPARISONS OF THE WATER QUALITIES FOR THE SETTLEMENT, FILTRATION 

AND COAGULATION (ALUM) + FILTRATION TESTS FOR THE MAGNETITE 

NANOPARTICLE DISPERSION. 

PARAMETER 10 mg/L Alum 

(Settlement) 

Before Filtration/After 

Filtration 

Coagulation + 

Filtration 

Turbidity (NTU) 3.20 15/1.01 0.79 

pH 5.95 6.60/6.60 5.95 

TDS (ppm) 0.23 0.15/0.15 0.23 
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Figure 4.22   The removal of turbidity using coagulation (Alum) coagulation/filtration and direct 

membrane filtration. 

 

 

Figure 4.23   The magnetite nanoparticle dispersion treatment process: from left, untreated lake 

water, coagulation treatment (Tanfloc), coagulation/filtration, and direct filtration processes. 
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CHAPTER 5 

CONCLUSION 

High level purification of water can be achieved by employing nanofibrous membranes 

because of its inherent potential advantages like large surface area, volume ratio, flexibility, and 

small pore size.  In the current study, nanofibrous membrane is created through electrospinning 

process by maintaining a spinneret distance of 30 cm and a polymeric solution of PVC 

containing 4% PVP solution. The membranes produced at 30 cm spinneret distance and 4% PVP 

mixture in PVC solution exhibited property of lower contact angle and desired hydrophilic 

property which is ideal for the purification process. These nanofibrous membranes are tested by 

purifying nine different water samples (lake water, abrasive particles from water jet cutter, 

magnetite solution, and six sub-variants of these three water samples treated by coagulants Alum 

and Tanfloc). The water is filtered through the fibrous membranes and collected in a beaker and 

three different parameters: turbidity, pH, and TDS are tested. From the results, it was observed 

that when water samples are treated with coagulants, the turbidity removal produced better 

results than the direct filtration process; whereas, pH and TDS were observed to be consistent. 
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CHAPTER 6 

FUTURE WORK 

The current research work on utilizing nanofibrous membranes in the filtration process of 

water samples showed encouraging results to further research work in this field of study. Current 

research work employs only two coagulants (Tanfloc and Alum), so further study can be carried 

out trying different coagulants like sodium aluminate, polyaluminum chloride, ferric sulfate and 

chitosan and consecutively studying the impact of these coagulants in the filtration of water 

samples with different kinds of impurities. The nanofibrous membranes filtration efficiency was 

verified by pH, turbidity and TDS. These verification processes can be furthered by other testing 

process like COD, BOD, and TOC depending on the type of impurities. 

 In the current research work, filtration membranes are prepared by an electrospinning 

process with varying the spinneret distances. After that, the ideal membrane was selected on the 

basis of contact angle measurements. In a similar way, membranes can be prepared by varying 

flow-rate, concentration, and viscosity of polymeric solution. The filtration membrane can be 

further validated for multiple usages by back wash processes. 
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