
Fabrication, Characterization and Application of Low-cost 

Tubular Ceramic Membranes Derived from Fly Ash: A Waste to 

Resource Conversion Strategy 

 

 

Thesis submitted in partial fulfillment of the requirements for the degree of 

 

 

DOCTOR OF PHILOSOPHY 

 

by 

 

KAKALI PRIYAM GOSWAMI 

 

 

 

 

 

 

 

 

Department of Chemical Engineering 

Indian Institute of Technology Guwahati 

Guwahati – 781039, India 

September 2021 

TH-2844_186107007



 

 

 

 

 

 

 

 

 

 

Fabrication, Characterization and Application of Low-cost Tubular 

Ceramic Membranes Derived from Fly Ash: A Waste to Resource 

Conversion Strategy 

 

 

 -Kakali Priyam Goswami 

 

 

 

 

 

 

 

 

 

TH-2844_186107007



Fabrication, Characterization and Application of Low-cost 

Tubular Ceramic Membranes Derived from Fly Ash: A Waste to 

Resource Conversion Strategy 

 

 

Thesis submitted in partial fulfillment of the requirements for the degree of 

 

 

DOCTOR OF PHILOSOPHY 

 

by 

 

KAKALI PRIYAM GOSWAMI 

Roll No.: 186107007 

 

 

 

 

 

 

 

Department of Chemical Engineering 

Indian Institute of Technology Guwahati 

Guwahati – 781039, India 

September 2021 

TH-2844_186107007



 

     

 CERTIFICATE 

 

 

This is to certify that the thesis entitled “Fabrication, Characterization and Application of 

Low-cost Tubular Ceramic Membranes Derived from Fly Ash: A Waste to Resource 

Conversion Strategy” being submitted by Ms. Kakali Priyam Goswami for the award of PhD 

degree has been carried out under my guidance and supervision. The work documented in this 

thesis has not been submitted to any other University or Institute for the award of any degree 

or diploma. 

 

 

        

Date:       (Signature of Thesis Supervisor) 

       Dr. G. Pugazhenthi 

Professor 

       Department of Chemical Engineering 

Indian Institute of Technology Guwahati 

Guwahati-781039, Assam, India 

 

 

Department of Chemical Engineering 

Indian Institute of Technology Guwahati 

Guwahati-781039, India 

08-01-2022

TH-2844_186107007



 

 

 

 

 

 

 

DEDICATION 

 

This Thesis is Dedicated to the Backbone of My Every Success, My 

Parents - Dr. Dharani Dhar Goswami and Mrs. Gitanjali Devi 

 

 

 

 

 

 

 

TH-2844_186107007



 

 

  Acknowledgements 

 

It is a matter of genuine pleasure to express my profound gratitude and sincere thanks to my 

mentor, philosopher and guide Prof. G. Pugazhenthi for providing me the continuous support 

and guidance during my tenure in IIT Guwahati as a PhD scholar. His overwhelming attitude 

to help his students in every possible way has definitely made my journey quite a bit easier in 

the Institute. From rigorous discussions on different topics to making me a way to utilize the 

facilities available in the Institute in the best possible manner, he was there with me at every 

single step throughout the course. His critical analysis on different topics, scholarly advice, 

meticulous scrutiny as well as scientific approach is what every student strives for in their 

mentor. I shall always be obliged to him for his guidance, love and care for me as without his 

cooperation, assistance and advice, it would not have been possible from my end to complete 

this degree. 

I am also indebted to my Doctoral Committee members Prof. K. Pakshirajan, Prof. N.R. Peela 

and Prof. P.R. Venkatesh for reviewing my work and providing their valuable suggestions, 

which definitely had helped me in improvising my work. 

I would like to convey my sincere thanks and gratitude to all the faculty members and staffs of 

Department of Chemical Engineering, IIT Guwahati for providing me all the required facilities 

to complete my degree in time. I am also thankful to the faculties and staffs associated with 

Central Instruments Facility, IIT Guwahati for providing me necessary help and support in 

carrying out my experimental works.  

I would also like to acknowledge my seniors Ms. Barnali Bhui, Mr. Pradeep Sahu, Mr. Shekhar 

Jyoti Pathak, Mr. Pradip Das, Mrs. Rajashree Borgohain, Ms. Thangsei Nengneilhing Baite, 

Mr. Arun Sakthivel and Ms. Tanushree Paul for their help and support in smooth completion 

of my degree. 

TH-2844_186107007



Acknowledgements    

vii 
 

I wish to convey my heartfelt thanks to my friends Mrs. Doli Hazarika, Mr. Roni Mallick, Mr. 

Partha Pratim Baruah, Ms. Poorva Mishra and Mr. Joy Patar for constantly motivating me to 

complete this task in the best possible manner. I thank each one of you for being the shoulder 

I can depend on! 

I would also like to thank my lab mates Mr. N. Arul Manikandan, Ms. Purnima Madu, Ms. 

Satti Venu Gopala Kumari, Mr. Sashi Bhushan Singh and Mr. Arif Ahmed for their friendly 

support and timely assistance. 

Someone has rightly said, “Family gives you the roots to stand tall and strong”. I will always 

remain indebted to my family members: My beloved parents, Dr. Dharani Dhar Goswami and 

Mrs. Gitanjali Devi, my little brother Mr. Ankur Jyoti Goswami and my husband Mr. Dipankar 

Kashyap for sticking by my side throughout this journey. A thank you will definitely not be 

sufficient for the love, care and encouragement you showed for me. 

Last but not the least, I would like to bow down in front of the Almighty for bestowing his 

blessings on me. It is his blessings, that kept me motivated to stay stronger and work harder. I 

will always remain humble to the Goddess Maa Kamakhya for lifting me up every time when 

I was low, for every miracle that had happened to me and for continuously showering her 

blessings on me. 

 

Sincerely, 

Kakali Priyam Goswami 

 

  

 

 

TH-2844_186107007



 

 

Abstract 

 

Implementation of ceramic membrane technology in various separation processes is one of the 

most discussed topics among the researchers in recent times due to its outstanding properties, 

including thermal, chemical and mechanical stabilities. Even though the ceramic membranes 

demonstrated their successful application in lab-scale and in some commercial systems, their 

implementation in industrial scale is still limited owing to the high capital cost. In view of this, 

several researchers have been working on the development of low-cost ceramic membranes by 

utilizing cheap precursors such as kaolin, fly ash, Tunisian clay, Moroccan clay, and so on. 

However, it is worth mentioning that improper dumping of vast quantities of fly ash generated 

from thermal power plants across the globe is a potential source of air and water pollution. 

Keeping this point in mind, this work focuses on fabrication of fly ash-based tubular ceramic 

membranes via extrusion process and their applications in three different liquid phase 

separations. It can be commented that recycling of fly ash not only produces low-cost 

membranes, but it is also a waste-to-resource conversion strategy that addresses the 

aforementioned environmental concerns associated with improper disposal of fly ash.  

In this work, membranes using four different compositions of fly ash (65 – 80 wt.%) and 

calcium carbonate (0 – 15 wt.%) along with 20 wt.% of quartz were fabricated and 

characterized to find out the optimum raw material composition. Furthermore, in order to 

evaluate the effect of binder concentration (Sodium salt of carboxy methyl cellulose; Na-CMC) 

on membrane properties, the optimized raw materials composition (75 wt.% fly ash, 20 wt.% 

quartz, 5 wt.% calcium carbonate) was utilized to fabricate tubular membranes with varied 

binder concentrations (2 – 3.5 wt.% Na-CMC solution). In the aforementioned cases, different 

characterization techniques such as X-Ray Diffraction analysis, X-Ray Fluorescence analysis, 

Energy Dispersive X-Ray analysis, Field Emission Scanning Electron Microscope, Laser 
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Particle Size analysis were carried out in order to arrive at optimum raw material composition 

as well as binder concentration to be used for fabrication of fly ash based ceramic membrane. 

Experiments revealed that increased binder concentration led to agglomeration in membrane 

matrix, causing formation of large and uneven pores along with decreasing membrane’s 

chemical and mechanical stability. Therefore, on the basis of rigorous experiments conducted, 

2 wt.% solution of Na-CMC was found to be sufficient in imparting good physical and 

mechanical properties to the membrane. The membrane prepared with optimized raw materials 

composition (75% fly ash, 20% quartz, 5% calcium carbonate) and binder concentration (2 

wt.% Na-CMC solution) possessed an average pore size of 0.133 µm, hydraulic permeability 

of 4.93×10-8 m3/m2skPa and porosity of 40.17%, along with outstanding chemical and 

mechanical strength.  

This optimized membrane was further used for three different separation processes, namely 

poultry slaughterhouse wastewater treatment, starch processing wastewater treatment and 

separation of glycerol from biodiesel. In case of poultry slaughterhouse wastewater treatment, 

the membrane was able to achieve complete reduction of Chemical Oxygen Demand (COD), 

Total Suspended Solids (TSS) and turbidity content at all applied pressures in the range of 207-

483 kPa, thus satisfying the necessary environment protection norms regarding discharge and 

reuse as prescribed by Central Pollution Control Board (CPCB), India. The versatility of 

membrane’s performance in treating starch processing wastewater was evaluated by 

conducting microfiltration experiments with 1% (w/v) synthetic starch suspension at various 

applied pressures (207-483 kPa), cross flow velocities (5.55-11.11×10-6 m3/s) and also for 

three different starch sources, namely corn, wheat and rice. A significant fact noticed during 

the experiments is that with increasing applied pressure, the permeate flux passes through a 

maximum, with the highest quantity of permeate being obtained at 345 kPa. In terms of 

rejection efficiency, the permeate obtained through the membrane was absolutely free of 
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turbidity and TSS. However, a slight COD content was observed, which is also below the 

permissible limit for discharge into surface water, as prescribed by Central Pollution Control 

Board (CPCB), India. The membrane’s efficiency regarding removal of glycerol from biodiesel 

was tested by conducting microfiltration of biodiesel emulsion with a glycerol content of 8.33 

wt.%, at different applied pressures lying between 207 and 483 kPa. Experiments revealed that 

microfiltration was successful in bringing down the glycerol content of biodiesel and the 

permeate obtained in the pressure range of 207-345 kPa contained even less than 0.02 wt.% 

free glycerol, thus satisfying the norms prescribed by ASTM D6751 and EN14214.  

Lastly, the economic feasibility assessment was also carried out for all three separation 

processes taken into consideration. The process of cost estimation started with estimating 

membrane fabrication cost, which came out to be 250.00 USD/m2. The reported cost of the 

membrane is lower than that of commercially available ceramic membranes (500-1000 

USD/m2 for α - alumina membranes and 3000 USD/m2 for stainless steel membranes). Thus, 

the membrane can be regarded as low cost without compromising its various characteristics. 

The cost estimation of all three treatment processes was carried out in the next step, 

considering both lab-scale and pilot-scale setups. The lab-scale set up consisted of one 

membrane tube (Filtration area: 0.00172788 m2; Length: 100 mm; I.D.: 5.5 mm; O.D.: 11.5 

mm) while the pilot-scale setup comprised of three parallel membrane housing, with seven 

membrane tubes in each housing (Filtration area: 0.07257 m2, Length: 200 mm; I.D.: 5.5 mm; 

O.D.: 11.5 mm). The total cost involved in the aforementioned separation processes varied 

from 1.10-5.15 USD/L of permeate produced for lab-scale setup, which further reduced to 

0.06-0.47 USD/L when estimated for pilot-scale setup. Therefore, it can be inferred that the 

developed membrane could be a perfect candidate for three different separation processes due 

to its high flux, outstanding separation efficiency and low cost.  
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Introduction, Literature Review and Objectives  

 

The initial section of this chapter presents a brief discussion about the various aspects of 

membrane technology. This is followed by a detailed discussion about fabrication and 

applications of low-cost ceramic membranes using fly ash as one of the precursors. This 

chapter also gives an insight about the fields where membrane technology has been 

successfully implemented. The scrupulous literature analysis carried out in this chapter reveals 

the possible scopes for further research in the aforementioned topics, based on which the 

objectives of this thesis are formulated. Lastly, this chapter also gives an idea about the 

organization of this thesis according to the formulated objectives. 

 

1.1 Introduction to membrane technology 

The need for separation processes can be observed very often in our everyday life. Separation 

can be regarded as the process of differentiating a mixture into its various constituents. Starting 

from extraction of valuable components to wastewater purification, the concept of separation 

science is playing a key role in every sphere of human activities. From the very ancient times, 

the different separation techniques that are being practiced for recovery and purification of 

valuable resources are solvent extraction, selective adsorption, distillation, membrane 

separation, just to name a few (Richardson, 1990). However, besides the aforementioned 

objective of carrying out any separation process, the capability of the membranes to protect the 

environment and public health through a sustainable development process has helped the 

membrane-based separation processes to grow with no bounds. Membrane-based separation 

technologies, which came to the notice of researchers through a significant breakthrough in the 

year 1960, have now established themselves as one of the most promising separation 

technologies with 60 years of rapid development (Fane et al., 2010). Following are the 
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numerous advantages associated with membrane-based separation technology, which have 

made this technology stand out from its conventional counterparts. 

 Membrane separation processes are relatively simple and easy to operate, making 

them completely user-friendly (Scott et al., 1996). 

 Membrane separation processes are based on physical separation mechanisms and 

involve no thermal, chemical or biological changes of component (Cui et al., 2010). 

 Membranes are known to have higher selectivity in separating components, which 

helps in recovering most of the valuable products (Scott et al., 1996). 

 Energy requirements and cost associated with the membrane processes are 

comparatively lower than the other conventional processes, which make them 

affordable to all standards of people in the society (Kumar et al., 2020). 

The above-mentioned advantages offered by membranes have made membrane science a 

potential area of research for many scientists. However, membrane science, in itself, is such a 

vast area that further classifications are needed while carrying out a research project. IUPAC 

( International Union of Pure and Applied Chemistry) has defined membranes as the structure, 

having lateral dimensions much greater than its thickness, through which mass transfer may 

occur under a variety of driving forces (Koros et al., 1996). The driving forces aiding in 

successful membrane separation operations can be categorized into pressure, temperature, 

concentration and electrical potential (Mulder, 1996). However, amongst them, pressure-

driven membrane separation processes are gaining much more interest as compared to other 

counterparts owing to various benefits offered by the pressure-driven membrane separation 

techniques.  
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1.2 Pressure driven membrane technology 

Pressure-driven membrane separation processes are those where pressure is applied across the 

membrane to allow fluid along with the desired solutes to pass through the membrane, 

undesired ones being retained on the membrane surface to different extents, completely 

dependent on the structure of the membrane (Mulder, 1996).  

 

Fig. 1.1 Cross flow and dead-end filtration mode 

The application of external pressure creates a steady permeate flow across the membrane. 

Pressure-driven membrane separation processes can be operated in two different modes, 
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namely dead-end filtration and cross flow filtration (Cui et al., 2010). In the dead-end filtration 

mode, the feed is allowed to enter perpendicular to the membrane surface, while in cross flow 

filtration mode, the feed entry is done tangentially (Fig. 1.1). Application of feed perpendicular 

to the membrane surface is, however, detrimental to the membrane’s long-term performance 

as it leads to pronounced effect of concentration polarization, thus reducing the permeate flux 

across the membrane. In case of cross flow filtration, the application of shear force due to 

tangential movement of feed reduces the concentration polarization to a significant level (Van 

der Bruggen, 2018). Besides the mode of application, pressure-driven membrane processes can 

also be categorized differently into the following categories based on their ability to retain 

solute particles (Fig. 1.2).  

 

Fig. 1.2 Pressure driven membrane separation processes 

 Microfiltration: In this process, external pressure is applied for separating 

macromolecules of sizes greater than 0.1 µm (Koros et al., 1996). 

 Ultrafiltration: This process is applied for the separation of particles as well as 

dissolved macromolecules within the size range of 0.1 µm to 2 nm (Koros et al., 1996). 
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 Nanofiltration: Nanofiltration is performed the same way as the above two categories; 

however, the size range of particles to be separated here is lesser than 2 nm (Koros et 

al., 1996). 

 Reverse osmosis: Reverse osmosis corresponds to those membrane separation 

processes, where an applied transmembrane pressure causes selective movement of 

solvent across the membrane against the osmotic pressure difference (Koros et al., 

1996). This is the most sophisticated pressure-driven membrane filtration technology 

as it can block the passage of all suspended solids, colloid, dissolved solids and organic 

matter, having a molecular weight greater than 100 (Youcai, 2018).  

It should be kept in mind that the growing importance for the pressure-driven membrane 

processes is because of the inherent advantages associated with these processes. The benefits 

of pressure-driven membrane processes can be summarized in the following points:  

 Longer lifetime: Pressure-driven membrane separation processes offer great durability 

with a service life of up to several years, if maintained properly. Durability of such 

processes makes it suitable for industrial use (Díez and Rosal, 2020). 

 Easy handling: These processes provide a simpler and easier way of installation as 

well as handling of the filtration apparatus, with minimal manual intervention. 

Moreover, these processes can easily and efficiently be scaled up as and when needed. 

Operational ease makes the pressure-driven membrane separation technologies one of 

the most sought-after technologies among people (Díez and Rosal, 2020). 

 Higher recovery: Aforementioned processes are known to possess high productivity 

and selectivity towards both organic as well as inorganic contaminants (Suwaileh, 

2020). Based on the inherent size characteristics of the contaminant to be removed, the 

selection of membrane with optimum pore size can be made for a particular separation 
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process, which not only helps in achieving higher yield, but also results in a reduction 

in energy consumption during the process (Gwak and Hong, 2018). 

Owing to the number of benefits offered by the pressure-driven membrane technology, it has 

been widely implemented in various separation applications in different industries. Some of 

the potential users of this membrane technology are being mentioned in the following text. 

 Food and dairy industry: The widescale application of membrane technology in food 

industries can be seen in clarification of fruit and vegetable juice using microfiltration 

and ultrafiltration membranes. Similarly, in beer industry, membranes are used for 

recovering the maturation and fermentation tank bottoms. Starch industry also uses 

membranes for treating the large quantities of wastewater generated during starch 

processes along with subsequent recovery of starch (Ikonić et al., 2010). In dairy 

industries, membrane technology has found immense application in the removal of 

bacteria and vegetative spores from milk. Moreover, membranes are also being 

extensively used in processes such as whey protein concentration and milk protein 

standardization in the dairy industry (Daufin et al., 2001). 

 Textile industry: The wastewater generated from different operations carried out in 

textile industries contains huge quantities of harmful constituents such as dyes, different 

salts, heavy metals, surfactants, just to name a few. For instance, the wastewater 

generated during the scouring process contains oil and grease in emulsified form, the 

removal of which can be challenging using conventional techniques. In such a situation, 

membrane filtration can serve the purpose very efficiently. Similarly, the utilization of 

membrane technology can also be seen in other textile industry processes such as latex 

recovery, dye recovery, recovery of salt from dyestuffs and dye baths, and so on (Giwa 

and Ogunribido, 2012). 
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 Pharmaceutical industry: The increased concentration of pharmaceutically active 

compounds as well as endocrine disrupting agents in wastewater generated in different 

stages of the pharmaceutical industry has become a matter of concern now-a-days and 

membrane technology is seen to have successfully addressed this issue. Besides, 

membranes are also being used in recovering antibiotics and isolation as well as 

purification of different biologically active compounds such as enzymes and viruses 

from pharmaceutical industry wastewater (Samaei et al., 2018). 

 Petroleum industry: Petroleum industries can also be considered as one of the 

significant implementors of membrane technology. The wastewater generated in 

petroleum industries contains very high oil concentrations and microfiltration 

operations play a great role in treating such wastewater. Besides, membranes have also 

found their application in the treatment of produced water obtained during the process 

of drilling (Padaki et al., 2015; Alzahrani and Mohammad, 2014).  

Implementation of pressure driven membrane technology in above-mentioned processes is 

primarily dependent on the size of the solute to be separated from its solvent. Membranes with 

pore size lower than the size of the solute are quite effective in achieving satisfactory separation 

efficiency. However, it should be kept in mind that among the aforementioned four pressure-

driven membrane separation processes, microfiltration is being practiced to a much greater 

extent than the rest three processes. It is worth to mention that microfiltration has the largest 

industrial market within the field of membrane technology itself and is responsible for almost 

40% of total sales in Europe and USA (Huisman, 2000). Low pressure requirement, lesser 

energy consumption, cost-effectiveness, simpler operation and the ability to separate 

contaminants possessing a wide range of molecular diameter have definitely fuelled in the 

tremendous development of microfiltration membranes since 1960 (Huisman, 2000; Díez and 

Rosal, 2020). 
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1.3 Materials used for membrane fabrication 

Though the history of membrane processes started with the development of polymeric 

membranes, the enhancement of technology has resulted in the use of different ceramic 

materials for the fabrication of membranes. In recent times, ceramic membranes are being 

preferred over polymeric ones, all thanks to the inherent advantages associated with the former, 

which is quite evident from Table 1.1. Ceramic membranes, besides possessing good chemical, 

mechanical as well as thermal stability, are quite resistant to fouling and hence, are preferred 

in various industrial applications (Hofs et al., 2011; Samaei et al., 2017).  

Table 1.1 Comparison of properties of polymeric and ceramic membranes 

Title Polymeric 

membranes 

Ceramic 

membranes 

References 

Thermal stability Poor Excellent Hofs et al., 2011 

Mechanical stability Poor Excellent Hofs et al., 2011 

Chemical stability Poor Excellent Hofs et al., 2011 

Pathogen tolerance Poor Excellent Samaei et al., 2017 

Cost Inexpensive Expensive  Park et al., 2014 

Fouling behaviour Poor Good Samaei et al., 2017 

Weight Light Heavy Muntha et al., 2016 

Flux Less High Park et al., 2014 

 

Moreover, the flux obtained through ceramic membranes is comparatively higher than their 

polymeric counterparts (Park et al., 2014). The only drawback that may limit the use of ceramic 

membranes is their high cost (Park et al., 2014). However, this issue has also been addressed 

by several researchers across the globe through fabrication of ceramic membranes using 

various low-cost precursors. The use of naturally available low-cost materials such as kaolin, 

Moroccan clay, Tunisian clay, fly ash, zeolite has successfully reduced the cost of ceramic 

membranes. The various low-cost precursors used till date for the production of low-cost 

ceramic membranes are represented in Fig 1.3 (Abdullayev et al., 2019). It is evident from the 

figure that among different clays, kaolin and fly ash are being used most extensively for 
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fabricating low-cost membranes. Emani et al. fabricated a disc-shaped ceramic membrane 

using kaolin as a key precursor for treating oil-in-water emulsion and successfully achieved 

98.52% reduction in oil content (Emani et al., 2014). Research work of Fatimah et al. also 

mentions about the fabrication of tubular ceramic membrane using kaolin and its subsequent 

application in water filtration (Fatimah et al., 2015). Another cheap precursor that is being 

considered for fabricating low-cost ceramic membranes is Moroccan clays. Membrane 

prepared using Moroccan red clay and natural phosphate had an average pore size of 2.5 μm 

and hydraulic permeability of 928 L/(hm2bar). It displayed good turbidity removal efficiency 

for seawater, FeS tannery beamhouse effluent as well as synthetic salt water (Mouiya et al., 

2018). Several other literatures also cite the use of materials such as Moroccan Perlite, 

bentonite, etc., for the fabrication of ceramic membranes to be implemented in the treatment 

of industrial wastewater (Majouli et al., 2012; Bouazizi et al., 2016). Another such clay material 

that is also being used for low-cost membrane fabrication is Tunisian clay. Khemakhem et al. 

extruded a paste of Tunisian silty marls to obtain tubular ceramic membranes, which were 

further used for cuttlefish effluents treatment. The membrane successfully reduced the turbidity 

of the permeate to below 1 NTU, along with a significant decrease (around 65%) in the COD 

value (Khemakhem et al., 2009). Another microfiltration membrane, fabricated using similar 

clay material, was implemented in the water treatment plant of Sfax, Tunisia. The membrane 

showed outstanding rejection performance by completely removing Biochemical Oxygen 

Demand (BOD) and 99% turbidity in treated effluent (Kamoun et al., 2020). Besides these clay 

materials, another cheaper precursor that is being widely used for low-cost membrane 

fabrication is fly ash. Flat ceramic membranes with a pore size range of 1.30-1.44 µm were 

fabricated for the treatment of oil-water emulsion. The fabricated membranes well served their 

purpose by achieving rejection up to 97% (Suresh et al., 2016). A similar study carried out by 

another group of scientists reported the preparation of disk-type membrane using fly ash for 
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oil-water separation, where a rejection of 99.2% was observed with a membrane pore diameter 

of 1.2 µm (Singh and Bulasara, 2015). A mixture of fly ash and kaolin was also used for the 

preparation of circular ceramic membranes. The fabricated membranes were found to be very 

effective in separating humic acid from water, with an average rejection of 98.46% (Rawat and 

Bulasara, 2018). 

 

Fig. 1.3 Precursors used for fabrication of low-cost ceramic membranes 

 

Fig. 1.4 Number of journal publications on fabrication of fly ash-based membranes 

(Courtesy: Google Scholar) (Accessed on 7th March, 2021) 
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The research on fly ash for membrane fabrication was initiated in 2006 and only very recently, 

publications on this topic have started to increase steadily, as depicted in Fig. 1.4. The growing 

importance over utilization of fly ash in membrane fabrication can be attributed to the 

generation of huge quantities of fly ash by different thermal power plants across the world. 

Fly ash is considered as a great threat to the ecosystem as it can pollute water and air equally. 

Fly ash generated from thermal power plants is one of the leading causes of respiratory health 

problems owing to its silica content that causes irritation to mucus membrane of the lungs, 

diseases like asthma, allergy, pulmonary fibrosis and even cancer (Cho et al., 1994; Dhadse et 

al., 2008). The fly ash is also a potential source of ground water contamination due to its heavy 

metal content (Gamage et al., 2011). India ranks second in the countries of world in fly ash 

generation and China is the largest producer with approximately 600 MT of fly ash generated 

every year (Yao et al., 2015). In India, the coal used for generating power in thermal power 

plants is of very poor quality with an ash content of almost 30-45%. Fly ash generation in India 

has increased significantly from 86 MT in 2000-01 to 217.04 MT in the year 2018-19. The 

exact scenario regarding the generation and utilization of fly ash in India is pictorially depicted 

in Fig. 1.5.   

This huge quantity of fly ash generated is partially used in cement, bricks and tiles industries, 

filling of mines and low-lying areas, construction of flyovers and bridges, etc. However, as of 

2018-19, 22.41% of fly ash generated remains unutilized and is dumped inappropriately in 

open places leading to air as well as water pollution (Yousuf et al., 2020). Therefore, it can be 

inferred that the use of fly ash in membrane fabrication is beneficial as it not only reduces the 

membrane cost but also overcomes the problem with improper dumping of the waste material 

(Goswami and Pugazhenthi, 2020b). Moreover, the use of fly ash in membrane fabrication is 

attractive as a process of converting waste into a valuable material that can further be utilized 

for various purification purposes. Observing the two-fold benefits associated with using fly ash 
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as key precursor in membrane fabrication, it can be said that preparation of fly ash-based 

ceramic microfiltration membrane can be a great area for researchers to focus on in the coming 

years.  

 

 

Fig. 1.5 Fly ash generation (a) and utilization (b) in India (Yousuf et al., 2020) 

 

1.4 Different membrane configurations  

The important fact to mention here is that after determining the precursor to be used for 

membrane fabrication, membranes can be fabricated into different shapes. Among the different 

shapes, membranes with flat, hollow fibre, spiral wound as well as tubular configuration, as 
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shown in Fig. 1.6, are known to be used widely in various industrial applications (Martín 

Martín, 2016).  

 

Fig. 1.6 Different membrane configurations 

Flat-shaped membranes are especially useful for laboratory purposes and require support owing 

to very low packing density (Zari and Kargari, 2018). In case of hollow fibre membrane 

modules, numerous capillary sized tubes are packed into one membrane matrix, giving the 

module a compact structure with very high packing density. However, these membranes are 

very much prone to membrane fouling, thereby restricting their use in treating solutions with 

higher viscosity (Berk, 2009). Spiral wound modules are fabricated by keeping a permeable 

tube surrounded by several membranes, the latter being further separated by porous materials 

(Martín Martín, 2016). However, in case of spiral wound modules, the flow path of permeate 

to the collecting pipe sometimes becomes so long that it causes significant pressure losses 

(Harlacher and Wessling, 2015).  On the contrary, tubular membranes resemble shell and tube 

heat exchangers, where the flow can be done in both ways: inside-out as well as outside-in. 

These membranes allow the application of high cross flow velocity, which helps in treating 

even solutions with very high concentrations of suspended solids. Moreover, a comparatively 

larger inner diameter of these membranes makes their cleaning as well as inspection a very 
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easy process. Moreover, the clogged membrane can also be cleaned easily by reversing the 

flow during the cleaning process (Berk, 2009). Owing to the aforementioned benefits 

associated with the use of tubular membranes, even though having comparatively lower 

packing density, these membranes are being extensively used in different industrial separation 

operations.  

 

1.5 Membrane fabrication methods 

1.5.1 Fabrication of membrane support 

Different configurations of membranes can be fabricated using a variety of membrane 

fabrication techniques. The detailed discussion about various methods used for the fabrication 

of ceramic membranes along with their pictorial representation is presented in the following 

section. 

 

1.5.1.1 Extrusion method 

 

Fig. 1.7 Schematic of extrusion process 

Extrusion is the process of fabricating inorganic membranes, which involve feeding of raw 

materials in paste form and it is used to fabricate membranes of tubular configuration. The 
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ceramic paste is forced through the opening of a die with the help of an endless screw or piston. 

The membranes can be produced with various diameters as well as different numbers of 

channels depending upon the structure of the die used in fabrication (Fig. 1.7). The high surface 

to volume ratio of the fabricated tubular membranes helps in handling large feed rates, which 

is the prime cause of its enhanced application in various industries (Monash et al., 2013). In 

certain cases, the use of binders helps in improving the plasticity and binding ability of the 

ceramic paste (Boussemghoune et al., 2020). 

 

1.5.1.2 Slip casting method 

 

 

Fig. 1.8 Schematic of two different variations of slip casting 
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Slip casting is one of the most essential techniques implemented for the production of ceramic 

products. A slip is prepared by dispersing the raw material for membrane fabrication in a 

medium such as water or any other organic solvent. Use of deflocculating agents and binders  

in preparing the slip is known to enhance stability of the slip and enable easy handling of the 

green body (Adams, 1971). The slip is then poured in a predesigned mold and allowed to set 

for a certain duration. The wall of the mold absorbs the liquid medium, thus making the slip 

solidify very quickly. Once the slip is dried, the mold is removed and the dried slip 

subsequently takes the shape of the mold (Trunec and Maca, 2014) (Fig. 1.8).  

This method is greatly being used for the fabrication of ceramic composite membranes, 

wherein one or more number of active layers are deposited over the already prepared ceramic 

support. This method is quite inexpensive as it does not involve the use of any sophisticated 

equipment. The fabricated green body is known to possess higher green density than the ones 

fabricated using pressing technique (Adams, 1971). 

 

1.5.1.3 Pressing method 

For the past few decades, pressing method is widely used for fabricating ceramics and tiles in 

ceramic manufacturing industries. This method of pressing can be broadly classified into axial 

and isostatic pressing. In both these methods, the raw materials are pressed in a mold to get the 

desired flat shape. The axial pressing method involves applying pressure axially in one or two 

directions, depending upon whether uniaxial or biaxial pressing is preferred (Monash et al., 

2013). On the contrary, isostatic pressing is hydrostatic in nature, which involves the 

application of uniform pressure in all directions (Francis, 2015). However, so far as the 

literature is concerned, the membranes fabricated using fly ash as one of the key precursors are 

mainly manufactured using uniaxial pressing (or uniaxial compaction) method. The process of 

uniaxial pressing can be summarized into three main steps as shown in Fig. 1.9: filling the die 
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or mold, compaction at high pressure and ejection of the green compact body (Lemoisson et 

al., 2005). However, uniaxial pressing can be again categorized into dry as well as wet pressing.  

In dry pressing, the raw materials are used in dry form, whereas in wet pressing, binder solution 

is added to raw materials to form a paste (Monash et al., 2013). The paste is then pressed in a 

similar way as dry pressing under high pressure in a mold of desired shape. The green compact 

body, thus obtained after compaction, needs to be dried and sintered to get membranes with 

desired grain density as well as mechanical strength (Francis, 2015). This is a very simple 

method for fabricating symmetric flat ceramic membranes with a very low fabrication cost. 

The method is preferred for bulk production of flat ceramic membranes (Lemmoison et al., 

2005). 

 

Fig. 1.9 Schematic for uniaxial pressing method 

 

1.5.1.4 Centrifugal casting method 

Centrifugal casting is a process specifically used for fabricating tubular ceramic membranes. 

In this method, ceramic paste is poured into a launder projecting into the end of a horizontal or 

vertical cylinder and centrifugal force is used to hold the ceramic paste in the cylinder wall, 

thus forming tubular ceramic membrane (Richardson et al., 1994). Rotational speed of the mold 
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is the source of centrifugal force in this process. During this process, the larger particles will 

move to the mold wall first, followed by the smaller particles. The quality of inner surface of 

the fabricated membrane primarily depends on the quantity of smaller particles present in the 

raw material suspension, while the quality of the outer surface is mostly dependent on the 

quality of the mold (Monash et al., 2013). The fabricated ceramic tubes are then dried and 

sintered for further use in separation processes. Fig. 1.10 is the schematic representation of 

centrifugal casting process used for fabrication of tubular membrane. 

 

Fig. 1.10 Centrifugal casting process 

 

1.5.1.5 Tape casting method 

In this process, as observed in Fig. 1.11, the ceramic suspension is spread over a moving plastic 

conveyor belt using a doctor’s blade. The ceramic slurry used in tape casting is mainly a non-

aqueous slurry, consisting of binders, plasticizers and other additives along with the raw 

materials used for membrane fabrication. The obtained green flat sheet membrane is then heat 

treated, during which the solvent vaporizes and the membrane with desired properties is formed 

(Trunec and Maca, 2014; Gadow and Kern, 2014). Prior to sintering, the obtained green 

membranes can be cut into desired shape and dimensions.  
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Fig. 1.11 Tape casting process 

 

1.5.1.6 Phase inversion method 

 

Fig. 1.12 Phase inversion process 

In this process, suspension used for membrane fabrication is transformed from liquid to solid 

state in a controlled manner to obtain a desired membrane structure. The suspension is first cast  

on a suitable support surface using a Doctor’s blade and then immersed into a coagulation bath. 

In case of hollow fiber membrane, the suspension needs to be extruded through a spinneret to 

get the desired membrane shape. The coagulation bath contains non-solvent, which gets 
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exchanged with the solvent in the casted membrane during immersion and, as a result, 

precipitation of polymer film takes place (Brown, 2001; Abdulhameed et al., 2017). The 

membrane body, thus obtained, is further subjected to sintering. The schematic representation 

of the whole process is represented in Fig. 1.12. 

 

1.5.2 Fabrication of composite membrane 

Several researchers have focused on membrane coating on pre-synthesized support to reduce 

the membrane pore size for an efficient filtration. The fabricated composite membranes thus 

have an asymmetric structure with a thin layer of permselective material deposited over highly 

porous support. The coating can be carried out in many ways, including dip coating, spray 

coating, chemical vapor deposition, hydrothermal synthesis, etc. (Fig 1.13 (a)-(d)). Dip coating 

is one of the cheapest coating techniques practiced by many researchers. In this process, the 

support membrane is dipped in a slurry solution containing the ceramic powders, binder and 

solvent. When the support is withdrawn from the slurry solution, a film of slurry is deposited 

over its surface, which is then dried and sintered for use in filtration applications 

(Mohammadzadeh et al., 2020). The thickness of the film deposited can be maintained by 

controlling the various parameters associated with the dip coating process such as withdrawal 

speed, immersion time, cycles of coating, loading of ceramics in the slurry, etc. (Lončarević 

and Čupić, 2019). 

Similar to dip coating, membrane supports are also being used for fabricating composite 

ceramic membranes through the process of spray coating. Suspension with desired composition 

is sprayed over the membrane surface from a certain distance using a spray gun. The coated 

surface is then dried and sintered to obtain membranes with desired physical and mechanical 

properties (Zou et al., 2019a). 
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Fig. 1.13 Various methods used for fabrication of composite ceramic membranes [(a) Dip 

coating (b) Spray coating (c) Chemical vapor deposition (d) Hydrothermal synthesis] 
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Chemical vapor deposition is also gaining importance in recent times for coating purposes. In 

this process, the support is exposed to one or more volatile precursors, usually under vacuum. 

When a precursor is in contact with the support matrix, it reacts and/or decomposes to form a 

coating over it (Bunshah, 1994; Behera et al., 2020). Chemical vapor deposition is known for 

its exceptionally high deposition rates and, hence, it is preferred over other conventional 

deposition processes (Creighton and Ho, 2001). In addition to these methods, hydrothermal 

synthesis can be used for coating fly ash supports. In this method, heating of gels or flocculates 

is done in the presence of water in a high-pressure autoclave within a temperature range of 373-

573 K (Avci and Önsan, 2018). Crystal formation and deposition on the support matrix as well 

as the surface take place during the process, thus reducing the pore size of the support 

membrane. 

 

1.6 State-of-the-art 

This section of the thesis primarily discusses about the scrupulous literature review carried out 

on fabrication and application of fly ash-based ceramic membranes. Besides, it also throws 

light on different liquid phase separation processes that can be targeted for the implementation 

of fly ash-based membrane filtration.   

 

1.6.1 Fabrication and application of fly ash-based ceramic membranes 

As previously mentioned, in search of low-cost precursors that can reduce the fabrication cost 

of ceramic membranes, researchers have started using fly ash for membrane fabrication from 

the very beginning of 21st century. Fly ash-based membranes are being prepared through a 

variety of methods, pressing, extrusion and slip casting, centrifugal casting, phase inversion, 

just to name a few. However, most of the literature available till date regarding fabrication of 

fly ash-based membranes talks about flat ceramic membranes prepared by uniaxial pressing 
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method. It has been found in literature that membranes fabricated using recycled fly ash and 

slight quantity of calcium carbonate resulted in membranes with outstanding mechanical 

properties, all thanks to the compound anorthite that formed from the reaction between fly ash 

and calcium carbonate (Wei et al., 2016). Works of Suresh et al. regarding fabrication of fly 

ash membranes also mentioned about improvement of membrane properties by addition of 

calcium carbonate (Suresh et al., 2016).  

Besides CaCO3, there are ample examples in literature that talks about the addition of kaolin 

to fly ash for membrane fabrication (Gupta and Anandkumar, 2018; Gupta and Anandkumar, 

2019; Gupta et al., 2020). Addition of few percentages of kaolin is known to increase the 

mechanical strength of the membrane through formation of compounds such as metakaolin and 

nepheline due to high temperature phase transformation of kaolin (Rawat et al., 2018; Agarwal 

et al., 2020). It has also been found that addition of dolomite to fly ash and kaolin mixture 

resulted in the formation of high hardness compound cordierite, giving membranes with 

improved mechanical strength (Malik et al., 2020). 

Few researchers integrated the effect of co-sintering on fabricating fly ash-based microfiltration 

membrane. Compared to the conventional sintering process, co-sintering makes the sintering 

process faster and reduces the membrane fabrication cost by eliminating drying and sintering 

steps. Moreover, the support as well as active layers present over the support are sintered 

together, thus improving the linkage between the two in a better way (Cui, 2016). Detailed 

investigation on the process of co-sintering for fabricating fly ash-based ceramic membrane 

revealed that minimum shrinkage between the support and intermediate layer is a prerequisite 

for obtaining a stable composite membrane. The inclusion of mullite whiskers to support 

membrane, in this case, served the purpose as these high temperature resilient mullite fibers 

prevent smaller particle migration during the sintering process, thus restricting contraction of 

the support membrane (Zou et al., 2019a).  
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It is worth mentioning that mullite formation is utmost essential for obtaining fly ash 

membranes with outstanding properties and hence, different researchers have mentioned in 

their work about using additives for this purpose. Usually, for raw material mixtures of fly ash 

and bauxite, the growth of mullite crystals starts at around 1200 °C and with increasing 

temperature, the growth of these crystals increases. During high temperature sintering, the 

secondary mullitization phenomenon takes place as a result of reaction between corundum and 

crystoballite present in the bauxite-fly ash mixture. This secondary mullitization results in 

unique self-expansion of membrane matrix at a temperature in the range of 1250-1450 °C. This 

expansion results in increased membrane porosity and pore size within the mentioned 

temperature range. However, at such high sintering temperatures, the formation of glassy phase 

may drastically alter the porosity values, which needs to be addressed by using sintering 

additives such as tungsten oxide, aluminium fluoride, titania molybdenum oxide, just to name 

a few. These compounds prevent the formation of glassy phase by lowering the secondary 

mullitization temperature along with providing fly ash-based ceramic membranes with 

interlocked mullite whiskers in its matrix (Zhu et al., 2015a; Dong et al., 2010; Chen et al., 

2016). 

Along with the pressing method, extrusion is also gaining popularity for the fabrication of fly 

ash-based tubular ceramic membranes. Jedidi et al. (2009) laid the foundation for fabricating 

tubular ceramic membranes using fly ash. Extensive investigations carried out on the prepared 

membranes revealed that though the increase in sintering temperature increased the mechanical 

strength of the membrane samples, it adversely affected the porosity as well as pore size of the 

membrane. Membrane porosity was observed to decrease with an increase in sintering 

temperature, whereas the membrane pore diameter increased from 4.0 µm to 4.9 µm within a 

temperature rise of 30 ˚C (Jedidi et al., 2009). Research works of Qin et al. (2015) and Fang et 

al. (2011) also mentioned the fabrication of fly ash membranes through extrusion process. Their 
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research work revealed that with a decrease in the size of fly ash particles, the pore size of 

membranes also followed a decreasing trend, which may be due to the close packing of small 

sized particles (Qin et al., 2015; Fang et al., 2011). These membranes, except for the case of 

Qin et al. (2015), were further used for fabricating composite membranes using fly ash slips 

via slip casting. It has been observed that films are coated on the membrane surface by slip 

casting through the combined action of film coating and capillary phenomenon. Moreover, slip 

concentration, casting time and withdrawal speed were found to be the crucial factors 

determining the properties of the fabricated membranes (Jedidi et al., 2011; Fang et al., 2013). 

Besides the aforementioned technologies, membranes were also fabricated using several other 

processes such as centrifugal casting, phase inversion and tape casting. During fabrication of 

tubular membranes using fly ash and alumina via centrifugal casting, it was found that the 

centrifugal force allows the large sized fly ash particles to get deposited in the mold wall 

whereas the small sized alumina particles were deposited over the fly ash layer. Hence, an 

increase in fly ash content leads to the formation of membranes with increased surface 

roughness owing to the larger sized fly ash grains (Rocha et al., 2021). Again, fabrication of 

membranes through phase inversion process resulted in asymmetric membrane with finger-like 

voids originating from the inner and outer surface of the membrane along with a spongy 

intermediate layer (Zhu et al., 2016).  

As previously mentioned, several research groups used different coating methods such as dip 

coating, spray coating, chemical vapor deposition, hydrothermal synthesis coating, etc. on pre-

synthesized support to reduce the pore size of the membrane (Qin et al., 2016; Suresh et al., 

2017; Zhu et al., 2019; Zou et al., 2019a; Zou et al., 2019b). While all the other coating methods 

are conventional ones, one new addition to the field of spray coating is thermal spray coating, 

where the support is heated to volatilize the dispersant as it falls on the membrane surface, thus 
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forming a coating on the surface. Thus, it helps in avoiding the penetration of coating material 

into the membrane matrix (Zou et al., 2019b).  

The wide range of properties of fly ash-based membranes obtained via fabrication through 

various processes is highly attractive for different separation operations. As per the literature, 

most of the fly ash membranes developed till date have been utilized to treat oily wastewater 

and all of them were quite successful in turning turbid and milky white wastewater into pellucid 

permeate, with very high rejection efficiencies (Zhu et al., 2015b; Singh and Bulasara, 2013; 

Malik et al., 2020; Zou et al., 2019b; Agarwal et al., 2020). Fly ash-based membranes were 

also found to be quite successful in treating textile industry wastewater as they achieved 

chemical oxygen demand removal efficiency (COD) up to 75%, which is very much 

appreciable. Along with this result, turbidity of the produced permeate was 0.5 NTU and color 

reduction efficiency in the feed was 90% (Jedidi et al, 2011).  

In addition to the above, the implementation of fly ash-based membranes has been 

demonstrated for areas like fruit juice clarification, treatment of humic acid contaminated 

water, separation of protein, starch and bacteria from water, and so on (Qin et al., 2015; Rawat 

and Bulasara, 2018; Gupta and Anandkumar, 2018; Diana et al., 2019). During kiwi fruit juice 

clarification, it was found that the membrane significantly improved the quality of juice in 

terms of color, clarity and suspended solids, keeping other necessary properties intact (Qin et 

al., 2015). The works of Rawat and Bulasara (2018) demonstrate the successful implementation 

of fly ash-based membrane in removing humic acid from water with a rejection efficiency of 

98.46% (Rawat and Bulasara, 2018). While in case of separating bovine serum albumin from 

water, maximum rejection of 92% was observed at a feed concentration of 200 ppm, rejection 

above 99% was reported in case of corn starch separation from water (Gupta and Anandkumar, 

2018; Rocha et al., 2020). Similarly, fly ash membranes fabricated by Diana et al. successfully 

removed 99.048% of bacterial colonies from contaminated water (Diana et al., 2019). 
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Table 1.2 Available literature on fabrication and application of fly ash membrane  

Raw materials Method Configuration Sintering 

temperatur

e (⁰C) 

Porosity 

(%) 

Pore size 

(µm) 

Mechanical 

strength 

(MPa) 

Applications Rejectio

n 

(%) 

References 

Fly ash, CaCO3, PVA Pressing Flat 1300 ~45 1.2 ~40 - - Wei et al., 

2016 

Fly ash, CaCO3, Na2CO3, 

Boric acid, Sodium 

metasilicate 

Pressing Flat 900 34.76 1.202 ~15 Oil-in-water 

suspension 
 

99.2 

 

Singh and 

Bulasara, 

2013 

Fly ash, CaCO3, Na2CO3, 

Boric acid, Sodium 

metasilicate  

Pressing Flat 900 42.7 0.885 43.6 Humic acid 

separation 

98.46 Rawat and 

Bulasara, 

2018 

Fly ash, Dolomite, 

Kaolin, Boric acid, 

Sodium 

Pressing Flat 900 46.3 0.62 ~50 Oil-in-water 

suspension 

 

97.4-

98.8 

Malik et al., 

2020 

Fly ash, PVA, Bauxite, 

TiO2 

Pressing Flat 1450 46.64-42.92 7.28-6.52 28.27-36.05 - - Dong et al., 

2010 

Fly ash, PVA, Clay, 

Water 

Pressing Tubular 700 - 1.6-2.0 - E.Coli 

separation 

99.948 Diana et al., 

2019 

Fly ash, Bauxite, PVA, 

MoO3, AlF3 

Pressing Flat 1200 48.6±0.5  81.2±3.2 - - Zhu et al., 

2015a 

Fly ash, Bauxite, PVA, 

WO3, AlF3 

Pressing Flat 1400 51.9 ± 0.3 0.48 68.7 ± 6.1 Oil-in-water 

emulsion 

99 Chen et al., 

2016 

Fly ash, PVA Slip casting Tubular 800 51 0.25 - Textile water COD: 75 

Color: 

90 

Jedidi et al., 

2011  
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Raw materials Method Configuration Sintering 

temperatur

e (⁰C) 

Porosity 

(%) 

Pore size 

(µm) 

Mechanical 

strength 

(MPa) 

Applications Rejectio

n 

(%) 

References 

Fly ash, Kaolin, CaCO3, 

H3BO3, Na2CO3, 

Na2SiO3.9H2O 

Pressing Flat 750-900 ~34.36 

–39.0 

~0.65 

– 

1.81 

- Oil-in-water 

emulsion 

96.7– 

99.5 

Agarwal et 

al., 2020 

Fly ash, Kaolin, Sodium 

metasilicate, Na2CO3, 

Boric acid, Fullers’ clay 

Pressing Flat 800 29.9 0.428 24.4 Protein 

(Bovine serum 

albumin) rich 

water 

92 Gupta and 

Anandkumar, 

2018 

Fly ash, Quartz, CaCO3, 

PVA 

Pressing Flat 1100 39 1.3 6.99 Oil-in-water 

emulsion 

96.972 Suresh et al., 

2016 

Fly ash, Methocel, 

Amijel, Starch 

Extrusion Tubular 1125 51 4.5 19.5 - - Jedidi et al., 

2009  

Fly ash, Methylcellulose Extrusion Tubular 1190 - 2.13 - - - Fang et al., 

2011 

Fly ash, methylcellulose Extrusion Tubular 950-1190 41±1 1.25 - Kiwi juice 

clarification 

SS: 100 

Color: 

100 

Qin et al., 

2015 

Fly ash, Water, 

Methylcellulose, DSX 

3290, Lomar D 

Slip casting Tubular 1000 - 0.77 - Oil-in-water 

emulsion 

95 Fang et al., 

2013  

Alumina, Coal fly ash Centrifugal 

casting 

Tubular 1200 ~25-40 - 7.4-12 Corn starch 

water 

> 99 Rocha et al., 

2021 

Fly ash, Bauxite, PES, 

PVP, N-methyl-2-

pyrollidone 

Phase 

inversion 

Hollow fibre 1400 

 

51 1.02 

 

85.8±3.1 Oil-in-water 

emulsion 

92-97 Zhu et al., 

2016 
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Therefore, the aforementioned reports on the implementation of fly ash ceramic membranes in 

various wastewater treatment processes clearly reveal its versatile application in the 

environment sector. Due to their excellent rejection and appreciable permeate flux, these 

membranes are of interesting topic for future research in the field. The summary of various 

literatures available on fly ash-based ceramic membrane is presented in Table 1.2. 

 

1.6.2 Applications of pressure driven membrane technology 

As previously mentioned, the numerous advantages associated with the use of membrane 

technology in separation and purification operations have made the applications of this 

technology manifolded. Observing the success stories of implementation of membrane 

technology in different purification operations, an attempt has been made to evaluate the 

efficiency of the fabricated fly ash-based tubular ceramic membrane while implementing in 

various separation processes. The following literature review, therefore, corresponds to the 

various options that can be explored in regard to implementation of the fabricated membrane 

in different liquid phase separation processes. 

 

1.6.2.1 Treatment of poultry slaughterhouse wastewater 

Poultry slaughterhouse industry needs a huge quantity of water for its processing, which 

generates a large amount of wastewater. Starting from slaughtering and scalding to evisceration 

of birds, a huge amount of water is needed. A survey conducted on the generation of wastewater 

by poultry industries reported that almost 26.5 litres of water is required for processing one 

broiler. Thus, one can have an idea about the amount of wastewater generated by those 

industries across the world. The wastewater generated is highly rich in protein, fat, BOD, COD 

as well as total solids content. The total solids content in such water ranges from 600-800 mg/L, 

along with BOD and COD as high as 2000 and 9000 mg/L, respectively, which makes them 
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inappropriate for disposing directly to the environment (Malmali et al., 2018). The 

conventional treatment methods found in literature used for treating poultry processing water 

are gradually diminishing with the upliftment of membrane filtration technology. Conventional 

processes such as dissolved air flotation, activated sludge process and electrocoagulation 

nullify the chances of potential recovery of nutrient proteins that are available in such water as 

these processes turn all the valuable nutrients into sludge, thus reducing their reusability. 

Moreover, processes like electrocoagulation, flocculation may allow the residual iron or other 

toxic components to combine with precipitated protein, thus reducing their usability in 

biological applications (Avula et al., 2019). Membrane filtration, being a zero-chemical 

technology, helps to overcome these disadvantages. Keeping in mind the numerous advantages 

offered by membrane filtration, various research groups have reported the use of this 

technology for the treatment of poultry slaughterhouse wastewater (Shih and Kozink, 1980; 

Sardari et al., 2018; Bialas et al., 2015; Basitere et al., 2017). However, the literature study 

regarding the treatment of poultry processing wastewater using membrane filtration revealed 

that research works already done were primarily carried out using polymeric membranes. The 

use of ceramic membranes for this purpose is still in an infant stage. The history of using 

membranes for treating poultry wastewater started back in late-80s, when Jason and co-workers 

made an attempt to treat poultry processing wastewater with the purpose of recovering 

nutritional by-products. Commercial non-cellulosic tubular membrane with MWCO of 50 kDa 

was used for this purpose and the membrane significantly reduced the total solids, nitrogen, 

protein as well as COD content of the feed water along with recovering 24-45% of fat and 30-

35% of protein as the by-product (Shih and Kozink, 1980). Commercial membranes made up 

of polyether sulfone and regenerated cellulose, having molecular weights in the range of 10-

300 kDa, were also used to purify bird washer and chiller water generated in poultry industry. 

Those membranes were capable of achieving BOD and COD reductions above 90% along with 
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complete removal of total suspended solids and fats, oil and grease present in the feed water. 

It was also noticed that the membranes performed well in case of bird washer water as 

compared to chiller water as the size of particles present in chiller water is way smaller than 

the former one (Avula et al., 2019). A similar kind of rejection performance was also observed 

with UF-25-PAN membrane (Yordanov, 2010). The high molecular weight compounds present 

in poultry processing water cause severe membrane fouling, which demands the use of a pre-

treatment step before proceeding towards membrane filtration. Keeping this fact in mind, 

another group of researchers adopted a hybrid process consisting of electrocoagulation 

followed by membrane separation using a regenerated cellulose embedded polypropylene 

membrane. Implementation of electrocoagulation before membrane separation not only 

reduced fouling, but also improved retention performance of the membrane. The combined 

process effectively reduced almost 85% of total suspended solids and fats, oil and grease from 

the raw water sample (Sardari et al., 2018). Another article mentioned about the use of a thin 

film nanofiltration membrane with pore sizes in the range of 150-300 Da, which reduced the 

COD level of poultry wastewater by 90%. Combination of this membrane and a polysulfone 

ultrafiltration membrane was able to achieve even higher COD removal than this. It needs 

mention that the authors also investigated the efficiency of RO membranes in COD removal 

and found that those membranes offer the highest removal of organic matter. But, owing to 

higher cost associated with RO membranes, the use of RO in treating poultry wastewater is 

limited (Coskun et al., 2016). Another group of researchers also investigated the efficacy of 

polysulfone membrane in achieving higher rejection of proteins from poultry processing water. 

Use of 30 kDa polysulfone membrane, thus helped them achieve almost 100% retention of all 

crude proteins present in the wastewater. The COD level of the permeate also went down by 

58.86%, albeit the achieved COD is not under the safe discharge limit. It has been concluded 

that besides the poultry processing waste products, the different kinds of chemicals used during 
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the whole processing also contribute to the COD of the sample. Higher content of organic 

matter is the prime cause of severe membrane fouling observed during the experimental run. It 

is advised that running the experiments far above the isoelectric point of protein can offer little 

help towards reducing the membrane fouling through reduction of protein agglomeration and 

coagulation (Lo et al., 2005). Microfiltration and ultrafiltration was also carried out separately 

to purify poultry processing wastewater, where the microfiltration process resulted in more 

than 75% and 90% reduction in COD and TSS, respectively. On the contrary, the ultrafiltration 

process removed greater than 85% COD and above 99% TSS, respectively (Białas et al., 2015). 

Basitere et al. made an appreciable effort to couple static bed granular reactor (SBGR) with a 

40 nm ceramic α-alumina membrane to separate out the suspended solids, fats, oils, etc. present 

in poultry slaughterhouse wastewater and reported about very high removal efficiency of the 

membrane (Basitere et al., 2017). Table 1.3 corresponds to the summary of available literature 

regarding the use of membrane technology in the treatment of poultry slaughterhouse 

wastewater. 

 

1.6.2.2 Treatment of starch processing industry wastewater 

Starch processing industries are one of the major food processing industries and are responsible 

for the generation of a huge quantity of wastewater during various operations. From steeping 

to recovery of different by-products such as starch and fibers, water is being used as a carrier 

in most of the starch industries. Use of such a large quantity of water during processing is the 

prime cause behind the generation of large volumes of wastewater in these industries. It has 

been reported that any standard corn starch industry generates 5-11 m3 of wastewater for 

grinding one metric ton of starch (Subhaneel et al., 2018). The wastewater generated in the 

starch processing industry contains starch as its main constituent. Starch rich wastewater 

comprises of a vast amount of total suspended solids (TSS) and is known to have high turbidity 
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as well as chemical oxygen demand (COD) (Cancino et al., 2006). Such water, when 

discharged to water bodies without proper pre-treatment, can cause hazards for aquatic flora 

and fauna by depleting the dissolved oxygen level of water bodies. Moreover, the suspended 

solids in water can act as the site of adsorption for various metals and pathogens, thus polluting  

water in a very destructive way (Gray et al., 2000). In this context, the need of the hour is to 

find a solution to reduce the increased rate of water pollution across the globe.  

The increased popularity of membrane separation processes drives researchers’ attention for 

its implementation in separation and purification of starch processing industry wastewater. 

Starch granules, being micron-sized, can be retained using microfiltration membranes, whose 

pore diameters range from 0.1-10 µm (Baker, 2012). Few studies have mentioned the efficacy 

of microfiltration membranes in the treatment of starch processing industry wastewater. Rocha 

et al. fabricated asymmetric ceramic membranes using coal fly ash to treat synthetic corn starch 

wastewater and was able to achieve above 99% retention of starch (Rocha et al., 2020). Another 

group of scientists used similar model solutions and complete retention of starch molecules 

was observed by a tubular stainless steel-titania composite membrane, all thanks to the bigger 

size range of starch molecules, ranging from 1-10 µm (Shukla et al., 2000). Real corn starch 

industry wastewater was treated by a combination process of sedimentation, microfiltration 

and reverse osmosis. While sedimentation as well as microfiltration are mainly used for 

removing suspended particles in corn starch wastewater, reverse osmosis does the job of 

removing biochemical oxygen demand perfectly (Cancino-Madariaga and Aguirre, 2011). 

Synthetic suspensions of sago as well as wheat starch were also taken under consideration for 

microfiltration purposes, and satisfactory performance of membrane regarding removal of  

turbidity, total suspended solids and chemical oxygen demand was observed (Ikonić et al., 

2011; Ling-Chee et al., 2019). During the treatment of wheat starch suspension, it was observed 

that the optimum condition for running the filtration experiment is maximum cross flow rate 
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and minimum concentration as it corresponds to minimum membrane fouling and subsequent 

flux decline (Ikonić et al., 2011). Ling-Chee et al. observed severe flux decline with increased 

transmembrane pressure, thus concluding that membrane separation operations should be 

conducted at lower pressures to avoid a drastic decline in flux. They also reported that use of 

membranes with higher surface area is beneficial for obtaining higher permeate flux (Ling-

Chee et al., 2019).  

Besides being used to reduce the above-mentioned parameters of starch industry effluent, 

membranes can also be applied to recover the starch present in wastewater. As already 

mentioned, starch industry wastewater mainly consists of starch with traces of impurities. 

Hence, after microfiltration of starch wastewater, the starch present in concentrated feed can 

be recovered for reuse in different food processing applications. Reuse of recovered starch, 

with minimal further processing, thus will aid in preventing its wastage (Ikonić et al., 2011). 

Concentration factor of 5.6 (56 per m2 membrane area) was observed during the tangential flow 

filtration of sago starch suspension. It was recommended that the recovered starch has the 

potential to be used as cattle feed (Ling-Chee et al., 2019). Similar experiments were also 

conducted to recover starch from suspensions of wheat and amaranth starch. However, the 

recovery efficiency of these starch is not as good as the sago starch, concentration factor lying 

at around 25 per m2 membrane area (Hinková et al., 2005). Table 1.4 represents the summary 

of the literature regarding treatment of starch suspensions using membrane filtration 

technology. 
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Table 1.3 Summary of literature regarding treatment of poultry processing water using membrane filtration 

Membrane  Pore size Conditions Permeate flux 

(106×m3/m2s) 

Rejection/recovery References 

Non-cellulosic tubular 

membrane (Abcor HFM) 

50000 Da P: 275 kPa 

CFV: 57 L/min 

4.71 TSS: 85% 

COD: 95% 

Ash: 63% 

TKN: 86% 

Protein: 94% 

Shih and Kozink, 

1980 

PES and regenerated cellulose 

commercial membrane 

10-300 kDa T: Ambient temperature 

CFV: 1.21 L/min 

P: 67.5 kPa 

- BOD: upto 93% 

COD: upto 94% 

TSS: 100% 

FOG: 100% 

Malmali et al., 2018 

Commercial UF-25-PAN 

polymeric membrane 

- P: 400 kPa 

 

- Fat: 99% 

TSS: 98% 

COD, BOD: >94% 

Yordanov et al., 

2010 

Regenerated cellulose 

embedded polypropylene 

support 

30 kDa pH: 6.7 

CFV: 1.2 L/min 

P: 70 kPa 

Coagulant in electrode: Fe or Al 

~25 FOG, TSS: 100% 

BOD, COD: >90% 

Sardari et al., 2018 

UF: Polysulfone 

NF: Thin film 

 

UF: 30000 

NF: 150-300 

pH: 6.6 ± 0.1 

P: 500-2500 kPa 

~0.833 COD: 90% (NF) 

 

Coskun et al., 2015 

Polysulfone  30 kDa pH: 7.0 

T: 25 ˚C 

P: 96 kPa 

27.78 COD: 58.86% 

TS: 35.79% 

Crude proteins: 

~100% 

Lo et al., 2005 
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Membrane  Pore size Conditions Permeate flux 

(106×m3/m2s) 

Rejection/recovery References 

MF: Commercial membrane 

UF: Regenerated cellulose 

Commercial membrane 

 

MF: 0.22 µm 

UF: 3 and 30 

kDa 

 

MF:  

T: 20 ˚C; CFV: 2 m/s;  

P: (30±5) kPa 

UF:  

T: 20 ˚C; CFV: (2.5±0.2) m/s; 

P: (200±15) kPa 

- MF: 

COD: >75% 

TSS: >90% 

UF: 

COD: >85% 

TSS: >99% 

Bialas et al., 2014 

α-alumina 40 nm pH: 6.78 

T: 21.2 ˚C 

 

- COD: 98%  

TSS: 99.8% 

FOG: 92.4% 

Basitere et al., 2017 

#P: Pressure, T: Temperature, CFV: Cross flow velocity, MF: Microfiltration, UF:  Ultrafiltration, TKN: Total Kjeldahl Nitrogen, FOG: Fats, Oil and Grease

 

Table 1.4 Summary of prior arts regarding treatment of starch suspension/wastewater 

Membrane 

material 

Starch 

source 

Configuration Pore size 

(µm) 

Conditions Permeate flux 

(×106 m3/m2s) 

Rejection C.F C.F/m2 References 

α-Alumina Wheat Tubular 0.2 A: 0.125 m2 

P: 300 kPa 

Cf: 5 g/L 

CFV: 1.39×10-4 m3/s 

T: 22-25 °C 

- 99% 3 24 Ikonić et al., 

2011 

Polysulfone Sago Flat sheet 0.45 A: 0.1 m2 

Cf: 10 g/L 

CFV: 7.5×10-5 m3/s 

T: 20 °C 

93.9 

 

TSS: 100% 

Turbidity:> 99.5% 

COD: > 80% 

5.6 56 Ling-Chee 

et al., 2019 
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Membrane 

material 

Starch 

source 

Configuration Pore size 

(µm) 

Conditions Permeate flux 

(×106 m3/m2s) 

Rejection C.F C.F/m2 References 

Titania on 

stainless steel 

support 

Corn Tubular 0.1 A: 0.35 m2 

Cf: 10 g/L 

P: 140 kPa 

CFV: 5 m/s 

T: 49 °C 

~ 41.7 

 

100% - - Shukla et 

al., 2000 

Alumina, 

Coal fly ash 

Corn Tubular - Cf: 0.25 g/L 

P: 200 kPa 

CFV:  4.17×10-5 m3/s 

T: 24 °C 

- 99% - - Rocha et al., 

2020 

Commercial 

membrane 

(Composition 

not known) 

Amaran

th 

Tubular 0.1 A: 0.2 m2 

Cf: 3% 

P: 100 kPa 

CFV:  5 m/s 

T: 40 °C 

5.56 - 5 25 Hinková et 

al., 2005 

Polyethersulf

one 

 Plate and 

frame 

0.65 A: 0.04 m2 

Cf: 4.09 g/L 

P: 250 kPa 

CFV: 1.83×10-4 m3/s 

T: 20.11 °C 

68.67 98.7% - - Sargolzaei 

et al., 2011 

#P: Pressure, T: Temperature, CFV: Cross flow velocity, A: Area of the membrane used for filtration, Cf:  Concentration of feed
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1.6.2.3 Treatment of silk floss processing wastewater  

The process of raw silk production involves the extraction of silk fibres from the cocoon by 

killing off the cocoons and degumming those silk yarns. The whole process of cooking the 

cocoons and degumming the silk threads requires a huge quantity of water. The generated 

wastewater is very high in organic matters with CODs ranging from 7-20 g/L. Usually, silk 

industries produce two types of wastewater: one comes from the cocoon cooking operation, 

where the silk worm cocoons are heated to get the silk threads out of it. Second source of 

wastewater is the silk degumming process, where the raw silk sheets are treated with alkaline 

agents to remove the gums sticking to them. These glue-like substances are highly rich in 

sericin protein, which needs to be separated for further use. It has been observed that the sericin 

content in cocoon cooking water is way lesser than the water obtained from degumming 

process. The conventional ways for recovering sericin from silk processing wastewater include 

drying as well as acidulation precipitation. But, drying at higher temperatures can cause 

denaturation of sericin protein, restricting its further use. Similarly, the acidulation 

precipitation process requires the use of rugged equipment which are capable of withstanding 

a high acidic environment. Moreover, both processes are highly expensive. Owing to these 

disadvantages, membrane filtration is being implemented in recent times for treating silk floss 

processing wastewater and subsequent separation of sericin from silk processing wastewater. 

Membrane filtration, besides being affordable, also retains the physical properties of sericin 

protein without any damage. Moreover, the water obtained as filtrate can further be reused, 

which may not be possible for the other conventional processes. These advantages of 

membrane filtration over the conventional processes made the researchers to consider this 

process as one of the alternatives for sericin recovery from silk processing wastewater. 

It is to be mentioned that the use of membrane in treating silk floss processing wastewater is 

still in its infant stage. In the mid 90-s, the use of membrane for sericin recovery from silk 
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industry wastewater started. Commercial spiral wound polymeric membranes (polyvinylidene 

fluoride and polyamide) with different molecular weights were used for this purpose. The 

membranes were able to recover more than 90% of the sericin present in the wastewater along 

with high reduction in COD values. It has been found that the sericin recovery from water 

decreases with the ageing of the wastewater. Hence, it is always advisable to filter the 

wastewater immediately after production to achieve highest sericin recovery (Fabiani et al., 

1996). Another study reported the use of thin film and polyether sulfone ultrafiltration and 

nanofiltration membranes to treat the cocoon cooking wastewater. It was observed that the 

membrane roughness also plays a crucial role in the recovery of sericin protein as they get 

adhere to the membrane surface, causing membrane fouling and severe flux decline. The 

experimental results revealed that the ultrafiltration membrane could retain only 37-60% of the 

sericin, while the nanofiltration membrane retained almost 97-99% of the sericin present in the 

cocoon cooking water (Capar et al., 2008). However, treatment of sericin laden water 

sometimes causes severe membrane fouling, which affects the membrane performance. Taking 

this matter into consideration, another group of scientists made an effort to integrate three 

hybrid processes: acidulation, ultrafiltration as well as nanofiltration for the treatment of such 

water. It was reported that the combination of acidulation as well as polymeric membrane 

filtration efficiently recovered almost 86% of the sericin from raw water. The researchers 

repeatedly diluted and subsequently filtered the sericin permeate obtained from membrane 

filtration to achieve more and more sericin recovery (Li et al., 2015). Another study reported 

the reduction of 96-97% BOD and COD from silk reeling water using membrane filtration.  

Moreover, the quality of sericin recovered through membrane ultrafiltration was found to be 

compatible with the quality of commercially available sericin (Vaithanomsat et al., 2008). 

Table 1.5 represents the summary of literatures available regarding treatment of silk reeling 

wastewater and subsequent recovery of sericin from concentrated feed. 
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Table 1.5 Summary of literature regarding treatment of silk floss processing water using membrane filtration 

Membrane Pore size Conditions Recovery/rejection References 

Spiral wound 

(MOCU): Composite 

polyamide 

Spiral wound (OSMO 

411TA): PVDF 

(All are commercial 

membranes) 

Spiral wound 

(MOCU): 15000 Da 

Spiral wound (OSMO 

411TA): 15000-20000 

Da 

Spiral wound (MOCU): P: 300-350 

kPa; T: 20-40 ˚C; CFV: 9.72×10-4 

m3/s 

Spiral wound (OSMO 411TA): P: 

330 kPa; T: 35-40 ˚C; CFV: 8.89×10-4 

m3/s 

Spiral wound (MOCU):  

92% sericin, 87% COD 

Spiral wound (OSMO 411TA): 95% 

sericin, 97% COD 

Fabiani et al., 

1996 

Thin film, PES UF: 1-20 kDa 

NF: 190-100 Da 

P: 

UF: 200 kPa; NF: 500 kPa 

T:  

UF: 18-22 ˚C;  

NF: 21-25 ˚C 

NF: 97-99% sericin 

UF: 37-60% sericin 

 

Capar et al., 

2008 

UF: Polysulfone 

NF: Polypiperizine-

amide  

UF: 6 nm 

NF: 1-5 nm 

P: 100-1000 kPa 

T: 20 ˚C 

Sericin: 86%  

(Combined UF and NF) 

Li et al., 2015 

UF: PVC alloy;  

NF: Aromatic 

polyamide  

UF: 10 nm;  

NF: 0.1 nm 

UF:  

P: 300 kPa; Flux: 1.2 L/min 

NF: 

P: 350 kPa; Flux: 0.8 L/min 

Sericin: 26%  

(Combined UF and NF) 

Wu et al., 2014 

Millipore UF membrane 

(Amicon model) 

20-80 kDa pH: 7.5, 8.5, 9.5 

T: 50, 55, 60 ˚C 

BOD, COD: around 96-97%; 

TS: 99% 

Vaithanomsat et 

al., 2008 
#P: Pressure, T: Temperature, CFV: Cross flow velocity, UF: Ultrafiltration, NF: Nanofiltration
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1.6.2.4 Separation of glycerol from biodiesel 

Biodiesel, in recent times, is one of the most sought-after fuel alternatives owing to its 

biodegradability, renewability, non-toxicity as well as excellent emission characteristics 

(Mishra and Goswami, 2018; Kiss et al, 2006). However, biodiesel used in engines should 

satisfy the required norms provided in ASTM D6751 and EN14214 in order to maintain the 

engines in good condition (ASTM D6751-20; EN 14214). Glycerol, the major by-product 

obtained in biodiesel production via methanol transesterification, can be the cause of severe 

engine corrosion. Besides, the excess glycerol content in biodiesel deposits in the tank bottom, 

thus creating issues in storage and handling (Gomes et al., 2010). In view of this, the glycerol 

phase of the biodiesel emulsion needs to be removed and the residual free glycerol content of 

biodiesel should be reduced to below 0.02 wt%. The glycerol produced during the 

transesterification process is generally separated using conventional processes such as 

centrifugation, decantation (Raman et al., 2019; Saleh et al., 2010). These processes result in 

the formation of two-layered phases; the one with higher density corresponds to the glycerol 

rich phase while the lean phase represents the methyl ester phase. Even though the decantation 

of glycerol is an affordable technique, it is quite a time-consuming process. Centrifugation is 

an efficient process and also reduces operational time. However, it is highly expensive (Raman 

et al., 2019; Saleh et al., 2010). It has also been found in the literature that many industries 

perform water washing of the crude biodiesel to remove the glycerol from the biodiesel 

(Atadashi et al., 2011). However, water washing process cannot be considered an efficient 

method as the separation is highly dependent on temperature as well as water to biodiesel ratio. 

The separation efficiency was found to increase with increasing the value of both the factors. 

The need for higher water to biodiesel ratio not only generates the demand of multistage water 

washing, but also releases a huge quantity of wastewater laden with high COD and pH, and the 

treatment of this wastewater becomes another matter of concern (Atadashi et al., 2011; Rahayu 
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and Mindaryani, 2007). The aforementioned restrictions associated with the conventional 

processes for separating glycerol from biodiesel made the scientists to think of membrane 

filtration as a possible alternative. Moreover, the conventional methods, in many cases, cannot 

produce biodiesel with required standards and hence, the need for another treatment process, 

such as membrane filtration, is required (Atadashi et al., 2011).  

A few studies have reported about the use of membrane filtration for the separation of glycerol 

from biodiesel (Gomes et al., 2010; Alves et al., 2013; Bansod and Rathod, 2018; Wang et al., 

2009; Gomes et al., 2013). Alves et al. reported the use of commercial cellulose ester 

microfiltration membranes (0.22 µm and 0.3 µm) as well as poly (ether sulfone) ultrafiltration 

membranes (10 kDa and 30 kDa) for the separation of excess free glycerol from crude 

biodiesel, which was remained even after four stages of decantation process (Alves et al., 

2013). It was found that the membrane process resulted in biodiesel permeate having only 0.02- 

0.03 wt% free glycerol (Alves et al., 2013). Another group of researchers used polyacrylonitrile 

membranes with pore sizes of 6 kDa and 15 kDa for the same purpose and was capable of 

producing permeates, satisfying the required norms (Bansod and Rathod, 2018). Wang et al. 

reported the use of ceramic membranes for the separation of free glycerol from biodiesel 

produced from refined palm oil, where commercial multichannel tubular membranes with pore 

sizes 0.1 µm, 0.2 µm and 0.6 µm were used for the treatment purpose (Wang et al., 2009). A 

couple of experiments conducted using these membranes made the researchers to conclude that 

the membrane having 0.1 µm pore size was capable of giving high flux along with higher 

rejection (Wang et al., 2009). Reports were also found regarding the use of commercial α-

alumina/TiO2 membranes with pore diameters in the range of 0.05-0.2 µm to separate glycerol 

directly from biodiesel emulsion, without any pre-treatment process. Experiments were 

conducted for a wide range of pressures, and it was found that the permeate produced satisfied 

the norms provided in ASTM D6751 and EN14214 (ASTM D6751-20; EN 14214; Gomes et 
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al., 2010; Gomes et al., 2013). The summary of the available literatures regarding separation 

of glycerol from biodiesel is mentioned in Table 1.6. 

 

1.6.2.5 Removal of bacteria from milk 

Milk can be considered as one of the most important fluids after water, upon which human 

lives are completely dependent. Drinking milk not only helps in the growth and development 

of the bones, but it can also be useful in preventing various undesired health consequences such 

as breast cancer, colon cancer, rickets, obesity in children, and so on (Swami, 2011). The 

numerous advantages associated with drinking milk have resulted in an exponential increase 

in milk production worldwide and subsequent growth of the dairy industry. It has been reported 

that the world has seen a significant increase in milk production from 530 million tonnes in 

1988 to 843 million tonnes in 2018, which is more than 59%. India being the largest producer, 

contributes to almost 22% of world’s production, followed by the Europian Union and USA 

(Food and Agriculture Organization of the United Nations, 2020). However, this huge quantity 

of milk produced needs to be purified before consumption as it may also be the shelter for 

various pathogens; some of them may cause serious health consequences to human being. The 

conventional way of milk sterilization makes use of high temperature pasteurization. However, 

thermotolerant bacteria can withstand very high temperatures, making the pasteurization 

process ineffective. In some cases, the inactivated bacteria continue to release some enzymes, 

causing spoilage of milk (Madaeni and Yasemi, 2009; Saboya and Maubois, 2000). Besides, 

the temperature rise may also cause change in phase, denaturation of protein as well as loss in 

sensory attributes of milk (Kumar et al., 2013).  
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Table 1.6 Encapsulation of literature corresponding to treatment of glycerol enriched biodiesel using membrane filtration 

Membrane composition Pore size Experimental conditions Free glycerol in permeate 

(wt%) 

Permeate flux# References 

ommercial ceramic membrane 

(Pall Membrane CO., USA) 

0.1 µm T: 60 ˚C 

P: 150 kPa 

0.0108±0.0034 300.00 L/m2h (Wang et al., 

2009) 

Commercial α-AlO3/TiO2 

membrane (Shumacher GmbH-

Ti 01070 

0.2 µm T: 60 ˚C 

P: 200 kPa 

Cf: 10 wt% 

0.06±0.009 ~50.00 kg/m2  (Gomes et 

al., 2010) 

Commercial α-AlO3/TiO2 

membrane (Jiangsu Jiuwu Hi-

Tech Co., China) 

0.02 µm T: 40 ˚C 

P: 200 kPa 

Cf: 0.42 wt% 

CFV: 150 L/min 

0.007 9.08 kg/m2h (Atadashi et 

al., 2012) 

Commercial polyether sulfone 

membranes (GE Osmonics, 

USA) 

10 kDa T: 25 ˚C 

P: 400 kPa 

Cf: 0.049 wt% 

0.020 55.00 kg/m2h (Alves et al., 

2013) 

Commercial α-AlO3/TiO2 

membrane (Shumacher GmbH-

Ti 01070) 

20 kDa T: 50 ˚C 

P: 300 kPa 

Cf: 6.80 wt% 

0.014±0.002 70.00 kg/m2h (Gomes et al., 

2013) 

Polyacrylonitrile membrane 6 kDa - 0.017 - (Bansod and 

Rathod, 

2018) 

Commercial α-AlO3/TiO2 

membrane (Shumacher GmbH-

Ti 01070) 

0.05 µm T: 50 ˚C 

P: 100 kPa 

Cf: ~ 7 wt% 

0.013±0.003 101.1 kg/m2h (Gomes et al., 

2015) 

Commercial α-AlO3/TiO2 

membrane (Shumacher GmbH-

Ti 01070) 

0.2 µm T: 50 ˚C 

P: 200 kPa 

Cf: 6.2 wt% 

0.006±0.002 6.9 kg/m2h (Gomes et al., 

2011) 

#P: Pressure, T: Temperature, Cf:  Concentration of feed
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These disadvantages raised the need for an efficient alternative for bacteria removal from milk,  

thus convincing Olesen and Jensen to bring membrane filtration into the picture in the late-80s. 

Being an initiative in this area, this process was able to remove almost 99.99% of the total 

bacteria that was present in the feed milk (Olesen and Jensen, 1989). Following the footsteps 

of Olesen, another group of scientists carried out microfiltration to separate Salmonella and 

Listeria cells from milk. These cells are representative of the pathogenic cells bearing the same 

nomenclature.  Salmonella infection can induce symptoms like diarrhea, fever, etc., in human 

beings, while the infection from Listeria can be more fatal to human causing meningitis, 

abnormal birth consequences, miscarriages, etc. (Gray and Killinger, 1996; Kurtz et al., 2017). 

A commercial membrane with 1.4 µm pore size was able to achieve log normal reductions 

(LRVs) up to 1.9 and 2.5 at 35 ˚C for Listeria and Salmonella, respectively. It was observed 

that with increasing temperature, retention of Salmonella increased while no significant 

variation was observed in the rejection of Listeria, the latter being more heat resistant. Though 

the effect of milk temperature during microfiltration is known to have minimal influence on 

membrane’s rejection performance in most of the cases, but it has been reported that an increase 

in feed temperature can significantly increase the quantity of permeate flux obtained (Wang et 

al., 2019). This might be because of the reduction in the apparent viscosity of feed as well as 

permeate at higher temperatures (France et al., 2010). Other commercial ceramic membranes 

with a similar pore diameter were also used for this purpose and all of them reported similar 

patterns of bacterial retention (Pafylias et al., 1996; Trouvé et al., 1991). Another study carried 

out by Holm et al. also showed promising results in bacteria retention by microfiltration 

membrane. In this study, milk was first separated into cream and skim milk portions, the latter 

being used for microfiltration. The microfiltered milk permeate could reduce the bacterial 

content by 99.7% and hence, it could be used for commercial purposes without further 

sterilization (Holm et al., 1989). A similar approach was made by another group of researchers, 
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where after separation of the cream from raw milk, the use of a 1.4 µm pore-sized ceramic 

microfiltration membrane could reduce the total bacterial count of skim milk by 2-3 LRV 

(Hoffman et al., 2006).  

However, the process of milk microfiltration can cause severe membrane fouling, which can 

be taken care of by the use of either high cross flow velocity or by periodic reversal of 

transmembrane pressure through backshock (Fritsch et al., 2005; Jonsson et al., 1997). Use of 

third generation membranes, where modifications are made on its configuration, can also serve 

this purpose, thereby giving almost uniform permeate flux throughout the experimental 

duration. Experiments conducted using various third generation membranes reveal that 

membranes with geometries resulting in higher shear stress are more effective in minimizing 

the effect of concentration polarization, thus improving the flux produced through it (Fernández 

García and Rodríguez, 2015). Another membrane property that influences the rejection 

performance of the third generation membranes is their pore size distribution. Among various 

third generation membranes with the same mean pore diameter, the ones with narrower pore 

size distribution is found to show better microbial retention efficiency as compared to the ones 

with broader pore size distribution  (GeÂsan-Guiziou, 2010). 

Literature has also reported about the use of membranes having pore sizes lesser than 1.4 µm 

for the removal of bacteria from milk. A polyvinylidene fluoride membrane with 0.22 µm pore 

size retained almost 99% of the total bacteria present in the milk,  thus enhancing the shelf life 

of the milk (Madaeni and Yasemi, 2009). Tomasula et al. reported that microfiltration carried 

out with 0.8 µm membrane also portrayed promising results in attaining log normal reductions 

above five. However, lesser pore sized membranes have the disadvantage of retaining casein 

protein of milk as the molecular weight of casein protein is very high (Tomasula et al., 2011). 

Moreover, the flux obtained through such membranes is very low in quantity. Observing these 

disadvantages, most of the research groups recommended the use of membranes with  1.4 µm 
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pore size for microfiltration of milk, which can facilitate satisfactory removal of bacterial 

contaminants from milk without compromising on flux or retention of healthy milk 

components (Fernández García et al., 2013). The detailed information about the literatures 

available regarding milk microfiltration is mentioned in Table 1.7. 

 

1.6.2.6 Removal of viruses and bacteria from contaminated water 

Different unlawful human induced activities such as improper disposal of sewage, failure of 

the septic system, disposal of animal wastes can be considered as the main culprits for water 

contamination across the globe (Owa, 2014). It has been observed that discharge of such 

materials to surface water not only increases the turbidity, BOD and COD of the water but also 

leads to the growth of various harmful pathogens (e.g., viruses, bacteria, oocysts) present in 

them. A study revealed that as of 2012, almost 25% of the world’s population is drinking such 

faecally contaminated water, which is laden with a huge number of harmful pathogens (Gall et 

al., 2015). Consumption of such contaminated water can be the cause of some severe health 

consequences, diarrhoea, hepatitis, meningitis, encephalitis, polio, just to name a few. The 

alarming increase in water pollution and subsequent scarcity in drinking water has led people 

to go for various conventional technologies of wastewater treatment such as chlorination, 

boiling, ultraviolet and infrared disinfection and so on. However, use of chlorine in water 

treatment plants cannot be recommended as it reacts with the humic acid as well as fulvic acid 

present in surface water producing a wide range of disinfectant by-products (DBPs), which 

may have adverse effects on human health, causing bladder cancer and abnormal birth 

outcomes (Villanueva et al. 2007; Waller et al., 1998). Moreover, boiling is an extremely 

energy consuming process and use of ultraviolet and infrared disinfection cannot be afforded 

by all sections of society owing to high expenses associated with them (McCutcheon et al., 

2005).  
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Table 1.7 Summary of literature regarding microfiltration of milk for bacteria rejection 

Membrane Pore size Bacteria  Conditions Permeate flux 

(105× m3/m2s) 

Rejection Reference 

Membralox filter 1.4 µm - Cf: 108-109 CFU/mL; 

pH: 6.7±0.1; 

P: 100 kPa 

9.72 4-5 LRV (Pafylias et al., 

1996) 

Membralox cartridge filter 1.4 µm Salmonella and 

Listeria cells 

T: 35 ˚C; P: 320-350 kPa 

Cf: 102-106 CFU/mL 

19.4 Salmonella: 2.5 LRV 

Listeria: 1.9 LRV 

(Madec et al., 

1992) 

Membralox multi channel 

ceramic filter 

1.4 µm; 

0.8 µm 

Bacillus 

anthracis 

CFV: 6.2 m/s;  

P: 127.6 kPa 

7.58; 6.11 4.5±0.35 LRV; 

5.91±0.05 LRV 

(Tomasula et al., 

2011) 

Commercial Inside ceram 

(ZrO2- TiO2/TiO2), 

Isoflux (TiO2/TiO2, Sterilox-

GP (multi-layer α-alumina) 

membrane 

1.4 µm - CFV: 6m/s  

T: (21±2) ˚C  

Cf: (5-10)×104 CFU/mL 

P: 50 kPa 

~12.5 3.5-5 LRV (Fernández García 

and Rodríguez, 

2015) 

Commercial Millipore 

polyvinyledenefluoride  

0.22 µm Vegetative cells 

and spores 

- - 99.1-99.5% (Madaeni and 

Yasemi, 2009) 

Commercial membrane 

(TAMI) 

1.4 µm - T: 6 ± 1˚C; CFV: 7 m/s; 

P: 69 kPa 

1.13 >3 LRV (Fritsch et al., 

2008) 

Membralox 

ceramic membrane 

1.4 µm - T: 50 ˚C - 2-3 LRV (Hoffmann et al., 

2006) 

Societe des 

Ceramiques Techniques α-

Alumina membrane 

1.4 µm E.Coli, B. 

Cereus 

T: 40 ˚C (Beginning); 60 

˚C (End) 

- 99.7% (Holm et al., 

1989) 
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Membrane Pore size Bacteria  Conditions Permeate flux 

(105× m3/m2s) 

Rejection Reference 

Commercial membrane 

(TAMI) 

1.4 µm Vegetative cells T: 6±1 ˚C; CFV: 7 m/s; 

P: 75 kPa; Cf: 4.11± 0.48 

CFU/mL 

0.58 3.4 LRV (Wang et al., 

2019) 

Isoflux tubular membrane 1.2 µm Bacillus 

licheniformis; 

Geobacillus sp. 

T: 6 ˚C; CFV: (4.14 ± 

0.01) m/s; P: 69.87 kPa;  

Cf: 106 CFU/mL 

Bacillus 

licheniformis:1

.25; 

Geobacillus 

sp: 1.07 

Bacillus 

licheniformis:4.57 

LRV; Geobacillus 

sp: > 6 LRV 

(Griep et al., 

2018) 

- 1.4 µm Bacillus cereus - - > 3.5 LRV (Olesen and 

Jensen, 1989) 

Alumina Membralox 

membrane 

1.4 µm Clostridium 

tyrobutyricum 

T: 50±1 ˚C 18.83 > 4.5 LRV (Trouvé et al., 

1991) 

Membralox XLAB3 

membrane  

1.4 µm - T: 40 ˚C; CFV: 7 m/s 6.92 > 3LRV (Beolchini et al., 

2004) 

#P: Pressure, T: Temperature, CFV: Cross flow velocity, Cf:  Concentration of feed, LRV: Log Reduction Value
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Looking at the restrictions associated with the use of conventional methods, membrane 

filtration has become one of the most sought alternatives among all classes of people of society. 

The literature available regarding the separation of viruses from the water mostly denotes the 

use of polymeric membranes, along with few ceramic membranes (Table 1.8). Experiments 

conducted using bacteriophage Qβ and T4 as model viruses with different ceramic and 

polymeric membranes resulted in complete rejection of bacteriophage T4 and 99-99.9999% 

rejection of bacteriophage Qβ through all the membranes (Urase et al., 1996). In 1995, series 

of experiments conducted using polysulfone microfiltration membrane (0.20 µm) and 

polyvinyledene fluoride ultrafiltration membrane (30 kDa MWCO) for separation of polio 

virus alone as well as from mixtures containing polio virus along with either turbidity or E.coli 

revealed that the ultrafiltration membrane showed about 99% rejection at the cost of very low 

permeate flux. It was further observed that the presence of turbidity or E.coli improves the 

retention performance of the membrane by either blocking the larger pores or forming a cake 

layer on the membrane surface (Madaeni et al., 1995). Similar observation regarding retention 

of the virus through the addition of dirt or particulates into contaminated water was also 

reported by several other research groups (Huang et al., 2012; Urase et al., 1993; Urase et 

al.,1994).  Moreover, it has been observed in many instances that size exclusion usually acts as 

the basic principle of virus separation from water. While zirconia ceramic nanofiltration 

membranes achieved virus retention up to 6 LRV, a commercial polyvinylidene fluoride hollow 

fibre membrane achieved a log normal rejection value of greater than three for bacteriophage 

MS2 and 𝜑X174, through size exclusion (Kroll et al., 2012a; Elhadidy et al., 2013). However, 

the role of electrostatic interaction in rejection of bacteriophage MS2 in the latter case cannot 

be denied, which may be attributed to the lower iso-electric point of the virus (Elhadidy et al., 

2013). The research works of Van Voorthuizen et al. and Wallis et al. also mentioned about 

similar electrostatic virus retention mechanism through membranes made up of cellulose 
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acetate and cellulose nitrate membranes, respectively (Van Voorthuizen et al., 2001; Wallis et 

al., 1972). Ceramic membranes are also being fabricated using compounds such as yttria and 

magnesium oxide, which give positive charge to the membrane surface and aid in the retention 

of virus via electrostatic interaction (Werner et al., 2014; Wegmann et al., 2008; Michen et al., 

2013). Besides these two mechanisms, successful virus retention can also be achieved through 

functionalization of larger pore sized membrane surface as well as through hydrophilic-

hydrophobic interactions at the membrane surface. The results of all the above-mentioned 

literatures regarding virus removal using membrane technology are portrayed in Table 1.8. 

Literature study on the use of membrane filtration technology for purifying bacteria 

contaminated water revealed the use of both polymeric as well as ceramic membranes. 

Polymeric membranes made up with materials such as polycarbonate, polypropylene, 

cellullose diacetate could achieve bacterial retention even greater than 9 LRV from 

contaminated water (Gander et al., 2000; Suchecka et al., 2003). Similarly, ceramic membrane 

modules with different configurations fabricated using various low-cost membrane precursors 

were also used for the purification of bacteria contaminated water, where the fabricated 

membranes retained 85-99.9999% of the bacteria present in the feed using the basic principle 

of size exclusion (Vasanth et al., 2011; Kaniganti et al., 2014; Diana et al., 2019). Another 

literature reported the use of titanium suboxide membranes, which could inactivate bacteria by 

synergistic interaction of electrochemical effects and depth filtration (Liang et al., 2018). 

Moving a step ahead, some researchers also tried to functionalize the membrane surface like 

the ones opted for virus separation to achieve better bacteria retention characteristics. It is well 

documented in literature that the use of substances with antimicrobial properties such as 

lysozyme, Degussa P-25 and poly(N-vinyl carbazole) for membrane surface functionalization 

can significantly improve membrane’s bacteria rejection performance (Kroll et al., 2012b, 

Kroll et al., Kroll et al., 2012c; Ciston et al., 2008; Musico et al., 2014). 
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Table 1.8 Encapsulation of literature regarding separation of viruses from water using membrane technology 

Membrane material Pore size Viruses Conditions Permeate flux 

(105× m3/m2s) 

Rejection Reference 

Millipore polysulfone (MF) 

and Amicon polyvinylidene 

fluoride membrane (UF) 

(Commercial) 

MF: 0.22 µM 

UF: 30 kDa 

Poliovirus P: 25, 50, 100, 200 kPa 

Cf: 104 PFU/mL 

 

- MF: 99% 

UF: 100% 

(Madaeni et 

al., 1995) 

Polysulfone, polycarbonate, 

polyvinylidene fluoride, etc. 

 

- Coliphage Qβ 

and T4 

CFV: 0.8-1.2 m/s 

P: 20-50 kPa Cf: 107–108  

PFU/mL 

- 2-6 LRV (Urase et al., 

1996) 

Polyvinyledene fluoride 

(hollow fibre) 

0.1 µm Bacteriophage 

MS2 

pH: 6.7-7.7 1.50 Up to 3 LRV (Huang et al., 

2012) 

Polyvinylidene fluoride 

 

 

 

 

 

Median: 9 nm 

Distribution: 

2-56 nm 

Bacteriophage 

MS2, 𝜑X174 

pH: 6.5; 7.6; 9.4 

T: 22.0; 22.8; 23.5 ˚C 

Cf: 

Bacteriophage MS2: 3×109 

PFU/mL 

𝝋X174: 1010 PFU/mL 

1.58 Up to 4.7 LRV (Elhadidy et 

al., 2013) 

Polyvinylidene fluoride 

 

 

0.22 µm Bacteriophage 

MS2 

T: 10–15 ˚C 

Cf: 102 PFU/mL 

104.50-106.17 4.3-5 LRV (Van 

Voorthuizen et 

al., 2001) 

Commercial Millipore 

membrane filter 

0.45 µm Bacteriophage 

MS2 

Cf: 104 PFU/mL - >80% (Farrah, 1982) 

Yttria stabilised Zirconia, 3-

aminopropyltriethoxysilane, 

PVA 

56.1 nm 

(closed 

packed); 58.6 

Bacteriophage 

MS2, 𝜑X174 

Cf: 109 PFU/mL 0.14 ≥ 4 LRV (Werner et al., 

2014) 
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Membrane material Pore size Viruses Conditions Permeate flux 

(105× m3/m2s) 

Rejection Reference 

nm (loosely 

packed) 

Diatomaceous earth-based 

Katadyn filters coated with 

colloidal yttria 

0.2 – 2 µm MS2 Coliphage Cf: 107 PFU/L 

pH: 5-9 

P: 300 kPa 

- > 4 LRV (Wegmann et 

al., 2008) 

diatomaceous earth, layered 

silicates and MgO 

1.6-2.0 µm Bacteriophage 

MS2, 𝜑X174 

Cf: 2×104 PFU/L 

pH: 7 

- about 4 LRV (Michen et al., 

2013) 

Zirconia powder, 3-

aminopropyltriethoxysilane, 

PVA  

24 nm Bacteriophage 

MS2, 𝜑X174 

Cf: 107 PFU/mL 

pH: 5.8 

 

- 6 LRV (Kroll et al., 

2012a) 

Commercial ceramic water 

filter 

- Bacteriophage 

MS2 

Cf: (5.7-9.5) ×104 PFU/mL - 0.21-0.45 LRV (Salsali et al., 

2011) 
#P: Pressure, T: Temperature, CFV: Cross flow velocity, Cf:  Concentration of feed, LRV: Log Reduction Value 

 

Table 1.9 Encapsulation of literature regarding separation of bacteria from water using membrane technology 

Membrane Pore size Bacteria Conditions Permeate flux (105× 

m3/m2s) 

Rejection Reference 

Clay, saw dust, water 40 µm E.coli Cf: 105-107 CFU/100 

mL 

- >4 LRV (Halem et al., 2016) 

Mixed clay, fly ash 1.6-2.0 µm E.Coli P: 25 kPa ~0.69 99.048% (Diana et al., 2019) 

Polypropylene; 

polysulfone 

5 µm; 

0.4 µm 

Coliforms P: 6 kPa  - 5 LRV; 9 LRV (Gander et al., 2000) 
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Membrane Pore size Bacteria Conditions Permeate flux (105× 

m3/m2s) 

Rejection Reference 

Polypropylene, cellulose 

diacetate and 

polycarbonate hollow 

fibre membranes 

0.2 µm, 

0.4 µm 

Pseudomonas 

Diminuta 

- - 9.15-13.9 LRV, 

almost all 

membranes showed 

100% rejection 

(Suchecka et al., 2003) 

Commercial cellulose 

acetate membrane 

0.8 µm E.coli, 

Bacillus 

subtilis 

Surface modifier: 

Poly(N-

vinylcarbazole)-

graphene oxide 

- E. Coli: 3 LRV 

B.Subtilis: 4 LRV 

(Musico et al., 2014) 

Kaolin, β-Quartz, CaCO3 1.30 µm  E. coli T:25˚C;  

P: 69-275 kPa;  

Cf: 6×104-6×105 

CFU/mL 

12.60-63.00 85% (Vasanth et al., 2011) 

Kaolin, Quartz, Boric 

acid, CaCO3, PVA, 

Na2CO3, Sodium 

metasilicate  

(4.5±0.2) 

µm 

E. coli P: 206.7 kPa 

Cf: (14.9±0.5) ×105 

CFU/mL 

351.00 99.9999% (Kaniganti et al., 2014) 

 

 

Yttria stabilised zirconia 

membrane stabilized with 

3-

aminopropyltriethoxysila

ne, Piranha solution, N-

(3-

dimethylaminopropyl)-

N-ethylcarbodiimide 

hydrochloride 

≤0.2 µm Micrococcus 

luteus 

- - 99.9% (Kroll et al.,2012c) 
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Membrane Pore size Bacteria Conditions Permeate flux (105× 

m3/m2s) 

Rejection Reference 

Zirconia UF membrane 

coated with Degussa P25, 

Anatase and mixed 

(anatase and rutile) phase 

sol gel 

300 kDa Pseudomonas 

putida 

Cf : 106 CFU/mL 

 

- - (Ciston et al., 2008) 

Rice husk, naturally 

sourced raw clay-based 

membrane coated with 

silver nitrate solution 

- E.coli pH: 7.0 and 7.8 

T: 29 – 30˚C 

Cf: <1 and 145 

CFU/100mL 

Turbidity: 1.1 and 8.4 

NTU 

- ~ 99% (Brown and Sobsey, 

2010) 

Commercial Katadyn 

ceramic filter 

0.2 µm Thermo 

tolerant 

coliform 

- - 100% (Clasen et al., 2004) 

Commercially available 

Katadyn candle filter 

coated with colloidal 

silver 

1 µm Thermo 

tolerant 

coliform 

 - 4 LRV (Clasen et al., 2005) 

Soil, flour, grog 2.03 µm E.coli Cf: (7±2) × 109 

MPN/100 mL 

- 100% (Oyanedel-Craver and 

Smith, 2008) 
#P: Pressure, T: Temperature, CFV: Cross flow velocity, Cf:  Concentration of feed, LRV: Log Reduction Value
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Besides these examples, in countries such as Bolivia, Cambodia, Ghana, and Colombia, locally 

produced ceramic pot filters are being extensively used for purification of pathogen 

contaminated water. Such filters, after being impregnated with silver could achieve very high 

bacteria removal efficiency through the combined  action of membrane filtration and 

bacteriostasis caused by silver impregnation (Brown and Sobsey, 2010; Clasen et al., 2004; 

Clasen et al., 2005; Oyanedel-Craver and Smith, 2008). Encapsulation of literatures regarding 

the removal of bacteria from water is presented in Table 1.9. 

 

1.7 Scope for further research 

The comprehensive literature review carried out in the previous sections helped in finding out 

the scopes for further research work regarding the fabrication and application of fly ash-based 

ceramic membranes. The above extensive literature review on fly ash-based membrane 

primarily discusses about the preparation of flat membranes, examples of tubular membrane 

fabrication being very few. Besides, the pore sizes of the membranes reported in the literature 

are slightly on the higher side (0.25-7.28 µm), which reduces their multi-folded use in different 

separation applications. Besides, few literature reported the use of high sintering temperature 

(⁓1400 ⁰C) in the membrane fabrication process that leads to increase the production cost. 

Therefore, this work focuses on the development of fly ash-based tubular membranes with 

lower average pore size than those reported in the literature. The work also aims to reduce the 

sintering temperature of membrane fabrication so as to bring down the cost associated with the 

fabrication process. 

The analysis of literature regarding possible applications of the prepared fly ash-based 

membranes revealed that extensive work had been carried out regarding the removal of bacteria 

from contaminated water. Moreover, in case of treating silk floss processing wastewater and 

virus contaminated water, use of ultrafiltration and nanofiltration membranes is recommended 
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owing to the small particles’ size. Though few research works reported the use of 

microfiltration membranes for the treatment of virus contaminated water, these membranes 

were functionalized through some prior treatment before being implemented in virus separation 

process. Regarding removal of bacteria from milk, membranes with pore size lesser than 1.4 

µm cannot be recommended as they affect the quality of milk by retaining larger casein 

molecules. On the contrary, treatment of poultry slaughterhouse wastewater, starch industry 

wastewater and separation of glycerol from biodiesel can be easily carried out using a 

microfiltration membrane. Therefore, the aforementioned three liquid phase separation 

operations will be targeted as a part of this research work. 

The available literature on the application of membrane filtration in purifying poultry 

slaughterhouse wastewater reveals mainly the use of polymeric membranes. In certain cases, 

the membrane filtration is combined with processes like electrocoagulation, flocculation, 

reverse osmosis, etc., in order to reduce fouling and obtain high quality permeate. However, 

the use of these hybrid processes cannot be the best alternative ever. In processes like 

coagulation, the residual mineral from coagulants, if present in the filtrate, can be proved 

detrimental to human health as mentioned earlier. Processes like reverse osmosis, though 

produce high quality permeate, are highly expensive and cannot be afforded by all class of 

people in the society. Article mentioning the use of ceramic membrane for the treatment of 

poultry slaughterhouse wastewater is mostly made up of α-alumina, which is way too costly. 

Similar is the case for treatment of starch industry wastewater and separation of glycerol from 

biodiesel, which primarily discussed about the use of polymeric and commercial ceramic 

membranes. Few cases regarding the separation of glycerol from biodiesel also reported the 

use of membrane separation in reduction of free glycerol content retained after decantation or 

water washing. Use of prior pre-treatment steps unnecessarily increases the operational cost 

associated with the process. Therefore, the purpose of this work is to develop a low-cost 
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versatile membrane from fly ash that can address all the issues mentioned above and 

satisfactorily carry out all the three aforementioned separation operations. 

 

1.8 Objectives 

Keeping in mind the studied state-of-the-art, the following objectives are framed for a planned 

and successful completion of the research activity. 

 Fabrication, characterization and optimization of composition for fly ash-based tubular 

ceramic microfiltration membrane.  

 Study the effect of binder concentration on properties of the fabricated membrane using 

the optimized composition of objective 1 and subsequent finalization of an optimum 

binder concentration for carrying out further research work. 

 The use of the developed tubular ceramic membrane in various liquid phase separation 

processes, namely treatment of poultry slaughterhouse wastewater, treatment of starch 

processing wastewater and separation of glycerol from biodiesel. 

 Economic feasibility assessment of fly ash-based tubular ceramic membrane 

fabrication process and its subsequent application in various liquid phase separation 

processes. 

1.9 Organization of the thesis 

Based on the research works carried out for completing the above-mentioned objectives, the 

doctoral thesis is organized in the following six chapters: 

Chapter 1 represents the introduction, literature review and objectives of the thesis. 

Chapter 2 presents a detailed discussion about fabrication and optimization of composition for 

tubular ceramic membranes fabricated using fly ash as a key precursor. The raw materials and 

the fabricated membranes were characterized using different standard techniques such as Laser 

Particle Size Analyzer (LPSA), X-Ray Fluoroscence analysis (XRF), X-Ray Diffraction 
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analysis (XRD), Field Emission Scanning Electron Microscope (FESEM), Energy Dispersive 

X-Ray Spectroscopy (EDX), Thermogravimetric Analysis (TGA). The fabricated membranes 

after sintering were characterized for evaluating porosity, permeability, pore size, mechanical 

and chemical stability. Based on the obtained properties, an optimized composition is fixed for 

membrane fabrication and subsequent application in microfiltration operations. 

Chapter 3 portrays a detailed analysis of the effect of binder concentration on membrane 

properties. The rheological properties of binder solution at various concentrations are 

evaluated. Moreover, membranes with different concentrations of the binder (Na-CMC) are 

fabricated and characterized to evaluate the optimum concentration of binder to be used for 

membrane fabrication. 

Chapter 4 discusses about the versatility of the membrane when implemented in three different 

liquid phase separation operations, namely treatment of poultry slaughterhouse wastewater, 

treatment of starch rich wastewater and separation of glycerol from biodiesel. The permeate 

obtained in all the above-mentioned cases is tested using standard protocols to check whether 

they meet the necessary norms as prescribed by the authorities.  

Chapter 5 corresponds to the economic feasibility assessment of all three separation processes 

taken into consideration, namely poultry slaughterhouse wastewater treatment, treatment of 

starch rich wastewater and separation of glycerol from biodiesel. Cost estimation starts with 

estimating the membrane fabrication cost, which is followed by analysis of cost necessary for 

all three separation operations. The estimation of process cost is carried out for both lab-scale 

and pilot-scale setups. 

Chapter 6 summarizes the inferences drawn from the aforementioned chapters and provides 

some suggestions for future works to be carried out based on the work mentioned in this thesis.  

TH-2844_186107007



 
 
 
 
 
 
 
 
 
 
 
 
   
 

 

Chapter 2 

Fabrication, Characterization and Optimization of 

Composition for Fly Ash-based Tubular Ceramic 

Microfiltration Membrane 

 

 
  

TH-2844_186107007



  Chapter 2 

 62 

Fabrication, Characterization and Optimization of Composition for Fly 

Ash-based Tubular Ceramic Microfiltration Membrane 

 

This chapter presents a detailed discussion about the fabrication of tubular ceramic 

membranes derived from fly ash as a key precursor, along with few percentages of quartz and 

calcium carbonate. Four different sets of composition were used for membrane fabrication and 

all of the fabricated membranes were characterized using standard methods and techniques. 

Based on the properties of membranes evaluated through various characterization techniques, 

the optimized membrane composition was selected for further microfiltration operations. 

 

2.1 Experimental 

2.1.1 Raw materials 

The selection of raw materials is one of the most crucial factors of the membrane fabrication 

process. Proper choice of raw material composition is the key to obtain membranes with 

outstanding physical as well as chemical properties. The purpose behind the use of three 

different raw materials in this study is mentioned in Table 2.1.  

     Table 2.1 Significance behind the addition of different raw materials 

Raw material Significance References 

Fly ash Offers refractory property and 

increases mechanical strength 

Kamara et al., 2020; Zulkifli 

et al., 2019; Abdullayev et 

al., 2019 

Quartz Increases mechanical and 

thermal stability 

Abdullayev et al., 2019 

Calcium carbonate Acts as pore former as well as 

sintering aid 

Abdullayev et al., 2019; 

Falamaki et al., 2004 

Sodium salt of 

carboxy methyl 

cellulose (Na-CMC) 

Acts as binder Falamaki et al., 2006 
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Fly ash, the key precursor used in the fabrication of tubular ceramic membrane, was collected 

from Guwahati, Assam, while the other ingredients such as calcium carbonate (CaCO3) and 

sodium salt of carboxymethylcellulose (Na-CMC) were supplied by Merck (I) Ltd. Quartz was 

collected from Kanpur, Uttar Pradesh. Besides, the chemicals used for evaluating membranes’ 

chemical stability, namely hydrochloric acid (HCl), and sodium hydroxide (NaOH), were also 

procured from Merck (I) Ltd. 

 

2.1.2 Fabrication of fly ash-based tubular ceramic membranes 

The process of membrane fabrication starts with kneading the different raw material 

compositions mentioned in Table 2.2 with two mass percent aqueous solution of sodium salt 

of carboxymethyl cellulose (Na-CMC) to get a uniform paste. The paste thus obtained will be 

forced to pass through a horizontal extruder (M/s VB Ceramic Consultants, Chennai, India), as 

shown in Fig 2.1(a), having moulds of inner diameter 5.5 mm and outer diameter 11.5 mm to 

get the desired shape of the membranes (Fig 2.1(b)). The green membranes thus obtained from 

the extruder are kept at room temperature for a day and then allowed to dry at 100 ˚C for 24 

hours in a hot air oven.  This was followed by drying the membranes at 200 ˚C for 24 hours 

and finally, sintering of the dried membranes was done in a box furnace (M/s VB Ceramic 

Consultants, Chennai, India) at 1100 ˚C for a duration of 6 hours. Drying at 200 ˚C and further 

sintering of the membranes was done at a heating rate of 2 ˚C/min to avoid any bending or 

deformation in membrane structure. Both the ends of the sintered membranes were then 

smoothened by abrasive paper (No. C-220) to get membranes of 100 mm length. Finally, the 

membranes were dipped in water and put in an ultra-sonication bath to remove any loose 

particles attached to its surface. Cleaned membranes were further dried at 110 ˚C to get the 

membranes to be used for filtration experiments. The pictorial representation of the different 
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steps involved in membrane fabrication and the temperature-time schedule involved in 

membrane drying and sintering is presented in Fig 2.2. 

Table 2.2 Different compositions of raw materials used for membrane preparation 

Raw material Composition (%) 

K1 K2 K3 K4 

Fly ash 65 70 75 80 

Quartz 20 20 20 20 

Calcium carbonate 15 10 5 0 

 

 

 

Fig 2.1 (a) Horizontal extruder used for membrane fabrication and (b) image of the fabricated 

membrane 
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Fig. 2.2 (a) Steps of membrane fabrication process and (b) Temperature-time schedule of 

membrane drying and sintering 
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2.1.3 Characterization of raw materials and fabricated membranes 

The raw materials used in the membrane fabrication process and the fabricated membranes 

were characterized through various tests in order to investigate membrane properties and 

presence of defects or faults in it. Thermal stability of the raw materials was evaluated using a 

Thermogravimetric analyzer (Make: Netzsch, Model: STA449F3A00) up to 1100 ˚C at a 

heating rate of 10 ˚C/min in argon (Ar) environment. X-ray Diffraction analysis of the 

individual raw materials and various membrane samples before and after sintering were carried 

out using advanced X-ray Diffractometer (model: AXS D8 ADVANCE manufacturer: Bruker, 

Germany), at a scanning rate of 0.05˚/s within a 2θ range of 5-90˚, using Cu-Kα radiation of 

wavelength 1.5406 Å. The particle size analysis of individual raw materials was carried out in 

wet dispersion mode using Laser Particle Size Analyzer (Model No.: Master sizer 2000; Make: 

M/s Malvern, UK). The pump speed was maintained at 1800 rpm and ultrasonication of feed 

was done in constant manner to avoid the formation of lumps of clay powders in water. The 

chemical composition of fly ash and quartz was evaluated using X-Ray Fluorescence 

Spectrometer (XRF) (Make: Malvern, Model: PANalytical Zetium). The elemental 

composition of the individual raw materials was studied using Energy Dispersive X-Ray 

Analysis.  

The morphological analysis of the membranes was carried out using Field Emission Scanning 

Electron Microscope (FESEM) (Make: Zeiss, Model: Gemini). The inner and outer surfaces of 

the membranes were coated with a layer of gold and then analysed at 2000 magnification of 

FESEM. The FESEM images were also utilized to evaluate the pore sizes of the membranes 

using ImageJ software, where a total number of hundred pores from three different images 

were taken for each membrane composition to calculate the average pore size of the 

membranes. The equation used for evaluating the average pore size of the membranes from the 

individual pore diameters can be written as shown in equation (2.1) (Bouazizi et al., 2016). 
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dp = √
∑ 𝑛𝑖𝑑𝑖

2𝑛
𝑖=1

∑ 𝑛𝑖
𝑛
𝑖=1

                           (2.1) 

where dp is the average pore diameter, ni is the ith pore and di is the corresponding pore diameter. 

Moreover, EDX analysis using the same machine mentioned earlier was also carried out to 

study the elemental mapping of the fabricated membranes. 

The porosity of membranes is usually evaluated by Archimedes’ principle. This method 

requires dipping the membrane for 48 hours in Millipore water. The difference in weight of the 

membrane before and after dipping is the volume of water absorbed by the membranes, which 

corresponds to the pore volume of the membrane and when it is divided by the total membrane 

volume, porosity can be obtained by equation (2.2): 

Porosity (%) = 
𝑊𝑤𝑒𝑡−𝑊𝑑𝑟𝑦

𝑉×𝜌
 ×100                          (2.2)  

Where, 𝑊𝑤𝑒𝑡 is the weight of the wet membrane and 𝑊𝑑𝑟𝑦 is the weight of the dry membrane, 

V is the total volume of the membrane and 𝜌 is the density of water (Kumar et al., 2015a). Four 

membranes from two different batches (two membranes from each batch) were used to evaluate 

the average porosity of membranes of that particular composition.  

The mechanical strength of the prepared membrane samples was evaluated using ASTM 

C1424-99 standard in an Electromechanical Universal Testing Machine (Make: Zwick Roell: 

Z005TN) with a load cell of 5 kN and a cross head speed of 2 mm/min. The aspect ratio of the 

sample to be tested was kept as 2.0. 

To evaluate chemical stability, the membranes, after taking their dry weights, were dipped into 

strong acid (Hydrochloric acid, pH=1) and alkali (Sodium hydroxide, pH=13) solutions 

separately. After a week, the membranes were taken out, washed and ultra-sonicated for 15 

minutes to remove any precipitate deposited on their surfaces as a result of the chemical 

treatment. This is followed by drying the samples at 100 ˚C and measuring their weight again 
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(Suresh et al., 2016; Nandi et al., 2008). The resultant weight loss is considered to be the 

consequence of the chemical stability test and is calculated using equation (2.3).    

Weight loss (%) = 
𝑊𝑖𝑛𝑖𝑡𝑖𝑎𝑙−𝑊𝑓𝑖𝑛𝑎𝑙

𝑊𝑓𝑖𝑛𝑎𝑙
 ×100                        (2.3) 

Where, Winitial is the dry weight of the sample before chemical treatment and Wfinal is the dry 

weight of the sample after chemical treatment. Four membranes from two different batches 

(two membranes from each batch) were tested for chemical stability and mechanical strength 

measurements and the average value is being reported. 

 

2.1.4 Water permeability and pore size evaluation 

The experimental setup shown in Fig. 2.3 was used to measure pure water permeability and 

treatment of poultry wastewater. Before evaluating the water permeability, the membrane was 

compacted using Millipore water (Millipore, ELIX-3 Instrument) at a high pressure to remove 

any loose particles present in the membrane. The water from the feed tank (1) was pumped to 

the membrane module (5) and the resulting permeate was collected in the permeate tank (6). 

The retentate stream was sent back to the feed tank. There are two valves in the whole setup: 

one valve (3), known as the bypass valve, is used to maintain the pressure at the inlet of the 

membrane module, while the other valve (8), known as retentate valve, controls the cross-flow 

velocity. The rotameter (9) fixed in the experimental setup is used to monitor the cross-flow 

velocity. The pressure gauge (4) was used to measure the pressure at the inlet of the membrane 

module. 

After compaction, the pure water flux was measured at five applied pressures (69, 138, 207, 

276 and 345 kPa). Equation (2.4) is used to calculate the water flux for each pressure from the 

volume of water collected (Kumar et al., 2015b). 

Jw = 
𝑉𝑤

𝐴×𝑡
                                   (2.4) 
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where, Jw stands for water flux, 𝑉𝑤 is the volume of water collected, t is the time and A is the 

area of the membrane used for filtration. 

 

 

 

Fig. 2.3 Experimental setup [a: Original setup; b: Schematic (1: Feed water tank, 2: Pump; 

3,8: Ball valve, 4: Pressure gauge, 5: Membrane module, 6: Permeate tank, 7: Weighing 

balance; 9: Rotameter)] 

From the water flux data obtained after running the experiments for all five pressures, the graph 

is plotted between pure water flux and applied pressure and the corresponding slope of the 
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graph will yield the water permeability value (𝐿ℎ), which is in accordance with the Darcy’s law 

of convection as depicted in equation (2.5) (Kumar et al., 2015c).  

Jw = Lh ∆𝑃                       (2.5) 

The 𝐿ℎ value obtained is further used to calculate the pore size of the membrane using Hagen-

Poiseuille equation (equation (2.6)) (Kumar et al., 2016): 

r2 = 
8𝜇𝜏𝑚𝑙𝐿ℎ

𝜀
                       (2.6) 

Where, r is the pore radius, 𝜇 is the viscosity of pure water at 25 ˚C, l is the pore length 

(assuming the pores are present throughout the membrane thickness, l = 0.003 m), 𝜀 is 

membrane porosity, 𝐿ℎ is the pure water permeability and 𝜏𝑚 is the tortuosity of the membrane. 

The tortuosity of the membranes can be evaluated using equation (2.7) (Boudreau, 1996). 

𝜏𝑚
2 = 1 – 2 ln 𝜀                   (2.7) 

 

2.2 Results and discussion 

2.2.1 Characterization of raw materials 

2.2.1.1 Thermogravimetric analysis 

In the thermogravimetric analysis of raw material mixture with Na-CMC (Fig. 2.4), the first 

minimal weight loss occurred around 110-130 ˚C owing to the evaporation of physisorbed 

moisture present in the sample (Kumar et al., 2015b). The second peak in the DTG curve occurs 

at a temperature of 284.84 ̊ C, which may be attributed to the thermal decomposition of sodium 

salt of carboxymethyl cellulose (Na-CMC), the binder used in the membrane fabrication 

process. At this temperature, the thermal oxidative degradation of Na-CMC causes different 

reactions to take place, thus changing the composition of the sample. During thermal 

degradation process, the fragments obtained from Na-CMC molecular chain undergo 

rearrangement that leads to the formation of some polyunsaturated chain products. These 
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materials may get oxidized at a higher temperature, leading to the generation of CO2 and minor 

weight loss (Tan et al., 2017). In the TGA (inset) and DTG graphs of the raw material mixture 

without additive, the absence of second peak at around 280 ˚C temperature also confirms that 

that particular peak corresponds to decomposition of Na-CMC. The similarity of both the 

graphs, except that particular peak, reveals the decomposition of Na-CMC at that particular 

temperature.  

 
Fig. 2.4 (a) TGA and (b) DTG of raw material mixture with and without Na-CMC (K3 

membrane) 
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The significant weight loss observed around 710-730 ̊ C is owing to the thermal decomposition 

of calcium carbonate (CaCO3), yielding calcium oxide (CaO) and carbon dioxide (CO2) as 

products, according to the reaction mentioned in equation (2.8). 

23
CaCO Ca OO C→ +                   (2.8) 

The carbon dioxide formed as a result of this process leaves the sample and is considered 

responsible for the formation of pores in the membrane (Cheryan, 1998). The process of pore 

formation by CaCO3 decomposition and diffusion of CO2 through membrane matrix is depicted 

pictorially in Fig. 2.5. 

It is worth mentioning that the mass loss for the mixture without Na-CMC is around 10% at 

1100 ˚C, while it increased to around 24% for the mixture containing Na-CMC. It has been 

observed that weight loss after 1000 ˚C is minimal. Moreover, for fly ash-based membranes, 

the mechanical strength of membranes increases with increasing sintering temperature. Reports 

have mentioned that only 50 ˚C increase in temperature leads to an enormous increase in 

membrane strength (Černý and Tůmová; 2016).  

 

Fig. 2.5 Formation of pores in the membrane matrix 
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2.2.1.2 X-ray Diffraction analysis 

  

 

 

            Fig. 2.6 XRD patterns of individual raw materials (Q: Quartz) 
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X-ray Diffraction analyses of individual raw materials used in the fabrication of membranes, 

i.e., fly ash, quartz and calcium carbonate, were successfully carried out and the results of the 

same are depicted in Fig. 2.6. Diffractograms show that peaks of calcium carbonate occurred 

at 2𝜃 values of 23.05, 26.2, 29.35, 35.95, 39.35, 43, 47.5 and 48.45˚; while the peaks of quartz 

appeared at 2𝜃 values of 20.8, 23.6, 26.6, 36.5, 39.4, 42.75, 50.1, 59.9 and 68.3˚ respectively. 

Prior art regarding the X-ray analysis of calcium carbonate reveals the occurrence of peaks at 

similar positions and the peaks obtained for quartz too matched with standard JCPDS pattern 

number 46-1045 (JCPDS. 2000), thus verifying the authenticity of the instrument as well as 

raw materials (Rahman et al., 2013; Thriveni et al., 2014). Peaks corresponding to fly ash 

appeared at 2𝜃 values of 16.5, 20.95, 26.7 and 50.15˚, thus signifying that fly ash has quartz as 

its main component.  

 

2.2.1.3 Laser particle size analysis 

 

Fig. 2.7 Laser particle size analysis of raw materials used for membrane fabrication 

Particle size distribution is utmost important for getting a membrane with good physical and 

mechanical properties. Finer particles lead to the formation of a compact membrane with very 

smaller pore size and higher mechanical strength. On the contrary, the pores formed by using 
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coarser particles are comparatively larger, which results in a membrane with lesser mechanical 

strength (Wang et al., 2007). Porosity is also less for membranes fabricated using smaller 

particle sizes (Norliza et al., 2001). In this work, laser particle size analysis revealed that the 

raw materials used for fabrication of ceramic membranes, namely fly ash, quartz and calcium 

carbonate, have d0.5 values of 37.733, 2.459 and 7.356 µm, respectively (Fig. 2.7). As evident 

from literature, membranes fabricated with raw materials having similar particle size have 

proven to offer excellent properties (Almandoz et al., 2004; Norliza et al., 2001). Therefore, 

the raw materials with aforementioned particle sizes were used further for membrane 

fabrication, looking at these prior arts. 

 

2.2.1.4 X-Ray Fluorescence Spectrometer Analysis 

The X-Ray Fluorescence Spectrometer analysis (XRF) of fly ash presented in Table 2.3 reveals 

that it contains silica as its main constituent along with some quantities of alumina and iron 

oxide and traces of oxides of manganese, magnesium, calcium, potassium, titanium and 

phosphorus. Similarly, the XRF analysis of quartz proves that the quartz used mostly comprises 

of silica, thus signifying the purity of raw materials used. It has been found that the procured 

data by carrying out XRF analysis of fly ash and quartz appreciably matches with those 

available in earlier literatures (Ibrahim et al., 2015; Singh and Subramaniam, 2018). Moreover, 

presence of any harmful heavy metals was not detected in the XRF analysis of fly ash samples. 

It is worth mentioning that as the calcium carbonate used for membrane fabrication is having 

greater than 99% purity, XRF analysis of the same has not been carried out. 

Table 2.3 XRF analysis of fly ash and quartz (All values are in wt.%) 

Sample SiO2 Al2O3 Fe2O3 MnO MgO CaO K2O TiO2 P2O5 

Fly ash 65.39 17.64 5.38 0.068 0.54 1.80 1.50 2.11 0.41 

Quartz 86.97 7.59 0.49 0.022 0.03 0.18 0.20 0.02 0.005 
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2.2.1.5 Energy Dispersive X-ray Analysis  

 

 

 

Fig. 2.8 EDX analysis of raw materials 
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Energy Dispersive X-ray analysis of individual raw materials (Fig. 2.8) helped to get an idea 

about the various elements present in them. EDX analysis of fly ash revealed the presence of 

aluminium (Al), silicon (Si), oxygen (O2) as the main elements with little amounts of iron (Fe), 

magnesium (Mg) and potassium (K). Presence of similar elements in the aforementioned raw 

materials have already been reported in the previous literature (Längauer et al., 2021). The 

higher quantity of Si and O2 signifies that quartz is the major component of fly ash, which was 

also confirmed through XRF and XRD analysis (Ahmaruzzaman, 2010). Moreover, the EDX 

analysis also reveals that the fly ash used in this study does not contain any heavy metals such 

as nickel (Ni), cadmium (Cd), which are harmful to human beings. Quartz showed the presence 

of silicon (Si) and oxygen (O2) with 0.1 wt% Aluminium (Al), thus signifying its high purity 

with silica as the main constituent. EDX analysis of calcium carbonate (CaCO3) demonstrates 

the presence of calcium (Ca), carbon (C) and oxygen (O2), thus showing the purity of the raw 

material used.  

 

2.2.2 Characterization of fabricated membranes 

2.2.2.1 Morphology study using Field Emission Scanning Electron Microscope 

The structural uniformity of the fabricated membranes is confirmed by Field Emission 

Scanning Electron Microscope. FESEM images of inner and outer surfaces of the membranes 

(K1-K4) are portrayed in Fig. 2.9 and Fig. 2.10. The darker portion in the images represents 

pores present in the membrane (indicated by red arrow marks), while the lighter portion depicts 

clay particles. All the images show homogeneity in the membrane surface with numerous pores 

in it. One can clearly see from the images that the membranes are completely crack free. The 

images of inner as well as the outer sections of the membranes are almost similar. It has already 

been mentioned that the FESEM images were used for determining the pore sizes of all the 

membranes and it was found that the average pore sizes of K1, K2, K3 and K4 membranes are 
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0.915, 0.714, 0.818 and 0.983 µm, respectively. The pore size distribution, as evaluated using 

the FESEM images, is presented in Fig. 2.11. 

     

      

Fig. 2.9 FESEM images of inner surfaces of membranes K1, K2, K3 and K4   
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Fig. 2.10 FESEM images of outer surfaces of membranes K1, K2, K3 and K4 
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Fig. 2.11 Pore size distribution of membranes (K1-K4) evaluated using FESEM images 

 

2.2.2.2 X-ray Diffraction analysis  

Fig. 2.12 portrays the X-ray Diffraction analysis of raw material mixtures used for membranes 

fabrication and the sintered membranes (K1-K4).  It has been observed that the raw material 

mixtures showed the presence of peaks at 2𝜃 angles of 20.85, 26.7, 29.35, 50.2, 60 and 68.4˚. 

The peak appearing at a 2𝜃 value of 29.35˚ corresponds to calcium carbonate, while all other 

peaks present in the diffractogram correspond to quartz, thus also confirming that quartz is the 

main constituent of fly ash (JCPDS, 2000; Rahman et al., 2013; Thriveni et al., 2014). In the 

case of sintered membranes, the appearance of new peaks at 2𝜃 values of 21.95˚ and 28˚ was 

observed owing to the phase change of quartz and decomposition of calcium carbonate at 

higher temperatures. The peak at 2𝜃 value of 21.95˚ signifies the phase transformation of quartz 
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to β-crystoballite (RRUFF, 2019). It needs to mention that quartz is a quite stable compound. 

Hence, only a smaller fraction of it gets transformed into β-crystoballite at temperatures above 

850 ˚C, leaving most of it as it is, even after high temperature sintering. Conversely, calcium 

carbonate in the raw material decomposes around 720 ˚C (evident in the results of TGA) and 

forms CaO (Balaganesh et al., 2018). The peak corresponding to CaO is noticed at a 2𝜃 value 

of 28˚ (Balaganesh et al., 2018). Since the membrane K4 is fabricated using quartz and fly ash 

only, no peaks corresponding to calcium carbonate as well as calcium oxide are observed in 

the XRD profile of raw material mixture (K4) and calcined sample (K4).  

 

 

 

 

 

 

Fig. 2.12 XRD patterns of raw material mixture (left) and sintered membranes (right)  

(Q: Quartz; Ca: Calcium carbonate; CaO: Calcium oxide; C: Crystoballite) 
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2.2.2.3 Energy Dispersive X-ray Analysis  

The EDX mapping of all four membranes was also carried out and all of them reported similar 

uniform distribution of elements in their matrix. Therefore, EDX mapping of only one 

membrane (K3) is presented in Fig. 2.13. As observed in the figure, the major constituents of 

the membrane matrix, namely Si, Al, O, and Ca are homogenously distributed without any 

agglomeration or lumps. The elements, Si and Al, come from the fly ash itself, while the source 

for Ca is primarily from calcium oxide that is retained after CaCO3 decomposition. Traces of 

iron is also observed, which comes from the Fe2O3 present in the fly ash. It is worthy to mention 

that Fe2O3 is responsible for the light-yellow tint of the sintered membrane (Zhu et al., 2016).  

 

Fig. 2.13 EDX mapping of K3 membrane  
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Besides iron, mapping of membrane matrix also detects the presence of minute quantities of 

magnesium (Mg) and potassium (K) in it, which comes from fly ash, as evident from Fig 2.6. 

All these trace compounds were also found to be distributed uniformly across the membrane 

matrix. The presence of oxygen in a larger quantity can be attributed to the oxide forms of all 

the elements mentioned above (Zou et al., 2019; Wei et al., 2016; Zhu et al., 2016). 

 

2.2.2.4 Porosity  

Experiments conducted to evaluate the porosity of the fabricated membranes reveal that with 

increasing concentration of calcium carbonate, the porosity of the membrane increases (Table 

2.4). An increase in the concentration of pore former (CaCO3) leads to increased production of 

carbon dioxide owing to its thermal decomposition at a higher temperature, resulting in 

enhancement of the porosity of the membranes (Simão et al., 2015). A similar kind of trend 

regarding the change in membrane porosity with changing concentrations of CaCO3 has also 

been reported by Kaur et al., where membranes fabricated with kaolin as the main precursor 

showed increased porosity values at higher CaCO3 concentrations (Kaur et al., 2016).  

 

2.2.2.5 Mechanical strength  

It has been observed from the experiments that there is a sharp increase in the mechanical 

strength of the membranes with decreasing the quantity of calcium carbonate from 15% to 5 

wt.%. This is attributed to the decrease in porosity of the membranes as a consequence of 

decreasing CaCO3 concentration. The obtained results are in good agreement with the results 

reported by Liu (1997). The researcher has also observed that increasing concentration of pore 

former (Polyvinyl butyral) in the hydroxyapatite ceramics resulted in decreased compressive 

strength owing to the increased pore volume (Liu, 1997). The decrease in porosity values 

implies that voids in the membrane are less, thus making the membrane more rigid. However, 

TH-2844_186107007



  Chapter 2 

 84 

a reverse scenario is observed for the membrane having no CaCO3, where the compressive 

strength of the membrane drastically reduces to 8.75 MPa. Macroporous ceramic supports 

fabricated using mixtures of quartz and silica also displayed a similar trend, where supports 

with zero pore former had the lowest strength (Kouras et al., 2017). With increasing the 

concentration of pore former material, mechanical strength starts increasing up to a certain 

extent, after which it starts following a decreasing pattern. This sharp decrease in compressive 

strength of the membrane is because of the absence of effective sintering aid, i.e., CaCO3, which 

enhances membrane densification and its subsequent mechanical strength by bringing the clay 

particles together during the time of sintering (Kouras et al., 2017; Falamaki et al., 2004). 

 

2.2.2.6 Chemical stability  

The results of chemical stability test of the membranes (Table 2.4) elucidate that the weight 

loss of the membrane in the alkaline environment is very minimal (<5%), indicating the 

membranes can be applicable in harsh alkaline conditions. However, the weight loss in the 

acidic environment is somewhat higher and also increases with increasing concentration of 

CaCO3. The probable reason is that the precipitation reaction takes place between the 

hydrochloric acid (HCl) and calcium oxide (CaO) present in the sample, resulting in the 

formation of calcium chloride (CaCl2), as shown in equation (2.9) (Suresh et al., 2016). A 

precisely similar trend of chemical stability of the membrane in acid with changing the 

concentration of CaCO3 was observed in the research work carried out by Vasanth et al., where 

the reduction in CaCO3 quantity in the raw material mixture from 25% to 15% resulted in a 

decrease in weight loss from 6% to 1% (Vasanth et al., 2013). As membrane K4 is fabricated 

without using calcium carbonate, the weight loss in hydrochloric acid is very less for that 

membrane.  

CaO + HCl → CaCl2 + H2O                                         (2.9) 
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Hence, it is advisable not to use the membranes in strong acidic environments.  

 

2.2.3 Water permeability and pore size calculation 

The pure water flux experiments were conducted with four membrane compositions for the 

duration of 40 minutes at pressures 69, 138, 207, 276 and 345 kPa. Fig. 2.14 represents the 

pure water flux data collected for all four membranes at different pressures, while Fig. 2.15 

represents the graph for the evaluation of water permeability of all the membranes. Compaction 

at high pressure makes the membrane saturated by filling the pores with water. Hence, after 

saturation, the flux was constant during the whole experiment.  It is observed that pure water 

flux increases with an increase in the applied pressure owing to the increased driving force 

(Suresh and Pugazhenthi, 2017). The pure water permeability values obtained from Fig. 2.15, 

tortuosity values calculated using equation (2.7) and the corresponding pore size evaluated 

using equation (2.6) are listed in Table 2.4. It needs to mention that the pore sizes determined 

using FESEM images of the membranes follow a similar trend as that of the ones evaluated 

using pure water permeability. However, the average pore diameter calculated using FESEM 

images is somewhat higher than the ones calculated using hydraulic flux. For instance, the 

mean pore size of K1, K2, K3, K4 membranes is 0.144, 0.103, 0.133, 0.151 µm, respectively, 

when measured using the hydraulic flux values. On the contrary, the average pore diameter 

estimated from FESEM images is found to be 0.915, 0.714, 0.818 and 0.983 µm, respectively, 

for K1, K2, K3 and K4 membranes. The reason for this variation is that the FESEM technique 

captures only the surface pores of the membrane, which may become narrower throughout the 

membrane thickness. Moreover, pores considered in FESEM images may contain dead-end 

pores and also the membrane tortuosity cannot be taken into consideration in this technique. It 

is to be noted that the mean pore size determined using water permeation data takes into account 

the entire permeation pathway through which water molecule travels. Hence, the pore sizes 
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obtained through water permeability values are considered for further separation work, as they 

seem to be more realistic. This result is in agreement with the results obtained by Sinha and 

Purkait (2013) and Suresh and Pugazhenthi (2016).  

  

  

Fig. 2.14 Pure water flux with time at different pressures for membranes K1, K2, K3 and K4 

 
Fig. 2.15 Plot of pure water flux versus pressure for membranes K1, K2, K3, K4 
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Table 2.4 Summary of properties of prepared membranes (K1-K4) 

Membrane Porosity (%) Tortuosity Pure water 

permeability 

(108×m3/m2skPa) 

Pore size 

(µm) 

Chemical stability 

(Weight loss %) 

Mechanical strength 

(MPa) 

Base Acid 

K1 46.13±2.67 1.60 6.95±0.64 0.144 1.31±0.88 14.46±1.23 12.61±2.30 

K2 42.8±2.41 1.64 3.23±0.025 0.103 2.04±0.58 12.67±0.89 18.42±2.54 

K3 40.17±1.04 1.68 4.93±0.19 0.133 2.77±0.67 6.56±1.67 20.28±2.09 

K4 37.36±1.16 1.72 5.81±0.21 0.151 3.93±1.11 3.28±0.35 8.75±1.47 
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It is observed from Table 2.4 that except membrane K1, the mean pore size of the membrane 

increases with decreasing content of CaCO3. This may be due to the weak binding between 

clay particles because of the availability of a lesser amount of sintering aid (CaCO3) (Falamaki 

et al., 2004). Even though K1 membrane has a smaller pore size than the K4 membrane, the 

exceptionally high value of water permeability is attributed to the very high porosity of K1 

membrane (almost 46%), which ultimately surpassed the effect of sintering aid. 

 

2.3 Optimization of membrane composition  

The results obtained from various characterizations are summarized in Table 2.4. It is evident 

that the pore sizes of the membranes are almost in the similar range. However, in terms of 

mechanical strength, membrane K3 performs the best and chemical stability of this membrane 

is also comparatively good over K1 and K2 membranes. Though membrane K4 has the best 

chemical stability among all four membranes, its mechanical strength is the lowest. The 

porosity of K1 and K2 is higher as compared to K3. However, the lower mechanical strength 

of these membranes (K1 and K2) puts restrictions on their use. Moreover, a membrane porosity 

value within 30-40% is quite acceptable and K3 satisfies this criterion. Hence, looking at all 

the above-mentioned features, membrane K3 is finalized for further separation operations. 

 

2.4 Comparison with prior arts 

As evident from Table 2.5, this work represents the successful fabrication of a ceramic 

membrane with tubular configuration. Besides, as discussed in Chapter 1 of this thesis, the 

fabrication was carried out at comparatively lower sintering temperature and pore size of the 

membrane fabricated with optimized raw material composition is 0.133 µm. This, to the best 

of author’s knowledge, is the least pore size to be reported in literature, and therefore can be 

considered having good potential for implementation in multiple separation operations. 

TH-2844_186107007



Chapter 2  

 89 

Therefore, it can be concluded that this work successfully addresses all the major research gaps 

mentioned in Chapter 1 regarding the fabrication of fly ash-based ceramic membrane. 

Table 2.5 Comparison of the fabricated membrane with prior arts 

 

2.5 Summary 

Ceramic membranes using four varied compositions of fly ash, quartz and calcium carbonate 

were successfully prepared. The raw materials used for membrane fabrication were 

characterized using different techniques such as XRD, XRF, EDX, TGA and LPSA before 

fabricating the membranes. XRD and EDX analysis revealed silica to be the main constituent 

of fly ash. TGA and DTG analysis revealed that the weight loss of raw material mixture 

(including the binder Na-CMC) is very minimal above 1000 ⁰C, which justifies the use of 1100 

⁰C as the membrane sintering temperature. The prepared membranes using these raw materials 

were further characterized for evaluating different properties such as porosity, pore size, 

mechanical stability and chemical stability. The fabricated membranes portrayed a wide range 

of properties (mechanical strength 8.75-20.28 MPa, average pore diameter 0.103-0.190 μm, 

Material Configuration Sintering 

temperature (⁰C) 

Pore size 

(µm) 

References 

Fly ash, TiO2, 

CaCO3, PVA 

Flat 800 1.47 Suresh, 2020 

Fly ash, CaCO3, PVA Flat 1300 1.2 Wei et al., 

2016 

Fly ash, Bauxite, 

PVA, WO3, AlF3 

Flat 1400 0.48 Chen et al., 

2016 

Fly ash, Alumina Flat 1250 - Yang et al., 

2019 

Fly ash, Bauxite, 

PES, PVP, N-methyl-

2-pyrollidone 

Hollow fiber 1400 1.02 Zhu et al., 

2016 

Fly ash, Methocel, 

Amijel, Starch 

Tubular 1125 4.5 Jedidi et al., 

2011  

Fly ash, Quartz, 

Calcium carbonate 

Tubular 1100 0.133 This work 
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porosity 37.36 - 41.65%) and hence, an optimized composition of 75% fly ash, 20% quartz and 

5% calcium carbonate (Membrane K3) was chosen for fabricating membranes to be used for 

separation operations. Membrane with the optimized composition has a pore size of 0.133 µm 

and porosity of 40.17% and offers outstanding chemical and mechanical stability (compressive 

strength of 20.28 MPa), thus making itself suitable for implementing in various separation 

operations. 
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Study of Effects of Binder Concentration on Properties of the Fly ash-

based Tubular Ceramic Membrane 

 

This chapter summarizes the results of the study carried out to evaluate the effect of binder 

(Sodium salt of carboxymethyl cellulose (Na-CMC)) concentrations on membrane properties. 

Membranes with optimized raw material composition, as mentioned in Chapter 2, were 

prepared with varied binder concentrations. Besides carrying out the extensive rheology study 

of the binder solutions of different concentrations, the fabricated membranes were also 

characterized using different standard techniques and based on the evaluated properties, the 

optimized binder concentration to be used for membrane fabrication was decided. 

 

3.1 An overview of binders 

Binders can be regarded as the materials that are added to the membrane fabrication process in 

order to impart good mobility and stability to the raw material paste. Binder becomes far more 

important in case of membranes manufactured via extrusion process as it helps in improving 

the water retention capacity of the raw materials, which is indeed a crucial parameter in the 

extrusion process. Lack of plasticity and mobility of the feed material can cause the formation 

of cracked membranes in the extrusion process, thus restricting their application in further 

separation processes (Fan et al., 2016).  

As evident from the literature, both organic and inorganic binders have been used in the 

manufacturing of ceramic membranes via extrusion process (Bose and Das, 2014; Jedidi et al., 

2009). However, organic binders such as carboxymethyl cellulose, polyvinyl alcohol, 

polyethylene glycol, etc. have taken over the inorganic binders, namely boric acid, sodium 

metasilicate, and so on. It needs to mention that the benefits associated with organic binders 

are quite large in comparison to the inorganic ones. Organic binders not only decompose at 
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comparatively lower temperatures than the inorganic binders, but also are quite earth-friendly, 

thus leaving no harmful residues after decomposition. Moreover, the organic binders come with 

a massive quantity of carbon, which is oxidized into carbon dioxide during the sintering process 

of the membrane (Zhi et al., 2016).  

Among the various organic binders available, sodium salt of carboxymethyl cellulose (Na-

CMC) attracted attention owing to the substantial number of benefits offered by this binder 

(Liu et al., 2019; Wüstenberg, 2014). Na-CMC is known to form a sticky colloidal solution in 

water, all thanks to its long chain structure that leads to the formation of a stronger three-

dimensional network, which ultimately helps in holding the fly ash particles together (Liu et 

al., 2019). Moreover, the water retention capacity of Na-CMC is on the higher side, thus 

contributing to the formation of a good paste to produce tubular membranes through extrusion 

process (Wüstenberg, 2014). This water retention property of Na-CMC becomes far more 

useful while preparing fly ash-based membranes, as fly ash is quite hydrophobic in nature with 

very poor water retention capacity (American Coal Ash Association, 2003). On account of the 

aforementioned perks of using Na-CMC solution as a binder in the membrane fabrication 

process, along with the other benefits of organic binders mentioned earlier in this section, this 

work focuses on using Na-CMC solution to prepare tubular ceramic membranes and further 

investigate the effect of binder solution concentration on the variation of different membrane 

properties. 

It has been reported in the literature that decomposition of binder takes place during the process 

of membrane sintering and drying. In case of Na-CMC, the thermal degradation takes place at 

around 280 ⁰C, leading to the generation of different low molecular weight hydrocarbons along 

with formation of some polyunsaturated products, which on further heating at higher 

temperature get converted to CO2 (Tan et al., 2017). This process of binder removal is known 

as debinding. This process is very delicate and needs to be carried out carefully because rapid 
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evolution of gases during this step can cause formation of blisters and cracks in the membrane. 

Moreover, after removal of binder, the membrane becomes very brittle as the particles in the 

matrix are held together by only weak physical interactions and gain strength only after 

sintering (Pfaffinger, 2015; Trunec,1996). It needs to mention here that during the process of 

sintering, particles of the brittle membrane matrix fuse together by the process of necking and 

grain growth. Initially, the contact among the particles increases and bridging of particle occurs 

through neck formation and grain growth in the temperature range of 900-1000 ˚C (Diana et 

al., 2020). The contact between particles increases further on increasing temperature up to 1100 

˚C, which causes shrinkage and densification of membrane. This whole process of necking, 

shrinkage and densification during the process of membrane sintering leads to increased 

membrane strength (Zou et al., 2019c; Derlet, 2017). The mechanism of thermal debinding and 

sintering of membrane is shown in Fig. 3.1. 

 

 

Fig. 3.1. Debinding and sintering phenomena  
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3.2 Experimental 

3.2.1 Raw materials 

The raw materials used for membrane fabrication in this Chapter are Fly ash, Quartz, Calcium 

carbonate and Sodium salt of carboxy methyl cellulose (binder). All of these materials were 

procured from the same source, as mentioned in Chapter 2 of this thesis. 

 

3.2.2 Membrane fabrication 

The optimized raw materials composition (75 wt.% fly ash, 20 wt.% quartz and 5 wt.% calcium 

carbonate) suggested in Chapter 2 was selected for making tubular membranes in order to 

examine the influence of binder concentration (Na-CMC) on properties of the membranes. The 

same procedure mentioned in Chapter 2 was employed for the fabrication of tubular 

membranes. Briefly, the raw materials were mixed with various concentrations of the binder 

solution (2, 3 and 3.5 wt.% Na-CMC solution) to obtain a semi-plastic ceramic paste, which 

was then extruded through an extruder to get tubular-shaped membranes. The obtained green 

membrane tubes were dried in open air for 24 hours, followed by oven drying at 100 ˚C and 

200 ˚C respectively, for 24 hours in each case. After that, membranes were sintered at a 

temperature of 1100 ̊ C with a holding time of 6 hours. The dimensions of the fabricated tubular 

membranes are 5.5 mm inner and 11.5 mm outer diameters with a length of 100 mm. The 

prepared membranes are named as M2, M3 and M3.5, where numbers 2, 3 and 3.5 refer to the 

concentration of the binder solution. 

It needs to mention here that the hydrophobic characteristic of fly ash makes it impossible to 

fabricate the membranes without binder. Even the viscosity of 1 wt.% aqueous solution of Na-

CMC is so low that it could not hold the feed paste together and hence, binder concentrations 

from 2 wt.% onwards were considered for membrane fabrication. The detailed rheological 
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investigations that led to considering these three binder concentrations for this study have been 

discussed in section 3.3.1 of this Chapter. 

 

3.2.3 Characterization of raw materials and fabricated membranes 

As the objective of this Chapter is to focus on the effect of binder concentrations on membrane 

properties, hence the rheological characteristics of aqueous solutions of Na-CMC at different 

concentrations were carried out using an interfacial rheometer (Anton Paar, Physica MCR 301). 

The parallel plate configuration was used to evaluate the rheological behaviour of the Na-CMC 

solutions at ambient temperature, and the experiments were carried out over a shear rate of 

0.01-1000 s-1. The obtained stress, strain as well as viscosity values were plotted using the 

power law model, as shown in equation (3.1), to calculate the zero-shear viscosity as well as 

the flow behaviour indices (Reddy, 2015).                

𝜏 = 𝑘𝛾𝑛                                            (3.1) 

Where, τ is the shear stress, γ is the applied strain, k is the flow consistency index and n is the 

flow behaviour index. For rheological study of Na-CMC solution, rheometer was preferred 

over viscometer as latter one works best for Newtonian fluids, which are independent of shear 

rate. On the contrary, Na-CMC solution follows highly non-Newtonian behaviour, and hence, 

the use of a rheometer is always preferred in studying the rheology of this type of solution 

(British Plastics and Rubber, 2020). 

The fabricated membranes have undergone a variety of characterization techniques, based on 

which their properties are evaluated. The membranes were characterized for evaluation of 

structural homogeneity, porosity, pore size, chemical as well as mechanical stability. The 

detailed description of each of these techniques is already mentioned in the previous Chapter. 
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3.3 Results and discussions 

3.3.1 Rheological behaviour of Na-CMC solutions 

 

 

Fig. 3.2 (a) Stress-strain curve and (b) Viscosity-strain curve of Na-CMC solutions with 

different concentrations 

The study of rheological behaviour of aqueous solutions of different concentrations of Na-

CMC solution revealed that the solution viscosity increases drastically with an increase in the 

Na-CMC concentration. The detailed analysis reported in Fig. 3.2 and Table 3.1 has shown that 

increasing binder solution concentration from 1% to 4% resulted in a decrease in the values of 
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flow behaviour index (Reddy, 2015). This signifies that the increased concentration makes the 

solutions divert from Newtonian behaviour, thus making their mixing more difficult (Kao et 

al., 2015; Dickey, 2015). It has also been observed that the zero-shear viscosity showed a steep 

rise when the solution concentration changed from 3.5% to 4%. Hence, Na-CMC 

concentrations above 3.5% were not considered for membrane fabrication to avoid the 

formation of agglomerates owing to improper mixing. Though the zero-shear viscosity of 1 

wt.% Na-CMC solution was quite low, it was not considered for membrane fabrication, as the 

solution was unable to hold the clay particles together properly, leading to the formation of 

deformed shaped membranes (Fig. 3.3).  

 

Fig. 3.3 Deformed shaped membrane with 1 wt.% Na-CMC solution 

Table 3.1 Rheological data of different concentrations of aqueous Na-CMC solution at 25 ˚C 

Na-CMC concentration 

(wt.%) 

Zero shear viscosity (Pa.s) Flow behaviour index (n) 

1 1.21 0.782 

2 9.13 0.677 

3 28.62 0.613 

3.5 39.72 0.613 

4 193.70 0.498 
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The rheological observations mentioned above are in good agreement with the previous works 

reported in earlier literature (Reddy, 2015). 

 

3.3.2 Morphology study of membranes  

Once the membranes with different concentrations of binder solution were fabricated, the 

morphology of the membranes needs to be checked in order to confirm their usability in 

separation processes further. Fig. 3.4 corresponds to the inner as well as outer surface images 

of membranes M2, M3 and M3.5, respectively. The darker portions in the images represent 

pores, which are marked by red arrows, while the lighter areas represent the ceramic particles. 

The membrane surfaces are smooth and are devoid of any defects such as pinholes or cracks. 

However, it has been observed that the membrane fabricated with higher binder concentration 

shows non-uniformity in its pore size. The results illustrated in Fig. 3.5 also reveal the same, 

showing a narrow pore size distribution of M2 membrane compared to the M3 and M3.5 

membranes. The pore sizes of M2 membrane are within the range of 0 - 1.5 µm, while the pores 

are scattered over a wide range of 0 - 5.0 µm and 0 - 3.5 µm in case of M3 and M3.5 membranes, 

respectively. The possible reason behind this non-uniformity may be the increased viscosity of 

the solutions, which causes stronger particle agglomeration in the membrane matrix. During 

sintering at 1100 oC, these agglomerates compact and lead to a wider pore size distribution 

(Das, 1999).  

However, this problem of agglomeration is not observed in the case of M2 membrane due to 

comparatively lower solution viscosity. It needs to mention that FESEM images, using the 

same procedure as described in Chapter 2, were also being used to evaluate the average pore 

size of the membranes. The calculated average pore diameters of M2, M3, M3.5 membranes 

are 0.81, 1.96 and 1.16 µm, respectively (Bouazizi et al., 2016; Jana et al., 2010). This 
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observation is sufficient to prove the fact that comparatively smaller sized pores are present in 

M2 membrane as compared to the other two membranes. 

      

      

        

Fig. 3.4 FESEM images of inner and outer surfaces of the membranes (M2-M3.5) (Red 

arrows in the picture denote the pores in the membrane while the brown boxes correspond to 

the wider pores resulted due to agglomeration caused by increased binder content) 
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Fig. 3.5 Pore size distribution of M2, M3 and M3.5 membranes 

 

3.3.3 Porosity  

The average porosity values of M2, M3 and M3.5 membranes fabricated using various 

concentrations of binder solution are 40.17±1.04, 41.65±2.20 and 41.24±0.79%, respectively. 

It has been observed that there is no significant variation in the membrane porosities with 

increasing the concentration of binder. Compared to M2 membrane, the membranes (M3, 

M3.5) prepared with higher binder content (> 2 wt.% Na-CMC solution) demonstrate similar 

porosity values even after showing the presence of bigger pores, as evidenced from FESEM 

TH-2844_186107007



  Chapter 3 

 
102 

analysis (Figs. 3.4 and 3.5). This may be attributed to the fact that the membrane M2 may 

possess larger numbers of smaller pores as compared to membranes M3 and M3.5, where lesser 

number of pores with bigger diameters may present, thus compensating for the overall 

membrane porosity. The pore density of M2, M3 and M3.5 membranes are found out to be 

17.7×109, 12.2×109 and 14.5×109 pores/m2, respectively, which is in accordance with the 

above-mentioned justification. Similar trend of variation in membrane porosity with binder 

content has been observed in the works of Das (Das, 1999). The obtained porosity values in 

this work are consistent with the other ceramic membranes prepared by various authors. As 

evident from the literature, ceramic membranes with 40% porosity are considered to be highly 

suitable for separation applications (Benito et al., 2015; Vasanth et al., 2011; Kumar et al., 

2015a).  

 

3.3.4 Mechanical strength  

The mechanical strength of the membranes is observed to decrease with an increase in binder 

concentration. The mechanical strength of M2, M3 and M3.5 membranes, as obtained from 

compression strength evaluation test, are 20.28±2.09, 14.98±1.44 and 12.60±2.00 MPa, 

respectively. As evident from FESEM images (Figs. 3.4 and 3.5), at higher binder 

concentrations, the formation of bigger sized pores in the membrane is noticed due to the burn 

out of binder agglomerates, which suppresses the driving force of densification. This results in 

a comparatively hollow structure inside the membrane as compared to the membranes 

fabricated using lower binder content. Consequently, a significant decline in the mechanical 

strength is noticed at higher binder concentrations. It is well documented in the literature that 

membranes having dense structures possess higher membrane strength than those having 

bigger pores as bigger pores are very much prone to defect formation on application of 

compressive force (Adam et al., 2020). To sum up, the high porosity fly ash-based ceramic 
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membranes prepared in this work display moderate mechanical strength compared with those 

of clay-based porous ceramic membranes reported by other authors (Zou et al., 2019c; Jedidi 

et al., 2009). 

 

3.3.5 Chemical stability  

Results of chemical stability tests indicated that only minimal weight loss of the membranes is 

observed in basic medium (2.77±0.67, 3.60±0.65 and 3.02±1.26% for M2, M3 and M3.5 

membrane, respectively), thus signifying the potential applicability of the membranes in harsh 

basic condition. However, the weight loss of the membranes is on the higher side in acidic 

environments, restricting their use in low pH environments. The corresponding weight loss for 

M2, M3 and M3.5 membrane in acidic medium is 6.56±1.67, 10.83±1.16 and 12.23±1.67%, 

respectively. As mentioned in Chapter 2,  CaO present in the sintered membranes is mainly 

responsible for the decrease in membrane weight after acid treatment. CaO reacts with 

hydrochloric acid, forming precipitates of calcium chloride, thus leading to loss of weight 

(Suresh et al., 2016). 

However, it is seen that membranes fabricated with increased binder content demonstrate 

higher weight loss in acidic condition. As evident from FESEM images (Fig. 3.4), at higher 

binder concentrations, the formation of abnormally large pores takes place in the membrane 

and such large pores can be considered as the main cause of poor chemical resistance of the 

membranes. The large sized pores allow the acidic solution to enter into the pores more easily 

by offering lesser diffusional resistance and thus, contribute to higher weight loss (Saxena et 

al., 1974). The findings obtained in this work are in good agreement with those reported by 

Bose and Das (Bose and Das, 2014). 
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3.3.6 Water permeability and pore size evaluation 

 

 

Fig. 3.6 Pure water flux as a function of operating time for membranes M2, M3 and M3.5 
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Fig. 3.7 Pure water flux at different applied pressures for membranes M2, M3 and M3.5 

Results of pure water flux of the three membranes (M2, M3 and M3.5) performed using cross-

flow filtration setup are depicted in Fig. 3.6. The constant water flux for the entire duration of 

experiment at a specific pressure signifies the saturation of the membrane pores with water 

molecules. For all the membranes, the water flux rises with an increase in the applied pressure 

(Fig. 3.7) and this effect is solely because of an enhancement in the driving force, which pushes 

more water through the membrane pores. As evident from Fig. 3.7, an increased pure water 

flux is observed at higher concentration of binder (Na-CMC). This can be ascribed to the 

presence of bigger pores in the membrane. Moreover, the pore size evaluated using water 

permeability data reveals that the membrane pores are in the similar size range for M3 and 

M3.5 membranes, average pore size being 0.190 µm for M3 membrane and 0.177 µm for M3.5 

membrane. However, the pore sizes of these membranes are slightly higher than that of M2 

membrane (0.133 µm), which may be contributed by the few bigger pores present in the former 

membranes as it has already been mentioned that the agglomeration effect is more pronounced 

in those two membranes (Das, 1999). This trend of pore size variation of membranes is quite 

similar to that calculated from FESEM images using ImageJ software. However, the size of 
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pores obtained from FESEM images is comparatively larger as this method considers all the 

surface pores, including the dead-end ones (Sinha and Purkait, 2013). 

 

3.4 Optimization of binder composition 

Different characterization experiments conducted on the membrane samples (M2-M3.5) 

revealed that binder content used in the clay paste for fabrication of membrane has immense 

effect on the membrane properties. It has been found that with an increase in binder content 

from 2 to 3.5 wt.%, the chemical as well as mechanical stabilities of the membranes decreased 

significantly. Issues were also faced in mixing the binder solutions having higher concentration 

(> 3 wt.%) with raw materials owing to the enhanced viscosity of the solution. Moreover, the 

formation of abnormally larger pores in the membranes was evident in the FESEM images. 

Hence, in view of the above, membrane M2, fabricated with 2% Na-CMC binder solution, was 

finalized for use in further separation processes. Membrane M2 offers an appreciable porosity 

value of 40.17±1.04%, an excellent mechanical strength of 20.28±2.09 MPa with a mean pore 

diameter of 0.133 µm. The chemical stability of the membrane was also quite satisfactory and 

hence, the use of this binder concentration for membrane fabrication is quite justifiable. 

 

3.5 Comparison with prior arts 

The rapid growth of membrane filtration processes has made the researchers put their efforts 

in analyzing the various crucial parameters affecting membrane properties. Membranes are 

fabricated with various binders in order to get the best of the membrane properties. A 

scrupulous analysis of different binders used in the fabrication of fly ash-based membranes has 

revealed the applications of binders such as polyvinyl alcohol, methocel, methyl cellulose, and 

so on (Table 3.2). The membranes fabricated using the above-mentioned binders resulted in 

larger pore diameters, thus restricting their multi-folded application. Larger pore sized 
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membranes not only have lesser rejection performance, but also are more prone to irreversible 

membrane fouling caused by pore blocking phenomenon (Hwang et al., 2008).  

Table 3.2 Encapsulation of literature corresponding to use of various binders in the fabrication 

of fly ash-based membrane 

Composition of 

membrane 

Binder  Sintering 

temperature (˚C) 

Pore diameter 

(µm) 

References 

Fly ash, Amijel, 

Starch 

Methocel 1125 4.50 Jedidi et al., 

2009 

Fly ash Methyl cellulose 1190 2.13 Fang et al., 

2011 

Fly ash, natural 

bauxite, Vanadium 

pentoxide, 

Aluminium fluoride 

Polyvinyl alcohol 1300 0.39 Cao et al., 

2014 

Fly ash Polyvinyl alcohol, 

Glycerol 

1050 ~1.00-2.00 Zou et al., 

2019c 

Fly ash, Quartz, 

Calcium carbonate 

Sodium salt of 

carboxymethyl 

cellulose 

1100 0.133 This work 

 

However, the membrane fabricated in this work using Na-CMC binder represents the least pore 

size compared to fly ash membranes reported in literature (Table 3.3). The sintering 

temperature involved in the production of membrane is also relatively lower than most of the 

cases, thus signifying the low cost associated with the sintering process (Zhi et al., 2016; Benito 

et al., 2015).  This work is focused on reducing the cost of membrane fabrication process and 

the use of a low sintering temperature justifies its purpose.  

Therefore, it can be inferred that the number of benefits associated with the membrane 

fabricated using Na-CMC binder convinced the authors to consider this binder as a potential 

alternative for use in the preparation of fly ash-based ceramic membrane. 
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Table 3.3 Encapsulation of literature corresponding to use of carboxymethyl cellulose in the 

fabrication of ceramic membrane 

Composition of membranes Sintering 

temperature (˚C) 

Pore size 

(µm) 

 References 

α-Alumina, Glycerol, CuO/TiO2, 

Carboxymethyl cellulose 

1200 - Zhi et al., 2016 

Kaolin, Alumina, Carboxymethyl 

cellulose 

1400 1.00 Huang et al., 1998 

SiC particles, graphite, activated 

carbon, Carboxymethyl cellulose 

1300 - Xu et al., 2019 

α-Alumina, SiO2, Polyethylene 

glycol, Carboxymethyl cellulose 

1600 1.20 Benito et al., 2005 

Fly ash, Quartz, Calcium 

carbonate 

1100 0.133 This work 

  

3.6 Summary 

Tubular ceramic membranes using fly ash as the base material (75%) along with requisite 

quantities of quartz (20%) and calcium carbonate (5%) have been prepared by varying the 

quantity of binder (Na-CMC). Experiments revealed that increased binder concentration leads 

to agglomeration in the membrane matrix, causing the formation of large and uneven pores in 

the membrane. The mechanical strength and chemical stability of the membranes reduced 

significantly with an increase in binder concentration. Hence, based on rigorous experiments 

conducted to evaluate the properties of fabricated membranes, 2 wt.% solution of Na-CMC is 

found to be sufficient in imparting good physical as well as mechanical properties to the 

membrane. Membrane M2, fabricated using the aforementioned binder concentration, 

possesses an average pore diameter of 0.133 µm and porosity of 40.17%, besides having the 

capability of withstanding mechanical strength of about 20.28 MPa. Moreover, the membrane 

possesses a quite appreciable hydraulic permeability value of 4.93×10-8 m3/m2skPa, signifying 

the capability of the membrane to produce high flux. The chemical stability of the membrane 
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is also quite satisfactory for application in industrial processes. Therefore, it can be concluded 

that the use of 2 wt.% aqueous solution of Na-CMC as a binder in fly ash-based tubular ceramic 

membrane fabrication is quite appreciable for producing membranes with good physical, 

mechanical as well as chemical properties.  
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Performance Evaluation of Fly Ash-based Tubular Ceramic Membrane in 

Liquid Phase Separation Processes 

 

This chapter discusses about the versatility of fabricated fly ash-based tubular ceramic 

membrane for implementing in different liquid phase separation processes. Three different 

feeds, namely poultry slaughterhouse wastewater, starch processing wastewater and glycerol 

rich biodiesel emulsion, were used to evaluate the performance of the membrane. In all the 

aforementioned cases, the feed and the permeate were characterized using standard techniques 

to investigate the extent of rejection that can be achieved by the membrane and whether the 

produced permeate satisfies the required norms as prescribed by the respective authorities.  

 

4.1 Treatment of poultry slaughterhouse wastewater 

4.1.1 Chemicals 

Poultry slaughterhouse wastewater used for experimental works was supplied by a local vendor 

from Ganeshguri, Assam. The reagents required for measuring Chemical Oxygen Demand 

(COD) of feed and permeate samples of poultry slaughterhouse wastewater treatment are 

mercury sulfate, silver sulfate, sulfuric acid and potassium dichromate. Amongst them, sulfuric 

acid and potassium dichromate were supplied by Merck (I) Ltd., Mumbai, India, while the rest 

two were delivered by Hi-Media (I) Ltd..  

 

4.1.2 Experimental methodology and investigations 

Poultry slaughterhouse wastewater contains a higher level of impurities, which leads to higher 

Chemical Oxygen Demand (COD), turbidity as well as total suspended solids (TSS). Hence, it 

is of utmost importance to evaluate the characteristics of feed water before sending it through 

the filtration apparatus. The pH of the feed sample was evaluated using a pH meter (Eutech 
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Instruments, Model: pH 700) and the turbidity was evaluated using a turbidity meter (Hintron 

Instruments, Model: HI-142). COD and TSS of feed and permeate samples were calculated 

using standard APHA protocols (APHA, 1998). 

The performance of the optimized membrane in treating poultry wastewater was evaluated 

using the experimental setup shown in Fig. 4.1. With raw poultry wastewater, the filtration 

tests were conducted at pressures 207, 276, 345, 414 and 483 kPa with a constant cross flow 

rate of 11.11×10-6 m3/s for three hours. The performance of the membrane was evaluated in 

terms of reduction in the Chemical Oxygen Demand (COD), turbidity as well as total 

suspended solids (TSS) in the permeate. Equation (4.1) is used for the calculation of the 

rejection performance of the membrane (Kumar et al., 2016). 

𝑅𝑒𝑗𝑒𝑐𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) = (1 −
𝐶𝑝

𝐶𝑓
) ×100                            (4.1) 

Where, Cf and Cp are the concentration of parameters under consideration in the feed and 

permeate, respectively. 

After performing the filtration experiment at a specific pressure, the membrane was first 

cleaned with Millipore water for 30 minutes, followed by cleaning with a detergent solution (1 

g/L surf excel solution) for the duration of 1 hour. It was well documented in the literature that 

the detergent treatment is one of the most effective methods to solubilize the components 

present in poultry processing wastewater as the majority of these components are fats, oil and 

grease (Pirooz et al., 2018). After detergent cleaning, the membrane was ultra-sonicated for 15 

minutes to remove any pore-blocking material present in it. The ultrasonic cleaning process 

uses the principle of cavitation to remove the contaminants present not only in the membrane 

surface, but also in the pores of the membrane (Welker, 2010).  

The MF setup with the membrane was once again cleaned by passing Millipore water for 30 

minutes to remove residual soap in it. Then the water permeability tests were conducted before 

running filtration experiments for the next pressure to ensure whether the membrane regains 
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its original water flux value. It needs to mention that the regenerated membrane shows water 

permeability values within ±5% of its initial water flux value. It clearly signifies that the 

membrane got cleaned. All the above-mentioned experiments were conducted at room 

temperature. The various parameters maintained for the filtration experiment and subsequent 

cleaning are presented in Table 4.1. 

Table 4.1 Operational parameters of wastewater treatment process 

Parameter Values 

Temperature 25 ˚C 

Pressure 207- 483 kPa 

Cross flow velocity 11.11×10-6 m3/s 

Filtration experiment duration 3 hours 

Concentration of detergent solution used for cleaning 1 g/L 

 

 

Fig. 4.1 Experimental setup [1: Feed water tank, 2: Pump; 3,8: Ball valve, 4: Pressure gauge, 

5: Membrane module, 6: Permeate tank, 7: Weighing balance, 9: Rotameter] 

 

4.1.3 Results and discussions 

Poultry processing wastewater is highly laden with organic matters. Among the various 

contaminants present in poultry wastewater, almost 35% corresponds to the large floating 

debris resulting from the agglomeration of grease and fat, while the major fraction (around 
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55%) corresponds to suspended solids containing lipids, proteins, pathogenic microbes, etc. 

These suspended solids are the prime reason for the formation of opaque haze in poultry 

wastewater. The rest 5-10% of contaminants are contributed by particles sticking to the 

emulsified globules present in the wastewater (Avula et al., 2009). Hence, the characteristics 

of the poultry wastewater collected for testing the filtration performance of the membrane were 

also evaluated and the results are mentioned in Table 4.2. It needs to mention that the BOD5 

value of the raw wastewater mentioned in Table 4.2 was calculated using the ratio BOD5/COD 

= 0.6. This ratio has been extensively used in many research works related to poultry 

slaughterhouse wastewater to calculate the BOD5 values from the experimentally obtained 

COD values (Shih and Kozink, 1980; Whitehead, 1976). 

               Table 4.2 Characteristics of poultry slaughterhouse wastewater (feed) 

Parameter Values 

pH 6.19 ± 0.07 

Total suspended solids (mg/L) 414.50 ± 69.50 

Turbidity (NTU) 20.70 

COD (mg/L) 271.95 

BOD5 (mg/L) 163.17 

 

The poultry wastewater was passed through the membrane module at five different pressures, 

keeping all the other parameters constant, as mentioned in Table 4.1. It is evident from Fig. 4.2 

that the permeate flux increases with an increase in the applied pressure. The pressure being 

the driving force in this membrane separation process, its increasing value causes increased 

driving force, thus leading to a higher flow of permeate (Zhang et al., 1997). However, the flux 

declines with time, which may be due to the resistance offered by pore blocking and formation 

of the cake layer. In the initial period of filtration, a rapid decrease in the flux is noticed due to 

pore blocking of foulant particles. However, the fouling caused by the formation of cake layer 

on the membrane surface due to the deposition of foulants makes the decline of the permeate 
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flux gradual. The fouling occurred due to cake layer formation over the membrane surface is 

regarded as the reversible form of membrane fouling (Rodrigues and Fernandes, 2012). 

 

Fig. 4.2 Permeate flux collected for the duration of three hours at pressures 207, 276,345, 414 

and 483 kPa (Cross flow rate: 11.11×10-6 m3/s) 

It was reported in the literature that the proteins present in poultry wastewater do not possess a 

fixed conformation and hence, they get destabilized on the application of high shear, leading 

to membrane fouling and subsequent flux decline (Lo et al., 2015). As evidenced, the flux 

decline is faster and more pronounced at higher pressures as a higher shear rate breaks the 

organic matters and leads to enhanced pore blocking (Kumar et al., 2016). At lower pressures, 

insufficient shear rate makes the breaking of foulant particles quite difficult, thus resisting pore 

blocking. Hence, the decline in flux at 207 kPa is quite insignificant as compared to other 

pressures (Ren et al., 2019). It can be said that the fouling at higher pressures is attributed to 

the combined effect of cake formation as well as pore blocking, while the impact of pore 

blocking gets diminished at lower pressures.  

If the question comes for choosing an optimum pressure at which the system needs to be 

operated, 414 kPa can be considered as it not only gives 100% rejection, but also gives high 
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flux with lesser flux decline. Pressure 483 kPa cannot be taken as the optimum operating 

pressure, albeit providing a higher flux, owing to its higher flux decline during the operation 

time. The obtained permeate is clear in colour with zero turbidity value for all five pressures, 

as depicted in Fig. 4.3. As evident from Fig. 4.4, complete removal of COD and TSS is 

achieved through this membrane. The larger size of the particulate matters present in the 

poultry slaughterhouse wastewater is the prime reason for achieving 100% reduction in COD, 

TSS and turbidity of the processed water. The major contaminants of poultry slaughterhouse 

wastewater are the suspended solids having the size in the range of 20-50 µm. As we mentioned 

earlier that the fats and globules present in the wastewater are in the form of large agglomerates 

and debris that float on the water surface and hence, these can be easily removable. The rest of 

the contaminants, which are found to be bound with emulsified globules, have sizes of around 

5 mm (Avula et al., 2009). It is noteworthy to mention that the pore size of the membrane 

(0.133 µm) is lower than the sizes of the above-mentioned organic matters present in poultry 

wastewater, which generally contribute to COD and TSS content. Hence, the membrane could 

achieve the complete removal of them via size exclusion principle. 

As previously mentioned, as filtration proceeds, the formation of a cake layer takes place on 

the membrane surface by the foulants present in poultry slaughterhouse wastewater. In order 

to investigate the formation of cake layer on the membrane surface, after end of microfiltration, 

the inner surface of the membrane, where feed was passed through it, was screened under Field 

Emission Scanning Electron Microscope (FESEM), as reported in Fig. 4.5. As evident from 

Fig. 4.5, particles present in the wastewater were deposited on the membrane, which reduces 

the porous structure of the membrane during filtration. It is worth mentioning that the permeate 

water collected through the process satisfies the COD and TSS norms provided by Central 

Pollution Control Board, India, for its reuse as well as discharge into the environment. It also 

justifies the regulation given by the World Health Organisation in terms of turbidity value that 
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can even be accepted for drinking purposes (Tatwawadi, 2017; WHO, 2017). Looking at the 

high quality of permeate produced, it can be inferred that the water is safe to discharge into the 

environment and can also be reused in the poultry industry itself to tackle the stringent water 

demand. 

 

Fig. 4.3 Poultry slaughterhouse wastewater before and after membrane filtration 

 

Fig. 4.4 COD and TSS reduction after membrane filtration at all five different pressures 
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Fig. 4.5 Inner surface of the membrane as observed under FESEM (a) before and (b) after 

poultry slaughterhouse wastewater treatment 

 

4.1.4 Distinction over prior arts 

Literature available regarding the use of membrane filtration in the treatment of poultry 

processing wastewater mostly talks about commercial polymeric membranes (Table 4.3), 

which are not only expensive, but are also very brittle. Even though the flux obtained by using 

polymeric membranes is higher than that of the membrane used in this work, the use of 

polymeric membranes cannot be considered as a potential solution for long term separation 

processes owing to their very poor chemical as well as mechanical strength (Malmali et al., 

2018; Gupta and Anandkumar, 2018; Kaur et al., 2016; Rodrigues and Fernandes, 2012).                                                                                                                                                                                                                                 

Basitere et al., though reported the use of ceramic membranes, the raw materials used in its 

fabrication make it very expensive. Certain cases also mentioned about the use of hybrid 

processes such as static granular bed reactor (Basitere et al., 2017), which again makes the 

whole process a big-budgeted one. The fabricated membrane overcomes all the above-

mentioned disadvantages and offers complete rejection without even compromising with the 

permeate flux, which contemplates its superiority over the other membranes used earlier for 

purification of poultry slaughterhouse wastewater. 
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Table 4.3 Performance evaluation of the fabricated membrane with the ones mentioned in prior arts regarding poultry slaughterhouse wastewater 

treatment  

Membrane  Pore size Conditions Permeate flux  

(×106 m3/m2s) 

Rejection/recovery References 

PES and regenerated cellulose 

commercial membrane 

10-300 kDa T: Ambient temperature 

Flow rate: 1.21 L/min 

P: 67.5 kPa 

~13.9-97.2 COD: upto 94% 

TSS: 100% 

(Malmali et 

al., 2018) 

Commercial UF-25-PAN 

membrane 

- P: 400 kPa 

 

91.7 TSS: 98% 

COD>94% 

(Yordanov, 

2010) 

Thin film nanofiltration 

membrane 

UF: 30000 

NF: 150-300 

pH: 6.6 ± 0.1 

TMP: 500-2500 kPa 

~3.9-9.2 COD: 90%  (Coskun et 

al., 2016) 

Polysulfone  30 kDa pH: 5.5-7.0 

Flow rate: 0.6-0.8 L/min 

P:96.5 kPa 

> 55.6 

 

COD: 58.86% 

TS: 35.79% 

 

(Lo et al., 

2015) 

α-alumina 40 nm pH: 6.78 

T: 21.2 ˚C 

- COD: 98%  

TSS: 99.8% 

(Basitere et 

al., 2017) 

Fly ash, Quartz, Calcium 

carbonate 

0.133 µm Feed pH: 6.19 ± 0.07 

T: 25 ˚C 

Cross flow rate: 0.667 L/min 

P: 207-483 kPa 

5.2-7.9 COD: 100% 

TSS: 100% 

This work 
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4.2 Treatment of starch processing wastewater 

4.2.1 Chemicals 

Starch processing wastewater was simulated in the laboratory and for that purpose, rice, corn 

and wheat starch were collected from Urban Platter, Mumbai; Padmavathi Distributors, 

Vijayawada and Naturevibe Botanicals, Raigad respectively. The reagents required for 

measuring Chemical Oxygen Demand (COD) of feed and permeate samples of starch 

processing industry wastewater treatment were collected from the same source as in the case 

of poultry slaughterhouse wastewater treatment. The Lugol’s reagent used for qualitative 

analysis of starch in feed and permeate was procured from Hi-Media (I) Ltd. 

 

4.2.2 Experimental methodology and investigations 

 

Fig. 4.6 Experimental setup for starch processing wastewater treatment [1: Magnetic stirrer; 

2: Feed tank; 3: Pump; 4: By-pass valve; 5: Pressure gauge; 6: Membrane housing; 7: 

Permeate tank; 8: Weighing balance; 9: Retentate control valve; 10: Rotameter] 

The primary constituent of wastewater generated in the starch processing industry is starch. 

However, the starch content in the effluent wastewater is usually so high that direct 
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microfiltration seems unhealthy for long run membrane performance due to severe fouling. 

Hence, it is always advisable to allow the effluent wastewater to settle for a duration of 2-4 h, 

so that a certain percentage of starch settles at the bottom, thus decreasing the load on the 

membrane. After precipitation, the concentration of wastewater in terms of starch content 

remains approximately 1% (w/v), which is equivalent to 10 g/L (Ikonić et al., 2011). Hence, to 

mimic starch processing industry wastewater, 1% (w/v) aqueous solution of three different 

starches, namely corn, wheat and rice, was made individually for experimental purposes. The 

separation experiments were carried out using the setup illustrated in Fig. 4.6.  

 

Fig. 4.7 Effect of stirring in preventing starch sedimentation during microfiltration 

In the entire course of microfiltration studies, the simulated starch wastewater was stirred 

mechanically. Stirring was done in order to avoid settling of starch molecules. The effect of 

stirring in preventing sedimentation of starch granules during the experiment can be well 

observed from Fig. 4.7. The feed and permeate samples were also characterized for their 

Chemical Oxygen Demand (COD), total suspended solids (TSS) and turbidity content using 

the same protocols as mentioned in Sub-section 4.1.2. The COD values reported in this article 

corresponds to the total COD of the starch solution. Moreover, the size of all three starch 

molecules was analyzed using Laser Particle Scattering Analyzer (Model No.: Master sizer 
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2000; Make: M/s Malvern, UK). Morphology of the starch molecules was studied under Field 

Emission Scanning Electron microscope (Make: Zeiss, Model: Sigma 300) and the presence of 

starch molecules in feed and the permeate was evaluated qualitatively using Lugol’s Iodine 

reagent.  

To evaluate the rejection performance of the membrane with variations in applied pressure, 

experiments were conducted between the pressure ranges of 207 kPa and 483 kPa, the cross-

flow velocity being maintained at 8.33×10-6 m3/s. The study of effect of pressure on membrane 

performance helped us to identify the optimum pressure that can be recommended for efficient 

membrane separation. This was followed by studying how the membrane behaves to starch 

wastewater treatment with variations in cross flow velocity. The versatility of membrane 

retention performance while treating wastewater generated from different starch sources was 

also evaluated. To calculate the rejection performance of the membranes under different 

operating conditions, equation (4.1) is used. The recovery efficiency of the membrane is also 

studied to assess its efficacy in recovering starch from concentrated feed after microfiltration, 

which can be used for some other purposes. After completing one set of experiments, the whole 

setup was flushed with Millipore water for 30 minutes, which was further followed by cleaning 

with 1 g/L surf excel detergent solution for another 30 minutes. The setup was rinsed again 

with Millipore water for 20 minutes, and the hydraulic permeability of the membrane was 

checked. In all the cases, the pure water permeability of the membrane after regeneration falls 

within ±5% of its original hydraulic permeability.  

 

4.2.3 Results and discussions 

4.2.3.1 Characterization of different starch sources 

The three different starch sources used for simulating starch industry wastewater are namely 

corn, wheat and rice. As in case of microfiltration, the size of solute particles present in the 
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feed solution plays a pivotal role in the separation performance of the membrane. Hence, it is 

utmost important to carry out particle size analysis of the solute. Keeping this point in mind, 

the particle size distribution of all three starch sources was carried out using two different 

techniques, namely Laser Particle Size Analyzer (LPSA) and Field Emission Scanning 

Electron Microscope (FESEM). FESEM micrographs of all the sources that were used to 

evaluate the particle size distribution are presented in Fig. 4.8. The particle size distribution of 

three starch suspensions performed using Laser Particle Size Analyzer (LPSA) is presented in 

Fig. 4.9 (a). It has been observed from the figure that all the three starch sources show unimodal 

size distribution, which is in accordance with the data available in the literature (Sinaki and 

Scanlon, 2016; Martens et al., 2018; Corgneau et al., 2019). It has been observed that granules 

of rice starch are the smallest among the three, which was followed by wheat and corn starch 

granules. The average sizes of corn, wheat and rice starch granules calculated from the data 

obtained through LPSA are found to be 14.01, 7.69 and 3.36 µm, respectively. Similar size 

ranges for the aforementioned starch sources are well documented in earlier literature (Wani et 

al., 2012; Sikora and Izak, 2006). The size analysis based on FESEM micrographs was carried 

out using ImageJ software (https://imagej.nih.gov/ij/). Particles captured in four different 

FESEM micrographs were considered for evaluating the average particle size of starch 

granules. As evident from Fig. 4.9 (b), it also displays a similar pattern with corn, wheat and 

rice starch granules showing average sizes of 10.33, 8.64 and 4.27 µm, respectively. However, 

slight variations in the results obtained through the aforementioned techniques are obvious, as 

both the instruments work on two different principles. It has been reported that LPSA processes 

a huge quantity of particles per assay, while in case of the image analysis carried out using 

FESEM micrographs, only a few hundred particles are taken into consideration resulting in a 

slight variation in the particle size analysis (Hegel et al., 2014). 

 

TH-2844_186107007

https://imagej.nih.gov/ij/


Chapter 4   

 124 

 

Fig. 4.8 FESEM images of corn, wheat and rice starch granules 
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Fig. 4.9 Particle size distribution of starch granules using (a) LPSA and (b) FESEM 

micrographs 

Besides particle size analysis, the other characterizations that need to be carried out before 

performing microfiltration experiments of simulated starch wastewater are those, based on 

which membrane’s rejection performance will be evaluated. As the efficiency of fly ash based 

tubular ceramic membrane in rejecting starch from its suspension will be estimated on the basis 

of reduction in COD, TSS and turbidity values. Hence, all these parameters were evaluated for 
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all three starch sources before carrying out microfiltration operations. The summary of 

aforementioned parameters for all three sources of starch is represented in Table 4.4. 

Table 4.4 Characteristics of wastewater generated from different starch sources 

Starch source Parameters 

COD (g/L) TSS (g/L) Turbidity (NTU) 

Corn 11.36±0.68 9.00±0.20 3935±11.67 

Wheat 14.35±2.54 9.50±0.30 3245±240.00 

Rice 13.27±1.56 7.95±0.05 4925.84±140.84 

 

4.2.3.2 Effect of pressure on membrane performance 

As mentioned earlier, the effect of applied pressure on membrane performance was evaluated 

by conducting a series of experiments using corn starch wastewater at various applied pressures 

ranging from 207 kPa to 483 kPa. The characteristics of feed (1 wt.% corn starch suspension) 

used for evaluating the membrane performance are mentioned in Table 4.4. 

It has been observed that with an increase in the applied pressure, the quantity of permeate flux 

obtained also increases initially. This can be attributed to the fact that with increasing applied 

pressure, the augmented driving force aids in the increased production of permeate (Suresh et 

al., 2016; Khemakhem et al., 2009; Purnima et al., 2020). However, after a certain duration, it 

has been observed that permeate flux obtained at higher applied pressure is comparatively 

lower than the ones obtained at lower applied pressure. It has been well documented in the 

literature that after a specific duration, the increased accumulation of solute particles on the 

membrane surface results in the formation of cake layer with a very low porosity value (Hong 

et al., 1997). Such a thick cake layer provides extra resistance for permeate to flow across the 

membrane and at some point of time, when this resistance becomes dominant over the 

increased driving force for permeate flow, the permeate flux becomes independent of applied 

pressure (Hong et al., 1997). In such a situation, the difference between the final permeate flux 

value obtained at different applied pressure decreases and the final permeate flux obtained at 
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higher pressures becomes almost equal or sometimes even less than the ones obtained through 

applying lower pressure (Buetehorn et al., 2010; Gomes et al., 2013; Koltuniewicz et al., 1995). 

Because of this trend of permeate flux with variations in applied pressures, the cumulative 

permeate flux obtained during microfiltration goes through a maximum, as observed in Fig. 

4.10 (a) (Inset).  

The rejection performance of the membrane was found to be excellent at all applied pressures 

as it was successful in achieving complete removal of total suspended solids and turbidity 

content of starch wastewater. Moreover, the COD value of permeate also decreased 

significantly. It was found to be in the range of 165-190 mg/L, which is far below the 

permissible discharge limit as prescribed by the Central Pollution Control Board, India (Saxena 

and Choudhary, 2017). The satisfactory removal of starch granules through membrane 

separation can be attributed to the fact that the membrane has a pore size that is way lower than 

the average size of corn starch granules. The larger sized granules were restricted by the small 

sized pores of the membrane, thus achieving almost complete removal of starch from 

wastewater (Shukla et al., 2009). However, it is well documented in the literature that 

prolonged filtration leads to increased starch concentration in the feed, resulting in an enhanced 

fouling rate in the membrane. An over fouled membrane leads to the generation of high 

transmembrane pressure that may break bigger starch molecules into smaller ones and push 

them through the membrane pores to the permeate side (Ling-Chee et al., 2019). This may be 

the possible reason for a certain COD value even after the complete absence of TSS and 

turbidity in the permeate.   

The experiments conducted to study the changes in membrane’s performance with variations 

in applied pressure reveal two key points, the first being membrane’s rejection efficiency 

remains almost unaffected by variation in applied pressure. Secondly, the membrane produces 

the highest quantity of permeate flux at an applied pressure of 345 kPa. Keeping note of these 
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two points, 345 kPa is determined to be the optimum pressure for carrying out microfiltration 

of starch wastewater. 

 

 

Fig. 4.10 Effect of applied pressure on (a) permeate flux and (b) rejection performance of the 

membrane 
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4.2.3.3 Effect of cross flow velocity on membrane performance 

 

 

Fig. 4.11 Effect of cross flow velocity on (a) permeate flux and (b) rejection performance of 

the membrane 

Fig. 4.11 describes the performance of membrane in terms of flux and rejection at different 

cross flow velocities for corn starch suspension. It has been observed from Fig. 4.11 (a) that an 

increasing value of cross flow velocity aids in enhancing the permeate flux through the 

membrane almost linearly (Choi et al., 2005). The phenomenon of membrane fouling is closely 

related to cross flow velocity across the membrane as higher cross flow velocity is known to 
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reduce the effect of concentration polarization in the membrane surface by increasing sweeping 

action over the membrane surface. This ultimately helps in increasing the surface area of 

membranes available for a given separation, thus producing higher quantities of permeate flux 

(Kumar et al., 2011). However, starch rejection performance of the membrane in terms of COD, 

TSS and turbidity is almost the same at all cross-flow velocities. It signifies that for solutes 

with an average size greater than membrane pore size, cross flow velocity does not significantly 

affect membrane rejection. In such cases, size exclusion plays a crucial role in separation and 

only the solute particles having lesser size than membrane pore diameter can pass into the 

permeate side (Chang et al., 2017).  

Though an increasing cross flow velocity aids in enhancing the quantity of permeate obtained, 

it comes with a disadvantage of increased operational cost due to pumping (Siedel and 

Elimelech, 2002). Therefore, keeping these two points in mind, 8.33×10-6 m3/s is considered to 

be the optimum cross flow rate to carry out starch wastewater treatment using the 

aforementioned fly ash based tubular membrane. 

 

4.2.3.4 Effect of starch source on membrane performance 

The versatility of membrane’s performance in treating three different varieties of starch 

wastewater, having feed characteristics mentioned in Table 4.4 is depicted pictorially in Fig. 

4.12. It has been observed that the membrane produced the largest quantity of permeate while 

treating the corn starch wastewater. It is clear from Fig. 4.12 (a) (inset) that with increasing 

size of starch granules, the quantity of permeate obtained through membrane also increases. It 

has been mentioned in literature that as microfiltration starts, permeate flux starts to decline 

due to membrane fouling through combined effect of pore plugging and cake formation. 

However, as the granule size increases, the deposition rate of granules to the membrane surface 

also decreases, which helps in reducing the flux decline (Jung and Ahn, 2019). This can be 
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regarded as the possible cause for obtaining higher permeate flux from the very beginning, in 

case of microfiltration of starch wastewater containing bigger starch granules. 

 

       

Fig. 4.12 Effect of source of starch on (a) permeate flux and (b) rejection performance of the 

membrane 

Moreover, in case of cake formation during later stages of filtration, solute particles with larger 

particle diameters lead to the formation of cake with high voidage, unlike the ones having 

smaller particle diameters where the cake formed is very compact in nature. This high porosity 

cake formed on the membrane surface provides comparatively lesser resistance to permeate 
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flow than the compact cakes, thus producing a larger quantity of permeate even at the end of 

microfiltration (Hwang et al., 1996). Therefore, in the microfiltration of starch wastewater, 

starch granules with larger particle diameters helped in generating larger volumes of permeate. 

However, the membrane’s performance in terms of starch rejection could not be differentiated, 

all thanks to the larger average size of starch molecules that could not penetrate through 

membrane pores. 

Almost complete removal of starch granules from wastewater in all the aforementioned cases 

using a membrane having pore diameter far less than the average size of starch granules 

compels to consider size exclusion to be the dominant mechanism of separation. A schematic 

representation of this size exclusion mechanism is illustrated in Fig. 4.13. Besides, it needs to 

mention that the permeate produced in all the cases is clear and transparent, unlike the milky 

white turbid feed solution (Fig. 4.14a). Moreover, the qualitative analysis of the feed and 

permeate using Lugol’s Iodine solution also reveals the successful separation of starch granules 

from its solution (Fig. 4.14b). The starch present in the feed reacts quickly with Lugol’s Iodine 

solution, turning the color of the solution into dark blue. On the contrary, yellow color of 

permeate sample on addition of Lugol’s Iodine solution signifies almost complete removal of 

starch granules from its solution (Rocha et al., 2020). The photo comparison of feed and 

permeate in both cases is shown in Fig. 4.14. 

 
Fig. 4.13 Schematic of the size exclusion mechanism 
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Fig. 4.14 Photo comparison of feed and permeate: (a) without addition of Lugol’s Iodine 

solution, (b) with addition of Lugol’s Iodine solution 

 

Fig. 4.15 Inner surface of the membrane as observed under FESEM (a) before and (b) after 

starch processing wastewater treatment 
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Besides, the membrane surface was also investigated under Field Emission Scanning Electron 

Microscope (Fig. 4.15) after microfiltration of corn starch wastewater to check whether cake 

formation is the dominant mechanism of membrane fouling, as previously mentioned in this 

chapter. It is quite clear from Fig. 4.15 (b) that after microfiltration, the clean membrane surface 

as observed in Fig. 4.15 (a) is completely covered by clusters of starch granules, which led to 

membrane fouling and subsequent blockage of paths for permeate flow.  

 

4.2.3.5 Recovery performance of membrane 

It has already been mentioned that as filtration proceeds, the concentration in the feed tank 

increases due to separation of water and starch granules. Therefore, membrane filtration can 

also be used simultaneously for recovering starch from the concentrated feed. With this 

intention, the concentration factor for the membrane at different operating conditions is 

evaluated using equation (4.2) (Ikonić et al., 2011). A high concentration factor is always 

preferable for getting greater recovery of starch.   

Concentration factor (C.F) = 
𝑉𝐹

𝑉𝑅
                 (4.2) 

where, 𝑉𝐹 and 𝑉𝑅 correspond to the volumes of feed and retentate, respectively. 

It has been observed from Fig. 4.16 that the concentration factor per m2 of membrane area did 

not vary significantly with altering operating conditions as permeate flux obtained at different 

processing conditions are not having drastic differences in their values. Among the various 

applied pressures, 345 kPa corresponds to the maximum concentration factor (645.8/m2) owing 

to the highest quantity of permeate and lowest quantity of retentate produced. Due to a similar 

reason, the concentration factor corresponding to a cross flow velocity of 11.11×10-6 m3/s and 

corn starch wastewater treatment remains the highest amongst the different cross flow 

velocities and sources of starch wastewater, respectively. 
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Fig. 4.16 Variation of concentration factor (C.F) per m2 of membrane area with (a) applied 

pressures and (b) cross flow velocities for corn starch suspension, and (c) three starch sources 
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4.2.4 Distinction over prior arts 

As evident from Table 4.5, the literature available regarding starch wastewater treatment using 

membrane technology is very few. It has been observed from the table that existing prior arts 

use commercial membranes of ceramic as well as polymer origin. However, commercial 

ceramic membranes are relatively expensive and cannot be considered a cost-effective 

approach towards starch wastewater treatment. The disadvantages associated with polymeric 

membranes have already been mentioned in earlier sections of this thesis. On the contrary, the 

membrane used in this work is not only better in terms of its properties, but is also quite 

affordable for treating starch wastewater. It needs to mention that this is the first instance, to 

the best of authors’ knowledge, where a low-cost membrane with 95% of its composition 

comprising of naturally available raw materials is being implemented for treating starch 

wastewater. With respect to the performance of the membranes, the developed membrane 

performs quite well compared to its counterparts mentioned in previous literature. With the 

complete rejection of turbidity and total suspended solids along with 98-99% reduction in COD 

value, the membrane serves its purpose quite satisfactorily. As mentioned by Ling-Chee et al., 

the COD rejection was only 80%, which is way lesser than the ones obtained in this work 

(Ling-Chee et al., 2019). 

Moreover, many of the articles reported about treating starch wastewater with concentrations 

ranging between 0.25-5 g/L. But, in actual practice, even after carrying out a sedimentation 

step prior to membrane filtration, 10 g/L of starch remains in suspended form (Rocha et al., 

2020; Ikonić et al., 2011; Hinková et al., 2005; Sargolzaei et al., 2011). Therefore, experiments 

should be conducted at concentrations around 10 g/L, so as to have a proper idea about 

membrane’s performance when implemented in industrial applications. Another important fact 

about this work is the very high concentration factor per m2 filtration area of the membrane as 

compared to other membranes mentioned in previous literature. Ikonić et al. and Hinková et 
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al., in their research articles cited about achieving concentration factors of 24 and 25 per m2 

area of the membrane, while Ling-Chee et al. achieved a slightly higher concentration factor 

of 56 per m2 of membrane area (Ikonić et al., 2011; Ling-Chee et al., 2019; Hinková et al., 

2005). However, this work mentions obtaining concentration factors in the range of 605-645 

per m2 of membrane area for three different starch wastewater after completion of the filtration 

experiment. 

As evident from the above discussion, this process is not only cost effective, but is also efficient 

in terms of rejecting starch from its suspension and further recovery of the same from the 

concentrated feed solution. Such a good combination of membrane efficiency and cost 

affordability is not observed in the open literature portrayed in Table 4.5, making this piece of 

work distinct from its previous counterparts. 

 

4.3 Separation of glycerol from biodiesel 

4.3.1 Chemicals 

Synthetic biodiesel emulsion was prepared in the laboratory by mixing required proportions of 

biodiesel, methanol and glycerol procured from SVM Agroprocessor, Nagpur, Merck (I) Ltd. 

and Hi-Media (I) Ltd., respectively. 

Besides, the chemicals required to determine the free glycerol content in biodiesel and 

permeate samples through UV-vis spectrophotometer such as n-hexane, acetylacetone, sodium 

periodate, ethanol were supplied by Hi-Media (I) Ltd. Isopropyl alcohol used in determining 

soap content of the samples was procured from Loba Chemie Pvt Ltd., while the bromophenol 

blue indicator was supplied by Hi-Media (I) Ltd. 
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Table 4.5 Performance evaluation of the fabricated membrane with the ones mentioned in prior arts 

Membrane 

material 

Starch 

source 

Pore size 

(µm) 

Conditions Permeate flux 

(×106 m3/m2s) 

Rejection C.F/m2 References 

α-Alumina Wheat 0.2 TMP: 300 kPa 

Cf: 5 g/L 

CFV: 1.39×10-4 m3/s 

T: 22-25 °C 

- 99% 24 (Ikonić et 

al., 2011) 

Polysulfone Sago 0.45 Cf: 10 g/L 

CFV: 7.5×10-5 m3/s 

T: 20 °C 

93.9 

 

TSS: 100% 

Turbidity: > 99.5% 

COD: > 80% 

56 (Ling-Chee 

et al., 2019) 

Alumina, Coal fly 

ash 

Corn - Cf: 0.25 g/L 

P: 200 kPa 

CFV:  4.17×10-5 m3/s 

T: 24 °C 

- 99% - (Rocha et 

al., 2020) 

Commercial 

membrane 

(Composition not 

known) 

Amaranth 0.1 Cf: 3% 

P: 100 kPa 

CFV:  5 m/s 

T: 40 °C 

5.56* - 25 (Hinková et 

al., 2005) 

Polyethersulfone  0.65 Cf: 4.09 g/L 

P: 250 kPa 

CFV: 1.83×10-4 m3/s 

T: 20.11 °C 

68.67 98.7% - (Sargolzaei 

et al., 2011) 

Fly ash, Quartz, 

Calcium 

carbonate 

Corn, 

Wheat, Rice 

0.133 Cf: 10 g/L 

P: 345 kPa 

CFV:  8.33×10-6 m3/s 

T: 25 °C 

Corn: 9.60 

Wheat: 6.28 

Rice: 4.36 

TSS: 100% 

Turbidity: 100% 

COD:Corn: 98.43% 

Wheat: 98.70% 

Rice: 97.95% 

Corn: 645.58 

Wheat: 621.80 

Rice: 605.93 

This work 

 

 

 

 

TH-2844_186107007



  Chapter 4 

 139 

4.3.2 Experimental methodology and investigations 

The microfiltration experiment regarding the separation of glycerol from biodiesel was carried 

out by preparing a synthetic solution of biodiesel mixture using biodiesel, glycerol and 

methanol. Prior to the preparation of synthetic solution, the procured biodiesel was 

characterized for its free glycerol as well as the soap content, and all the properties of the 

biodiesel along with these two have been mentioned in Table 4.6.  

           Table 4.6 Properties of procured biodiesel 

Parameter  Value 

Free glycerol# 0.015 wt.% 

Soap# (612.15±7.95) ppm 

Water content 0.13 wt.% 

Methanol  0.01 wt.% 

Calorific value  40,794 J/kg 

Kinematic viscosity (40 ˚C) 6 cSt 

# Properties evaluated in our laboratory, while rest are reported as obtained from the supplier 

It has been observed that the residual glycerol present in the biodiesel is very less, amounting 

to only 0.015 wt.%. However, the soap content in the biodiesel was found to be very high 

(612.15±7.95 ppm), which needs to be reduced before filtration so as to reduce the membrane 

fouling. This issue has been addressed later in this section.  

It has been revealed in the literature that for the production of biodiesel using vegetable oil and 

methanol via transesterification in the presence of an alkaline catalyst, 1:6 molar ratio of oil 

and alcohol produced the highest yield (Freedman et al., 1985). Keeping this in mind, a 

stoichiometric calculation was carried out using the below-mentioned reaction scheme 

(equation 4.3) to evaluate the final composition of biodiesel emulsion produced via methanol 

transesterification process for the above-mentioned feed ratio. It was found that the final 

product was a mixture of 80% biodiesel, 10% glycerol and 10% methanol; all percentages are 

being weight percentage. Hence, an emulsion with the above-mentioned composition was 
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prepared using a probe ultrasonicator (IKA T10 basic, ULTRA-TURRAX) for the experiment 

purpose. 

 

Once the solution was prepared, acidified water (0.5% HCl) was added to the emulsion in such 

an amount that the water weight corresponds to 20% of the total weight of the emulsion (Gomes 

et al., 2013). Addition of acidified water significantly reduced the excessive soap content of 

the emulsion to 168.54±4.45 ppm by converting the soap present in biodiesel into soluble salts.  

 

Fig. 4.17 Cross flow filtration setup for separation of glycerol from biodiesel (1: Magnetic 

stirrer with heater, 2: Feed tank, 3: Reflux condenser (Used only during microfiltration of 

biodiesel), 4: Pump; 5, 10: ball valve, 6: pressure gauge, 7: membrane module, 8: permeate 

tank, 9: Weighing balance, 11: Rotameter) 

For the microfiltration of biodiesel emulsion, the experiments were conducted at 60 ˚C using 

cross-flow filtration setup (Fig. 4.17), as the solution viscosity at this temperature is 
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comparatively lower, which helps in reducing the load on the pump (Gomes et al., 2010). The 

possible evaporation losses of solvent from the emulsion at higher temperature were prevented 

by the use of reflux condenser during the experiment (Bell, 1925; Gerpen et al., 2004). The 

permeation experiments were conducted at a cross flow rate of 8.33×10-6 m3/s, using five 

different pressures within the range of 207 to 483 kPa. The permeate collected after each run 

was tested for free glycerol and soap content after evaporating the residual water and methanol 

in a rotary evaporator (Rotavapor R-300, Buchi, Switzerland) for a duration of 30 minutes at 

90 ˚C bath temperature. 

The soap content of feed as well as permeate samples was determined by dissolving 10 g of 

biodiesel in isopropyl alcohol, which was followed by the addition of 12-15 drops of 

bromophenyl blue indicator until the solution acquires a blue tint. The resultant mixture was 

then titrated against 0.01N HCl until the solution turns yellow. The amount of HCl required to 

achieve this colour change was used to calculate the soap content in biodiesel using equation 

(4.4): 

𝑆𝑜𝑎𝑝 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (𝑝𝑝𝑚) = 
𝑊×0.01×𝐶

1000×𝐵
× 106                          (4.4) 

where, W, C and B represent the amount of HCl (in mL), concentration factor (318 for biodiesel 

produced using sodium methoxide as a catalyst) and weight of the biodiesel sample (in grams), 

respectively (Atadashi et al., 2015). 

The free glycerol content in biodiesel as well as permeate sample was analyzed using UV-vis 

spectrophotometer (UV-2600, Shimadzu, Singapore). For the analysis, formaldehyde structure 

was first formed by the reaction between biodiesel and sodium periodate, which on further 

reaction with acetylacetone produced a yellow-coloured complex, 3,5-diacetyl-1,4-

dihydrolutidine having a very high specific absorption band at 410 nm wavelength (Bondioli 

and Bella, 2005; Nogueira, 2019). This method of determining free glycerol content in 
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biodiesel is quite simple, fast and cost effective than the conventional method like Gas 

Chromatography technique (Nogueira et al., 2019). 

A microscope with 20X magnification (Model No.: Zeiss Axio Scope.A1, Make: Carl Zeiss 

Microscopy GmbH Germany) was used to capture the images of droplets of biodiesel emulsion 

prepared at 60 oC. The droplet size distribution and average size of the biodiesel emulsion were 

evaluated by analysing three different microscope images using ImageJ software (Open-source 

software, https://imagej.nih.gov/ij/). 

On completion of each experiment, the setup was initially flushed with methanol for 30 minutes 

as the emulsion easily solubilises in methanol, which makes the cleaning easy. This was 

followed by cleaning the setup with 1 g/L surf excel solution for 30 minutes. An aqueous NaOH 

solution (1 wt.%) was allowed to pass through the setup for another 30 minutes to remove the 

traces of emulsion that may be present in the setup (Atadashi et al., 2015). Finally, flushing 

with Millipore water was carried out and the water permeability of the cleaned membrane was 

measured again. It was found that the hydraulic permeability of the cleaned membrane was 

within ±4% of its original value, which signifies the reusability of the membrane for further 

experiments. 

 

4.3.3 Results and discussions 

The synthetic biodiesel emulsion feed, after addition of acidified water, was used for the 

filtration purpose. The separation experiments conducted at different pressures of 207, 276, 

345, 414 and 483 kPa revealed satisfactory rejection of glycerol through the membrane, as 

evident from the minimal free glycerol content in the permeate. It has been observed from Fig. 

4.18 that an increase in the applied pressure helped in augmenting permeate flux through the 

membrane, all thanks to the increased driving force across the membrane. The inset in Fig. 4.18 

shows that the cumulative flux increases as the applied pressure increases. Several authors have 
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also reported an enhanced permeate flux with increasing transmembrane pressure for ceramic 

membranes (Khemakhem et al., 2009; Jana et al., 2010; Suresh et al., 2016; Kumar et al., 2016).  

 

Fig. 4.18 Effect of applied pressure on the permeate flux (Cross flow velocity: 8.33×10-6 

m3/s) 

As evident from the flux versus time curves (Fig. 4.18), a relatively rapid flux decline is noticed 

at the beginning of the filtration, followed by a more gradual decrease, until a pseudo-steady 

state flux is reached (Rodrigues and Fernandes, 2012). However, it is worth to mention that 

only at the start of the filtration process, the effect of increasing the applied pressure on 

permeate flux is significant and as filtration proceeds, the difference between steady state 

permeate flux for all the investigated pressures decreases (Buetehorn et al., 2010; Gomes et al., 

2013). The resistance of the cake layer formed by retained agglomerates on the membrane 

surface controls the flux at this phase of separation process. A previous study also indicated 

that thicker cake layer is formed at higher applied pressures due to which the influence of flux 

at latter phase of cross flow filtration is not significant (Buetehorn et al., 2010; Hong et al., 

1997).  
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Fig. 4.19 (a) Glycerol separation mechanism across the membrane (b) Contents of soap and 

free glycerol in the permeates obtained under different applied pressures 

While looking at the membranes’ performance regarding glycerol retention from biodiesel, it 

can be said that the membrane successfully reduced the glycerol content of biodiesel from 8.33 

wt.% (feed) to 0.0107-0.0231 wt.% (permeate) at various pressures (207 – 483 kPa) through 

the mechanism of size exclusion (Fig. 4.19). This can be attributed to the fact that in the 

emulsion of biodiesel, glycerol and acidified water is agglomerated due to their high affinity 

towards each other and constitutes the dispersed phase. These agglomerated compounds remain 
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suspended in the continuous phase of the emulsion, primarily consisting of biodiesel. Besides 

this, some residual soap molecules are retained even after the addition of acidified water 

combines with glycerol to form micelles. These micelles also contribute to the dispersed phase 

of emulsion and help in the retention of glycerol by the membrane. Methanol is found to be 

present in the continuous as well as the dispersed phase, owing to its affinity towards both the 

phases (Gomes et al., 2010; Gomes et al., 2011). It has been found that the droplets of dispersed 

phases have an average diameter of 31.11 µm at the experiment temperature, as observed under 

microscope (Fig. 4.20 (a)). Fig. 4.20 (b) represents the droplet size distribution of the emulsion, 

where it can be seen that most of the droplets formed are in size range of 11-20 µm and 31-40 

µm. The mentioned average size of the dispersed droplets is far bigger than the pore size of 

the membrane, thus aiding in very high rejection of glycerol across the membrane. The 

permeate obtained primarily consists of biodiesel, with small quantity of methanol and traces 

of soaps, glycerol and water in it. The rejected agglomerates of water and glycerol are found 

in the retentate, along with the micelles formed by soap and glycerol. The schematic of the 

rejection of glycerol from biodiesel is depicted in Fig. 4.19 (a). These findings are in line with 

the works reported by Gomes et al. (Gomes et al., 2011). However, the increased pressure 

across the membrane slightly declined the retention performance of the membrane, leading to 

little higher free glycerol content in the permeate. At higher pressure, the augmented shear on 

membrane surface may lead to tearing of emulsion droplets, thus allowing a fraction of it to 

pass through the separation barrier (Sutrishna et al., 2012).  

Similar observation was also noticed in the case of soap content in the permeate (Fig. 4.19). 

The soap content of the permeate was reduced to below 70 ppm, which is achieved by the 

combined action of acidified water as well as membrane filtration. Acid present in water reacts 

with the soap molecules, converting them to soluble salts (Gomes et al., 2011). A portion of 

the residual soap present even after addition of acidified water was further retained by 
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membranes. It has already been mentioned that the residual soap molecules combine with the 

available glycerol to form micelles, remaining dispersed in the emulsion along with glycerol 

and water (Wang et al., 2009). As these dispersed molecules have higher diameters as 

compared to the membrane pores, they are retained on the membrane surface in the process of 

filtration. However, the breakage of micelles takes place at higher pressures like the tearing of 

agglomerated droplets of water and glycerol, leading to slightly lesser retention of soap 

molecules on the membrane surface.  

 

 

Fig. 4.20 (a) Microscopic image of biodiesel emulsion (b) Droplet size distribution of 

biodiesel emulsion 
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In this context, it is noteworthy to mention that Fig. 4.21 corresponds to the photo comparison 

of biodiesel emulsion before (feed) and after treatment, where a successful separation is clearly 

visible. However, the permeate obtained in the pressure ranges of 207-345 kPa contains less 

than 0.02 wt% free glycerol and thus satisfies the norms prescribed by ASTM D6751 and 

EN14214 (ASTM D6751-20; EN 14214). Though there are no specific norms provided 

regarding the soap content in biodiesel, a reduced content is always preferable as it minimizes 

the filter plugging of the engine. Moreover, burning of soap rich biodiesel in engine leads to 

the formation of sulphated ash, causing damage to the fuel injectors as well as to the 

combustion chamber (ASTM D6751-20). Considering the glycerol content in permeate sample, 

the applied pressures ranging from 207 - 276 kPa could be adequate to be used in separation of 

glycerol from biodiesel emulsion.  

 

Fig. 4.21 Photo comparison of feed and permeate samples 
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Table 4.7 Performance evaluation of the membrane in the treatment of glycerol enriched biodiesel  

Membrane composition  Pore size Experimental 

conditions  

Free glycerol in permeate 

(wt%) 

Permeate flux# 

(Steady state flux) 

References 

Commercial α-AlO3/TiO2 membrane 

(Shumacher GmbH-Ti 01070) 

 0.2 µm T: 60 ˚C 

TMP: 200 kPa 

Cf: 10 wt% 

0.06±0.009 ~50.00 kg/m2h  (Gomes et 

al., 2010) 

Commercial α-AlO3/TiO2 membrane 

(Jiangsu Jiuwu Hi-Tech Co., China) 

0.02 µm T: 40 ˚C 

TMP: 200 kPa 

Cf: 0.42 wt% 

0.007 9.08 kg/m2h (Atadashi et 

al., 2012) 

Commercial polyether sulfone 

membranes (GE Osmonics, USA) 

10 kDa T: 25 ˚C 

TMP: 400 kPa 

Cf: 0.049 wt% 

0.020 55.00 kg/m2h (Alves et al., 

2013) 

Commercial α-AlO3/TiO2 membrane 

(Shumacher GmbH-Ti 01070) 

20 kDa T: 50 ˚C 

TMP: 300 kPa 

Cf: 6.80 wt% 

0.014±0.002 70.00 kg/m2h (Gomes et al., 

2013) 

Polyacrylonitrile membrane 6 kDa - 0.017 - (Bansod and 

Rathod, 2018) 

Fly ash, Quartz, Calcium Carbonate 0.133 µm T: 60 ˚C 

TMP: 345 kPa 

Cf: 8.33 wt% 

0.0187 9.45 kg/m2h This work 
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4.3.4 Distinction over prior arts 

The encapsulation of literature regarding the separation of glycerol from biodiesel in Table 4.7 

reveals the use of commercial membranes (both ceramic as well as polymeric), the 

disadvantages of which has already been mentioned in earlier sections (Gomes et al., 2010; 

Gomes et al., 2013; Atadashi et al., 2012). Moreover, the uses of ultrafiltration membranes 

cannot be justified in few cases where separation can also be achieved through microfiltration 

as the flux obtained in ultrafiltration processes is comparatively lower (Bansod and Rathod, 

2018; Atadashi et al., 2012; Chamberland et al., 2019). However, the membrane used in this  

work efficiently reduces the cost of the separation process without compromising on glycerol 

rejection as well as permeate flux. The unavailability of literature regarding the use of low-cost 

membrane in glycerol separation from biodiesel further increases the applicability of this work 

in large scale processes. Few cases also reported the use of membrane separation in reduction 

of free glycerol content retained after decantation or water washing (Alves et al., 2013; 

Atadashi et al., 2012). However, the present system nullifies the use of a pre-treatment step and 

can remove the glycerol produced as a part of transesterification process. Acknowledging the 

benefits obtained through the use of this membrane (as evident from Table 4.7), the application 

of this membrane in industrial scale is highly recommended. 

 

4.4 Summary 

The performance of the membrane was evaluated by implementing it in three different 

separation processes, namely treatment of poultry slaughterhouse wastewater, treatment of 

starch processing wastewater and separation of glycerol from biodiesel. In case of poultry 

slaughterhouse wastewater treatment, the membrane showed complete rejection in terms of 

COD, TSS and turbidity at all applied pressures. Moreover, it was decided that 414 kPa is the 

optimum pressure at which microfiltration needs to be carried out. In case of starch processing 
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wastewater treatment, the membrane was successful in completely removing TSS and turbidity 

from wastewater, but there was a slight presence of COD, which was below the permissible 

limit as prescribed by Central Pollution Control Board, India. Experimental observations 

revealed that experiments carried out at 345 kPa applied pressure and 8.33×10-6 m3/s cross flow 

velocity resulted in optimum membrane performance. While separating glycerol from 

biodiesel, there was very high rejection of glycerol with negligible free glycerol content in 

permeate. However, the permeate produced below 345 kPa applied pressure satisfied the norms 

as prescribed in D6751 and EN14214 regarding free glycerol content in biodiesel. Besides, the 

membrane also helped in reducing the soap content in biodiesel. Keeping note of the successful 

separations achieved in all the three aforementioned cases, it can be summarized that the 

membrane is quite versatile when comes to its performance in different separation operations 

and therefore, has the potential to be implemented in various other microfiltration operations 
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Economic Feasibility Assessment of Membrane Fabrication Process and 

Separation Operations Incorporating the Fabricated Membrane 

 

The economic feasibility analysis is utmost important for ensuring successful scaleup of every 

project. With a view to develop a cost effective and sustainable technology, starting from 

membrane fabrication to separation process, detailed cost analysis has been discussed in this 

chapter. The cost analysis discussed here is primarily divided into two parts; the first part 

corresponds to the cost of membrane fabrication, while the second part represents the cost 

incurred during the separation processes. The cost estimation for all the three separation 

processes is carried out for both lab-scale as well as pilot-scale setups, the lab-scale setup 

consisting of one membrane (Filtration area: 0.00172788 m2; Length: 100 mm; I.D.: 5.5 mm; 

O.D.: 11.5 mm) while the pilot-scale setup consisting of three parallel membrane housing, with 

seven membranes in each housing (Filtration area: 0.07257 m2, Length: 200 mm; I.D.: 5.5 

mm; O.D.: 11.5 mm). 

 

5.1 Cost of membrane fabrication 

Cost analysis of the membrane fabrication process involves calculation of expenses under 

various heads that incurred during the whole fabrication process.  The total manufacturing 

expenses incurred during the fabrication process can be broadly categorized into two heads, 

namely Direct Manufacturing Cost and Indirect Manufacturing Cost. The Direct 

Manufacturing costs are the expenses that primarily occurs during the manufacturing of 

products and hence, can be sub-divided into the following categories: 

1. Cost of raw materials  

2. Labor cost 

3. Cost of electricity consumed 
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4. Repair and maintenance cost 

5. Laboratory cost 

6. Packaging and shipping 

7. Royalties and patents 

8. Cost related to factory supplies, and so on. 

On the contrary, Indirect Manufacturing Costs are the expenses that incurred indirectly as a 

result of productive operation. Indirect Manufacturing Costs can also be further categorized as: 

1. Depreciation cost 

2. Payroll Overhead 

3. Factory overhead 

4. Taxes and Insurances, and so on (Ghodrat et al., 2016; Winter, 1969). 

However, in this cost analysis, the first five categories in the Direct Manufacturing Cost and 

Depreciation cost in case of Indirect Manufacturing Cost are considered for evaluating the total 

expenses incurred during the membrane fabrication process. Along with these expenses, the 

cost incurred while procuring the necessary equipment (Equipment cost) will also be 

considered for calculating the total cost associated with the membrane fabrication process. 

The membranes are fabricated using three raw materials, namely Fly ash (75 wt.%), Quartz (20 

wt.%) and Calcium carbonate (CaCO3) (5 wt.%). 2 wt.% aqueous solution of sodium salt of 

carboxymethyl cellulose was used as a binder. Again, the capacity of the furnace to sinter 

membranes is limited to sixty numbers of membranes per batch. Hence, taking fabrication of 

sixty numbers of membranes as the basis, so that the full capacity of the furnace is utilized, the 

cost analysis will be carried out hereafter. It needs to mention that for fabrication of sixty 

numbers of such membranes, 950 grams of raw material mixture will be required. 

Moreover, for kneading 950 grams of raw material mixture, 297 grams of such solution is 

required, where 5.94 (=297×0.02) grams will be Na-CMC and the rest amount will be water. 
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Taking the above-mentioned quantities as the basis, the detailed cost analysis is mentioned 

hereafter. 

 

5.1.1 Direct manufacturing cost estimation 

Cost of raw materials  

The cost incurred in the procurement of raw materials is presented in Table 5.1. Though fly ash 

is collected from the industry free of cost, an expense amounting to 1000 INR incurred during 

transportation of 100 kg fly ash from Chandrapur Power Station, Guwahati to Indian Institute 

of Technology, Guwahati. 

Table 5.1 Summary of cost of raw materials (1 USD = 73.38 INR as on 04 April, 2021) 

Raw material Unit price 

(INR/kg) 

Quantity used 

(g) 

Cost incurred 

INR USD 

Fly ash 10.00 712.50 7.13 0.10 

Quartz 20 190.00 3.80 0.05 

Calcium 

Carbonate 

640 47.50 30.40 0.41 

Na-CMC 2400 5.94 14.26 0.19 

Total  55.59 0.75 

 

Moreover, after cutting the membranes into desired length, abrasive paper    

(C-220) was used for smoothening the membranes. With an average of ten numbers of 

membranes being smoothened in a single abrasive paper, six numbers of such papers will be 

required for smoothening sixty numbers of membranes. 

Now, cost of one number of abrasive paper              = 20.00 INR  

Hence, cost of such six numbers of abrasive papers = 120.00 INR = 1.64 USD   

Therefore, total raw material cost incurred during  

the process of membrane fabrication    = (0.75+1.64) USD = 2.39 USD  
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Labor cost 

Labor cost corresponds to the expense that needs to be paid to a skilled labor (with technical 

knowledge) for manufacturing the membranes. Assuming that in the process of fabricating one 

batch of membrane, the labor needs to work for a total duration of eight hours and a skilled 

labor working for eight hours in a day is paid 500.00 INR, the labor cost involved in the whole 

process is estimated as = 500.00 INR = 6.81 USD. 

 

Cost of electricity consumed 

Electricity is mainly consumed by four equipment, namely extruder, oven, furnace and bath 

sonicator. 

The calculation of electricity consumption cost for all the above-mentioned equipment is 

shown separately hereafter. It needs to mention that for Educational Institutions of Assam, the 

tariff, as fixed by Assam Power Distribution Company Limited (APDCL) for Financial Year 

2021-22 is 6.45 INR/kWh (Assam Power Distribution Company Limited, 2021). Hence, all the 

calculations regarding electricity consumption cost are carried out using this tariff. 

 

Extruder 

The power of the motor in the extruder that was  

used for fabricating the membranes   = 0.5 HP     

       = (0.5×0.7457) kW 

       = 0.3728 kW 

For extruding sixty membranes, the extruder needs to be run for 2 hours.  

Hence, the cost of power consumed    = (0.3728×2×6.45) INR 

       = 4.81 INR = 0.07 USD   
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Hot air oven 

The heating coil capacity of the oven   = 1.5 kW 

The oven is used to heat the membranes at 100 °C and 200 °C, the duration being 24 hours in 

each case. Moreover, it is also used for another six hours to dry the membranes after cleaning 

via sonication bath. Hence, total working hours of the oven will be 54 (=24+24+6) hours. As 

the temperature rises from ambient to 100 °C and then 100 °C to 200 °C is very fast in the 

oven, hence, time required for this is neglected. 

Therefore, the cost of power consumed by the oven  = (1.5×54×6.45) INR 

       = 522.45 INR = 7.12 USD  

 

Furnace 

The power of heating element of the furnace  = 4 kW 

The furnace is used to sinter the membranes at 1100 °C, for a duration of six hours. As in this 

case, heating rate needs to be maintained at 2 °C/min to avoid any bending/cracking of the 

membranes, the time required for temperature rise needs to be taken into consideration. At the 

mentioned heating rate, time required to reach 1100 °C from ambient is 537.5 (=
(1100−25)

2
 ) 

minutes or 8.96 hours. Hence, total working hours of the oven will be 14.96 (=8.96+6) hours.  

Therefore, the cost of power consumed by the furnace       = (4×14.96×6.45) INR 

                = 385.97 INR = 5.26 USD       

 

Ultrasonication Bath 

The power requirement of the ultrasonication bath             = 0.12 kW 

This instrument is used for removing the loose particles that may get attached to the membranes 

during the process of smoothening. To clean all the sixty membranes, the instrument needs to 
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be run for 45 minutes (=0.75 hours) as the bath can accommodate twenty membranes in a batch 

and ultrasonication time for a batch of membrane is decided as 15 minutes. 

Therefore, the cost of power consumed by the               

ultrasonication bath              = (0.12×0.75×6.45) INR 

                = 0.58 INR = 0.008 USD 

Therefore, total electricity consumption cost incurred during  

the process of membrane fabrication               = (0.07+7.12+5.26+0.008) USD 

                  = 12.458 USD ≈12.46 USD  

 

Repair and maintenance cost 

The repair and maintenance of the equipment need to be carried out from time to time during 

its service life. For that, the knowledge of fixed capital investment is utmost necessary, as the 

annual repair and maintenance cost is estimated to be the 2% of fixed capital investment per 

year, if no severe circumstances are faced (Winter, 1969). 

The fixed capital investment of the equipment is dependent on the original delivered cost of 

the equipment. In this case, as the equipment has already completed certain fractions of its 

service life and has undergone depreciation, the book values will be taken as the basis for 

calculating its capital cost. It needs to mention that book value is “the difference between the 

original cost of a property, and all the depreciation charges made to date” (Peters and 

Timmerhaus, 1991).  

Following the above-mentioned concept, the book values are calculated for all four equipment 

involved during the process. For calculating the book value, the straight-line depreciation 

method is followed as it is the most sought-after method for carrying out preliminary cost 

estimates (Peters and Timmerhaus, 1991; Winter, 1969). 
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In this method, book value of a property is calculated using Equation (5.1): 

𝑉𝑎 = 
𝑉𝑜−𝑉𝑠

𝑛𝑠
 × 𝑎                          (5.1) 

Where, 𝑉𝑎 is the book value of the equipment, 𝑉0 is the original delivered cost of the equipment, 

ns is the service life in years and a is the years of use of the equipment (Peters and Timmerhaus, 

1991). 

Assumption: 

1. Service life of all the equipment is taken as 10 years (=79200 working hours 

considering 330 working days in a year) (Chakraborty et al., 2020). 

2. Salvage value of all the equipment is taken as 10% of their original delivered cost 

(FAO, 1992). 

Following the mentioned details, the calculated book values of all the equipment along with 

their original delivered cost, installation year and years of use are presented in Table 5.2. 

It needs to be kept in mind that as the oven has already completed its service life, it will not be 

considered for calculating the fixed capital investment. Now, the above-mentioned book values 

will be the basis for evaluating the fixed capital investments of the equipment and subsequent 

repair and maintenance cost. 

Table 5.2 Estimation of book value of all the equipment 

Equipment Original delivered 

cost (INR) 

Year of 

installation 

Years of use 

till 2021 

Book value 

INR USD 

Extruder 3,00,000.00 2014 7 1,11,000.00 1512.67 

Hot air oven 40,000.00 2011 10 4,000.00 54.51 

Furnace 1,50,000.00 2014 7 55,500.00 756.34 

Ultrasonication 

bath 

35,000.00 2015 6 16,100.00 219.41 

 

Again, Fixed capital investment = Equipment cost or book value × Lang factor (Ghodrat et al., 

2016; Lang, 1947). 
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Annual repair and maintenance cost = 2% of Fixed capital investment/year (Winter, 1969) 

(Here, only the remaining fraction of service life of each equipment will be considered for 

calculation purpose (Table 5.3)). 

The Lang factor used for calculation of fixed capital investment is fixed as 3.1 for solid 

processing plant while it is fixed as 3.63 for solid-fluid processing plant (Ghodrat et al., 2016; 

Lang, 1947). 

However, the repair and maintenance are completely dependent on equipment working hours. 

As the equipment is not run during the whole year, hence repair and maintenance cost 

calculated based on the duration in which equipment was used will be more appropriate. This 

concept of calculating repair and maintenance cost of equipment is followed by most of the 

industries and is based on “Machine Hourly Rate method” (FAO, 1992; Jain and Narang, 2015;  

Bhar, 2008). Detailed calculation of the repair and maintenance cost involved during 

membrane fabrication is presented in Table 5.4. 

Though oven is not taken into consideration due to completion of service life, a lump sum of 

0.01 USD is assumed as its repair and maintenance cost. 

Hence, total cost for repair and maintenance   = (0.04+0.01) USD 

        = 0.05 USD 

 

Laboratory cost 

Laboratory cost is estimated as the 20% of the labor cost (Winter, 1969).  

Hence, Laboratory cost for this process  = 20% of 6.81 USD 

       = 1.36 USD 

The sum of all the mentioned heads will give the Direct manufacturing cost of the process. 

Hence, Direct manufacturing cost   = (2.39+6.81+12.46+0.05+1.36) USD 

       = 23.07 USD 
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    Table 5.3 Estimation of annual repair and maintenance cost 

Equipment Book Value 

(USD) 

Lang factor Fixed capital 

investment (USD) 

Years of service 

life remaining 

Fixed capital 

investment/year 

(USD/year) 

Annual repair and 

maintenance cost 

(USD/year) 

Extruder 1512.67 3.1 4689.28 3 1563.09 31.26 

Furnace 756.34 3.63 2745.51 3 915.17 18.30 

Ultrasonication bath 219.41 3.63 796.46 4 199.11 3.98 
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Table 5.4 Estimation of repair and maintenance cost for the process 

Equipment Annual repair and 

maintenance cost 

(USD/year) 

Hourly repair 

and maintenance 

cost (USD/hour) 

Duration 

of use 

(hours) 

Repair and 

maintenance cost for 

process duration 

(USD) 

Extruder 31.26 0.0039 2 0.0078 

Furnace 18.30 0.0023 14.96 0.0344 

Ultrasonication 

bath 

3.98 0.0005 0.75 0.0004 

Total 0.0426 

≈ 0.04 

 

5.1.2 Indirect manufacturing cost estimation 

The process of membrane fabrication involves only one head of indirect manufacturing cost, 

i.e., depreciation cost. As depreciation also depends completely on working hours of 

equipment, hence, depreciation is calculated based on the number of hours the equipment was 

used during the whole process of membrane fabrication (Table 5.5). 

Depreciation is calculated using the same straight line depreciation method. The formula used 

for calculating depreciation is: 

𝐷 =  
𝑉𝑜−𝑉𝑠

𝑛𝑠
                                        (5.2) 

Where, D is the depreciation cost of the equipment, 𝑉𝑜 is the original delivered cost of the 

equipment and ns is the remaining service life of the equipment in hours (Peters and 

Timmerhaus, 1991). Here also, depreciation cost for oven will not be calculated as it has 

already completed its service life. Here, Salvage value of all the equipment is taken as 10% of 

their book value. 

Hence, Indirect manufacturing cost of the membrane fabrication process = 0.55 USD  
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Table 5.5 Depreciation cost of all the equipment 

Equipment Book value 

(USD) 

Years of 

service life 

remaining  

Hourly 

depreciation cost 

(USD/hour) 

Duration of 

use during 

fabrication 

(hours) 

Depreciation 

cost for process 

duration (USD) 

Extruder 1512.67 3 0.057 2 0.114 

Furnace 756.34 3 0.029 14.96 0.434 

Ultrasonication 

bath 

219.41 4 0.006 0.75 0.005 

Total 0.553 

≈0.55 

 

5.1.3 Equipment cost estimation 

The cost involved while procuring the various equipment used in the manufacturing of 

membrane also needs to be considered along with the manufacturing costs. The equipment cost 

involved in the process of membrane fabrication is demonstrated in Table 5.6. As fixed capital 

cost corresponds to all the other expenses such as site preparation, handling and installation 

charges associated with the purchase of equipment, hence the fixed capital cost calculated 

earlier will be used for calculating the equipment cost (Peters and Timmerhaus, 1991). As the 

oven has already completed its full-service life, cost of procuring the oven is not considered 

while calculating the equipment cost. 

Table 5.6 Equipment cost estimation 

Equipment Fixed capital 

cost (USD/year) 

Hourly fixed 

capital cost 

(USD/hour) 

Duration 

of use 

(hours) 

Equipment cost for 

process duration 

(USD) 

Extruder 1563.09 0.20 2 0.40 

Furnace 915.17 0.12 14.96 1.80 

Ultrasonication 

bath 

199.11 0.025 0.75 0.02 

Total 2.22 
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5.1.4 Estimation of total cost involved in membrane fabrication 

The total cost involved during the membrane fabrication process corresponds to the sum of 

direct and indirect manufacturing costs. 

Hence, total cost     = (23.07+0.55+2.22) USD 

       = 25.84 USD 

This cost corresponds to sixty membranes. 

Hence for fabricating one membrane, cost incurred  = 0.43 USD 

The fabricated membranes have inner diameter 5.5 mm, outer diameter 11.5 mm and length 

100 mm. The surface area of membrane is 1.72788×10-3 m2.  

Hence, cost incurred per m2 of the membrane  = 248.86 USD   ≈ 250.00 USD 

The pie diagram depiction of cost analysis for the membrane fabrication process is shown in 

Fig. 5.1. 

It is worth mentioning here that membranes used in various separation processes in earlier 

literatures are so expensive that their price are ranging from 460-4000 USD/m2 and hence, 

using them in industrial separation processes, especially in small scale industries become a 

matter of concern (Chakraborty et al., 2020). It is well documented in literature that the price 

of membranes fabricated using α-alumina as one of its key precursors usually ranges from 989-

1220 USD/m2 (Krawczyk and Jönsson, 2014). The membrane fabricated as a part of this work 

costs USD 23.05 per m2 in terms of raw material cost, which is in the price range of the low-

cost membranes reported in the literature. The low-cost membranes reported in the available 

literature cost around USD 2.00-135.00 per m2 in terms of raw material cost (Abdullayev et 

al., 2019). Besides, considering the other factors such as membrane repair and maintenance, 

depreciation and so on, the fabricated membrane costs USD 250.00 per m2, which again falls 

under the purview of low-cost membranes reported in the literature with price ranging between 

USD 440.00-4000.00 per m2 (Chakraborty et al., 2020; Suresh et al., 2016). Therefore, looking 
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at the aforementioned observations, it can certainly be concluded that the membrane fabricated 

in this work is a low-cost one and can be afforded by industries of all scale. 

 

 

Fig. 5.1 (a) Total fabrication cost as percentages of manufacturing cost and equipment cost,  

(b) Splitting of manufacturing expenses incurred during membrane fabrication 

 

5.2 Estimation of process cost on lab-scale 

The lab-scale cost estimation is carried out based on the available permeation setup containing 

membrane housing that can accommodate a single membrane of inner diameter 5.5 mm, outer 

diameter of 11.5 mm and a length of 100 mm. The expenses incurred in the process can be 

categorized into two broad categories: capital cost and operating cost (Singh and Cheryan, 
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1998). Capital cost incurred in a process is regarded as the expenses associated with purchase 

and installation of equipment, obtaining necessary land and service facilities as well as erection 

of the plant with all the necessary piping, valves, controls and services (Peters and Timmerhaus, 

1991). In evaluating the capital cost for the three separation processes carried out in the thesis 

(Treatment of poultry slaughterhouse wastewater, treatment of starch industry wastewater, 

separation of glycerol from biodiesel), the cost incurred in procuring the separation setup and 

necessary equipment along with the membrane cost will be considered. However, among the 

aforementioned expenses coming under capital cost, the expenses corresponding to procuring 

the permeation setup and necessary equipment will only constitute the fixed capital cost 

involved in the process (Monash, 2011).  

The operating cost involved in a chemical process can be defined as the daily expenses incurred 

while running a plant and is the sum of various expenses such as electricity consumption cost, 

labor cost, cleaning and maintenance cost, depreciation cost and so on (Manzolini and Jansen, 

2013). The sum of the capital cost as well as operating cost will correspond to the total cost 

incurred in the whole separation process.  

Basis of calculation: 

1. The fabricated membranes are having a shelf life of 3 years. 

2. The permeation setup and all the necessary equipment used during the separation 

process will have a service life of 10 years (Chakraborty et al., 2020). 

3. There will be 330 working days in a year (Chakraborty et al., 2020). 

 

5.2.1 Cost analysis for poultry slaughterhouse wastewater treatment 

The treatment process of poultry slaughterhouse wastewater in lab-scale is a five hours process, 

where 3 hours are used for filtration operation and the rest two hours are used for cleaning the 

setup as well as the membrane. 
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Hence, assuming 330 working days in a year, number  

of working days used for filtration purpose      = 
3

5
 ×330 days = 198 days 

Permeate flux reported (at P=345 kPa)      = 5.85×10-6 m3/m2s 

Hence, amount processed per year (using a lab-scale cross-flow setup having membrane area 

of 0.00172788 m2)               = 5.85×10-6×0.00172788×24×3600×198 m3 

                               = 0.1729 m3    = 172.9 L 

 

5.2.1.1 Estimation of capital cost 

Cost of the permeation setup             = 40, 000.00 INR 

Filtration setup was installed in the year 2018. However, the poultry slaughterhouse wastewater 

treatment was carried out in the year 2019. Hence, the book value of the permeation setup in 

2019 will be used for calculating the fixed capital cost corresponding to the permeation setup. 

The same equation (Equation (5.1)) mentioned previously is utilized here also for calculating 

the book value of the permeation setup (Peters and Timmerhaus, 1991; Winter, 1969). 

Hence, book value at 2019    = 36400.00 INR 

As the permeation setup can be regarded as a fluid processing plant, the Lang factor used for 

calculating the fixed capital will be 4.74 (Ghodrat et al., 2016; Lang, 1947). 

Hence, the fixed capital    = 36400.00×4.74 INR 

       = 172536.00 INR  = 2351.26 USD 

As the permeation setup completed one year of its service life, it has nine years of service life 

left. Hence, fixed capital cost incurred per year is 261.25 USD. 

Fabrication cost of one membrane is 0.43 USD. As the membrane has a service life of 3 years, 

the capital cost involved in the process corresponding to membrane is 0.14 USD/year. 

Hence, total capital cost incurred    = (261.25+0.14) USD/year 

       = 261.39 USD/year 
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5.2.1.2 Estimation of operating cost 

The various operating costs involved in the process of poultry slaughterhouse wastewater 

treatment are discussed below in detail. 

 

Cost of electricity consumed 

The power consuming equipment used during the separation process is a booster pump with a 

motor capacity of 36 W. The pump is used continuously for 330 days, as it is required for both 

the cases, namely filtration as well as membrane cleaning. 

Considering the same electricity tariff rate mentioned previously (6.45 INR/kWh) (Assam 

Power Distribution Company Limited, 2021), 

the cost of electricity consumed by the pump  = (0.036×6.45×330×24) INR/year 

       = 1839.02 INR/year   = 25.06 USD/year 

 

Cleaning cost 

In this separation process, the setup was initially flushed with millipore water for 30 minutes, 

which was followed by flushing the setup with 1 g/L surf excel solution for another 1 hour. 

Then, the setup was flushed once again with millipore water for another 30 minutes. Taking 

this process into consideration, cleaning cost is considered to be 4% of fixed capital cost 

incurred during poultry slaughterhouse wastewater treatment. 

Hence, cleaning cost     = 4% of fixed capital cost/year 

      = (0.04×261.25) USD/year  = 10.45 USD/year 

 

Maintenance cost 

It is considered that maintenance cost is 3% of the fixed capital cost incurred during the 

separation process (Singh and Cheryan, 1998). 
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Hence, maintenance cost    = 3% of fixed capital cost/year 

      = (0.03×261.25) USD/year  = 7.83 USD/year 

 

Labor cost 

It is considered that labor cost is 2% of the fixed capital cost incurred during the separation 

process (Singh and Cheryan, 1998). 

Hence, labor cost     = 2% of fixed capital cost/year 

      = (0.02×261.25) USD/year  = 5.23 USD/year 

 

Laboratory cost 

It is considered that laboratory cost is 20% of the labor cost incurred during the separation 

process (Winter, 1969) 

Hence, laboratory cost    = 20% of labor cost/year 

      = (0.2×5.23) USD/year  = 1.05 USD/year 

 

Depreciation cost 

Assuming that the permeation setup possesses a salvage value which is equal to 10% of its 

book value in 2019, the depreciation cost per year for the rest 9 years of its service life, 

calculated using the same straight line depreciation method mentioned in the previous section, 

(Equation (5.2)) is 49.61 USD (Peters and Timmerhaus, 1991). 

Therefore, total operating cost  = (25.06+10.45+7.83+5.23+1.05+49.61) USD/year 

     = 99.23 USD/year 

5.2.1.3 Estimation of total cost 

The total cost incurred during the separation process is the sum of capital cost as well as 

operating cost.  
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Hence, total cost incurred during poultry slaughterhouse  

wastewater treatment     = (261.39+99.23) USD/year 

       = 360.62 USD/year 

As a total of 172.9 L of treated wastewater is obtained in the whole year, hence total cost 

incurred per liter of permeate obtained   = 2.09 USD/L 

The pie diagram representation of cost analysis for the treatment of poultry slaughterhouse  

wastewater is shown in Fig. 5.2. 

 

5.2.2 Cost analysis for starch wastewater treatment 

The treatment process of starch wastewater in lab-scale takes 250 minutes as a whole, where 

180 minutes (3 hours) are used for filtration operation and the rest 70 minutes are used for 

cleaning the setup as well the membrane. 

Hence, assuming 330 working days in a year, number  

of working days used for filtration purpose     = 
180

250
 ×330 days = 237.6 days = 238 days 

Permeate flux reported (at P=345 kPa)     = 9.56×10-6 m3/m2s 

Hence, amount processed per year      = 9.56×10-6×0.00172788×24×3600×238 m3 

         = 0.3398 m3    = 339.8 L 

 

5.2.2.1 Estimation of capital cost 

Cost of the permeation setup     = 40, 000.00 INR 

Setup was installed in the year 2018. However, the treatment of starch wastewater was carried 

out in the year 2021. Hence, the book value of the permeation setup in 2021 will be used for 

calculating the fixed capital cost corresponding to the permeation setup.  
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Fig. 5.2 (a) Total process cost as percentages of capital cost and operating cost (b) Splitting 

of total capital cost incurred during the process (c) Splitting of total operating cost incurred 

during poultry slaughterhouse wastewater treatment process (Lab-scale) 
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Book value at 2021     = 29200.00 INR 

And, the fixed capital     = 29200.00×4.74 INR 

       = 138408.00 INR = 1886.18 USD 

As the permeation setup completed three years of its service life, it has seven years of service 

life left. Hence, fixed capital cost incurred per year is 269.45 USD. 

Again, the capital cost involved in the process corresponding to membrane is 0.14 USD/year. 

Hence, total capital cost incurred    = (269.45+0.14) USD/year 

       = 269.59 USD/year 

 

5.2.2.2 Estimation of operating cost 

The various operating costs involved in the process of starch wastewater treatment are 

discussed below: 

 

Cleaning cost 

In this process, the setup was initially cleaned with millipore water for 30 minutes, which was 

followed by cleaning the setup with 1 g/L surf excel solution for 30 minutes. Then, the setup 

was flushed once again with millipore water for 20 minutes. Taking this steps into 

consideration, cleaning cost is considered to be 5% of fixed capital cost incurred during starch 

wastewater treatment. 

Hence, cleaning cost     = 5% of fixed capital cost/year 

      = (0.05×269.45) USD/year  = 13.47 USD/year 

 

Depreciation cost 

The depreciation cost per year for the experimental setup with 7 years of its service life 

remaining, calculated using the same straight line depreciation method mentioned in the 
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previous section (Equation (5.2)) is 51.16 USD (Peters and Timmerhaus, 1991). 

The other four costs, namely electricity consumption cost, maintenance cost, labor cost as well 

as laboratory cost are calculated using the same mathematical procedure that was used in the 

previous section. 

Hence, Electricity consumption cost    = 25.06 USD/year 

Maintenance cost      = 8.08 USD/year 

Labor cost      = 5.39 USD/year 

Laboratory cost     = 1.08 USD/year 

Therefore, total operating cost  = (25.06+13.47+8.08+5.39+1.08+51.16) USD/year 

     = 104.24 USD/year 

 

5.2.2.3 Estimation of total cost 

The total cost incurred during the process   = (269.59+104.24) USD/year 

       = 373.83 USD/year 

As a total of 339.8 L of permeate is obtained in the whole year by treating corn starch 

wastewater, hence total cost incurred per liter of permeate obtained  = 1.10 USD/L 

As a total of 223.23 L of permeate is obtained in the whole year by treating wheat starch 

wastewater, hence total cost incurred per liter of permeate obtained  = 1.67 USD/L 

As a total of 105.21 L of permeate is obtained in the whole year by treating rice starch 

wastewater, hence total cost incurred per liter of permeate obtained  = 3.55 USD/L 

The pie diagram representation of cost analysis for starch wastewater treatment is shown in 

Fig. 5.3. 
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Fig. 5.3 (a) Total process cost as percentages of capital cost and operating cost (b) Splitting 

of total capital cost incurred during the process (c) Splitting of total operating cost incurred 

during starch wastewater treatment process (Lab-scale) 
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5.2.3 Cost analysis for separation of glycerol from biodiesel 

The separation of glycerol from biodiesel emulsion in lab-scale is a five hours process, where 

3 hours are used for filtration operation and the rest two hours are used for cleaning the setup 

as well the membrane. 

Hence, assuming 330 working days in a year, number  

of working days used for filtration purpose        = 
3

5
 ×330 days = 198 days 

Permeate collected after 3 hours (at P=345 kPa)       = 87.5 g 

However, this permeate contains traces of water and methanol, which need to be removed in 

the Rotary evaporator. 

Hence, after evaporating the methanol and water in the rotary evaporator for 30 minutes, the 

amount of permeate collected              = 84.96 g 

Assuming the density of biodiesel to be 877.2 kg/m3 (Som et al., 2010), the permeate collected 

after 3 hours of run                  = 9.68×10-5 m3 

Hence, amount processed per year                  = 
9.68×10−5×24×198 

3
 m3 

                  = 0.1533 m3    = 153.3 L 

 

5.2.3.1 Estimation of capital cost 

Cost of the permeation setup     = 40, 000.00 INR 

Setup was installed in the year 2018. However, the separation of glycerol from biodiesel was 

carried out in the year 2020. Hence, the book value of the permeation setup in 2020 will be 

used for calculating the fixed capital cost corresponding to the permeation setup.  

Book value at 2020     = 32800.00 INR 

Hence, the fixed capital corresponding to permeation setup = 32800.00×4.74 INR 

        = 155472.00 INR = 2118.72 USD 
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As the permeation setup completed two years of its service life, it has eight years of service life 

left. Hence, fixed capital cost incurred per year is 264.84 USD. 

Along with the permeation setup, a Rotary evaporator is also used for evaporating the traces of 

methanol and water present in the permeate. The Rotary evaporator used in this case had a 

purchase cost of 350000.00 INR in the year 2016.  

Hence, book value at 2020                = 224000.00 INR 

As Rotary evaporator is also considered to be a fluid processing plant, the Lang factor to be 

used for calculating fixed capital corresponding to Rotary evaporator will be 4.74 (Ghodrat et 

al., 2016; Lang, 1947). 

Hence, fixed capital invested for procuring the Rotary evaporator  = 22400.00×4.74 INR 

= 1061760.00 INR 

= 14469.34 USD 

However, unlike the permeation setup, the rotary evaporator is not run continuously for 330 

days. Rather, when the one run for the whole process of microfiltration and membrane cleaning 

takes five hours, the Rotary evaporator runs for only 30 minutes (= 0.5 hour) for evaporating 

traces of methanol and water present in the permeate. Hence, fixed capital investment per year 

for the Rotary evaporator will be calculated based on its effective working days in a year. 

Hence, no. of effective working days    = 
0.5

5
×330 days = 33 days 

Hence, fixed capital investment incurred per year  = 
33

330×6
×14469.34 USD 

        = 241.16 USD 

Again, as mentioned earlier, the capital cost involved in the process corresponding to 

membrane is 0.14 USD/year. 

Hence, total capital cost incurred    = (264.84+0.14+241.16) USD/year 

                             = 506.14 USD/year 
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5.2.3.2 Estimation of operating cost 

The various operating costs involved in the process of separation of glycerol from biodiesel are 

discussed below in detail. 

 

Cost of electricity consumed 

The power consuming equipment used during the separation process is a booster pump, with a 

motor capacity of 36 W and the Rotary evaporator, with a wattage of 1.35 kW. The rotary 

evaporator is run only for 33 number of effective working days in a year. 

The cost of electricity consumed by the pump    = 1839.02 INR/year   = 25.06 USD/year 

The cost of electricity consumed by Rotary evaporator = (1.35×6.45×33×24) INR 

           = 6896.34 INR/year  = 93.98 USD/year 

Hence, total cost of electricity consumed      = (25.06+93.98) USD/year 

           = 119.04 USD/year 

 

Cleaning cost 

During separation of glycerol from biodiesel, the setup, after microfiltration, was initially 

flushed with methanol for 30 minutes, which was followed by flushing the setup with 1 g/L 

surf excel solution for another 30 minutes. Then, the setup was flushed once again first with 1 

wt% NaOH solution and then with millipore water, each for 30 minutes. Taking this process 

into consideration and also after use cleaning of the rotary evaporator, cleaning cost is 

considered to be 8% of fixed capital cost incurred during the process of glycerol separation 

from biodiesel. 

Hence, cleaning cost     = 8% of fixed capital cost/year 

      = (0.08×506.00) USD/year  = 40.48 USD/year 

 

TH-2844_186107007



Chapter 5   

 177 

Depreciation cost 

The depreciation cost per year for the rest 8 years of service life of the experimental setup, 

calculated using same straight line depreciation method discussed in earlier section (Equation 

(5.2)) is 50.28 USD (Peters and Timmerhaus, 1991). 

Again, for the rotary evaporator, considering its salvage value to be 10% of its book value at 

2020, the depreciation cost incurred per year with only 33 number of effective working days is 

45.79 USD. 

Hence, total depreciation cost incurred           = (50.28+45.79) USD/year 

                  = 96.07 USD/year 

The other three costs, namely maintenance cost, labor cost as well as laboratory cost are 

calculated using the same mathematical procedure that was used in the previous section. 

Hence, Maintenance cost     = 15.18 USD/year 

Labor cost      = 10.12 USD/year 

Laboratory cost     = 2.02 USD/year 

Therefore, total operating cost    = (119.04+40.48+15.18+10.12+2.02+96.07) USD/year 

       = 282.91 USD/year 

 

5.2.3.3 Estimation of total cost 

The total cost incurred during the process   = (506.14+282.91) USD/year 

       = 789.05 USD/year 

As a total of 153.3 L of permeate is obtained in the whole year, hence total cost incurred per 

liter of permeate obtained  = 5.15 USD/L 

The pie diagram representation of cost analysis for the separation of glycerol from biodiesel is 

shown in Fig. 5.4. 
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Fig. 5.4 (a) Total process cost as percentages of capital cost and operating cost (b) Splitting 

of total capital cost incurred during the process (c) Splitting of total operating cost incurred 

during glycerol separation from biodiesel (Lab-scale) 
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5.3 Estimation of cost for pilot-scale setup 

Looking at the efficiency of the lab-scale setup and the capacity of the existing equipment to 

be scaled up into a pilot-scale setup with certain modifications, the following design of 

permeation setup is proposed. In this setup, the single housing of membrane module is replaced 

by three parallel membrane housings, each with 200 mm length. Each of such housings can 

accommodate 7 membranes inside it, thus utilizing a total of 21 membranes with 200 mm 

length, the inner as well as outer diameter of the membranes remaining the same. The reason 

behind chosing 200 mm length membranes is that the existing extruder can satisfactorily 

produce membranes up to 200 mm length. Moreover, the available furnace also can be used to 

sinter membranes upto 200 mm length. 

Hence, for the above-mentioned setup, the effective filtration area becomes 0.07257 m2. This 

setup will be used for estimating the cost for a pilot-scale setup in the following subsections. 

The schematic of the pilot-scale setup is shown in Fig. 5.5. 

Basis of calculation: 

1. The fabricated membranes will have a shelf life of 3 years. 

2. The permeation setup and all the necessary equipment used during the separation 

process will have a service life of 10 years (Chakraborty et al., 2020). 

3. There will be 330 working days in a year (Chakraborty et al., 2020). 

4. As it is a proposed cost analysis, the current price for all the equipment is considered 

for estimating the cost incurred during the process. Hence, no depreciated value of 

equipment is calculated here as in previous cases. 
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5.3.1 Cost analysis for poultry slaughterhouse wastewater treatment 

As mentioned earlier, permeate flux obtained (at P = 345 kPa)  = 5.85×10-6 m3/m2s 

Hence, amount processed per year (using a pilot-scale cross-flow setup having membrane area 

of 0.07257 m2)           = 5.85×10-6×0.07257×24×3600×198 m3 

             = 7.2625 m3    = 7262.5 L 

 

Fig. 5.5 Pilot plant setup [1: Feed tank; 2: Booster pump; 3,8: Valves; 4: Pressure gauge; 5: 

Membrane housings; 6: Permeate tank; 7: Weighing balance; 9: Rotameter] 

 

5.3.1.1 Estimation of capital cost 

Cost of the permeation setup     = 1,00, 000.00 INR 

Hence, the corresponding fixed capital  = 100000.00×4.74 INR 

       = 474000.00 INR  = 6459.53 USD 

As the permeation setup has ten years of service life, hence, fixed capital cost incurred per year 

is 645.95 USD. 

Fabrication cost per m2 area of membrane is 250.00 USD. For obtaining the desired filtration 

area, the cost incurred will be 18.14 USD. As the membranes have a service life of 3 years, the 

capital cost involved in the process corresponding to the membrane is 6.05 USD/year. 
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Hence, total capital cost incurred    = (645.95+6.05) USD/year 

       = 652.00 USD/year 

 

5.3.1.2 Estimation of operating cost 

Following the same operating procedure opted for calculating various sub-heads under 

operating cost for lab-scale set-up, the operating cost for the scaled-up setup was also 

estimated. However, in this case, owing to scale-up, a slightly larger capacity booster pump 

was considered having motor capacity of 60 W. Moreover, the depreciation cost of the 

permeation setup was calculated using its current purchase price and ten years of service life. 

The estimated cost under various sub-heads of operating cost is mentioned in Table 5.7. 

Table 5.7 Operating cost estimation for treating poultry slaughterhouse wastewater      

(Pilot-scale) 

Sub-heads Cost (USD/year) 

Electricity consumption 41.77 

Cleaning cost 25.84 

Maintenance cost 19.38 

Labor cost 12.92 

Laboratory cost 2.58 

Depreciation cost 122.65 

Total 225.14 

 

5.3.1.3 Estimation of total cost 

The total cost incurred in the process   = (652.00+225.14) USD/year 

       = 877.14 USD/year  

As a total of 7262.5 L of treated wastewater is obtained in the whole year, hence total cost 

incurred per liter of permeate obtained  = 0.12 USD/L    

The pie diagram representation of cost analysis for the treatment of poultry slaughterhouse 

wastewater is shown in Fig. 5.6. 
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Fig. 5.6 (a) Total process cost as percentages of capital cost and operating cost (b) Splitting 

of total capital cost incurred during the process (c) Splitting of total operating cost incurred 

during poultry slaughterhouse wastewater treatment (Pilot-scale) 
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5.3.2 Cost analysis for starch wastewater treatment 

Permeate flux reported (at P = 345 kPa) for corn starch wastewater     = 9.56×10-6 m3/m2s 

Hence, amount processed per year using a pilot-scale membrane of  

area 0.07257 m2                       = 9.56×10-6×0.07257×24×3600×238 m3 

                                    = 14.2661 m3  = 14266.1 L     

Permeate flux reported (at P=345 kPa) for wheat starch wastewater = 6.28×10-6 m3/m2s 

Hence, amount processed per year using a pilot-scale membrane  

of area 0.07257 m2       = 6.28×10-6×0.07257×24×3600×238 m3 

             = 9.3715 m3  = 9371.5 L     

Similarly,Permeate flux reported (at P = 345 kPa) for rice starch wastewater = 2.96×10-6 m3/m2s 

Hence, amount processed per year using a lab-scale membrane  

of area 0.07257 m2      = 2.96×10-6×0.07257×24×3600×238 m3 

                          = 4.4171 m3  = 4417.1 L 

 

5.3.2.1 Estimation of capital cost 

Cost of the permeation setup     = 1,00, 000.00 INR 

Hence, the corresponding fixed capital  = 100000.00×4.74 INR 

       = 474000.00 INR  = 6459.53 USD 

Hence, fixed capital cost incurred per year is 645.95 USD. 

The capital cost involved in the process corresponding to membrane is 6.05 USD/year. 

Hence, total capital cost incurred    = (645.95+6.05) USD/year 

       = 652.00 USD/year 

 

5.3.2.2 Estimation of operating cost 

The operating expenses incurred during the starch industry wastewater treatment are presented 
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in Table 5.8. The cost estimation was carried out following the same procedure as done in the 

previous sections of this chapter. 

      Table 5.8 Operating cost estimation for starch industry wastewater treatment (Pilot-scale) 

Sub-heads Cost (USD/year) 

Electricity consumption 41.77 

Cleaning cost 32.30 

Maintenance cost 19.38 

Labor cost 12.92 

Laboratory cost 2.58 

Depreciation cost 122.65 

Total 231.60 

 

5.3.2.3 Estimation of total cost 

The total cost incurred during the process   = (652.00+231.60) USD/year 

       = 883.60 USD/year 

The pie diagram representation of cost analysis for starch wastewater treatment is shown in 

Fig. 5.7. 

As a total of 14266.1 L of permeate is obtained in the whole year, hence total cost incurred per 

liter of permeate obtained for corn starch wastewater  = 0.06 USD/L 

Similarly, as a total of 9371.5 L of permeate is obtained in the whole year, hence total cost 

incurred per liter of permeate obtained for wheat starch wastewater  = 0.09 USD/L 

And, as total of 4417.1 L of permeate is obtained in the whole year, hence total cost incurred 

per liter of permeate obtained from rice starch wastewater   = 0.20 USD/L 

 

5.3.3 Cost analysis for separation of glycerol from biodiesel 

The quantity of permeate collected after 3 hours of run using a lab-scale cross-flow setup 

having membrane area of 0.00172788 m2    = 9.68×10-5 m3 
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Fig. 5.7 (a) Total process cost as percentages of capital cost and operating cost, (b) Splitting 

of total capital cost incurred during the process, (c) Splitting of total operating cost incurred 

during starch wastewater treatment process (Pilot-scale) 
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Amount of permeate collected after 3 hours of run using a pilot-scale cross-flow setup having 

membrane area of 0.07257 m2           = 4.07×10-3 m3 

Hence, amount processed per year using a pilot-scale cross-flow setup having membrane area 

of 0.07257 m2)           = 
4.07×10−3 ×24×198 

3
 m3 

              = 6.4469 m3  = 6446.9 L 

 

5.3.3.1 Estimation of capital cost 

Cost of the permeation setup      = 1,00, 000.00 INR 

Hence, the fixed capital corresponding to permeation setup = 474000.00 INR  = 6459.53 USD 

And therefore, the fixed capital cost incurred per year for the permeation setup is 645.95 USD. 

Along with the permeation setup, a Rotary evaporator is also used for evaporating the traces of 

methanol and water present in the permeate. The present cost of the Rotary evaporator to be 

used in this case is 500000.00 INR.  

Hence, fixed capital invested for procuring the Rotary evaporator  = 500000.00×4.74 INR 

= 2370000.00 INR 

= 32297.63 USD 

However, unlike the permeation setup, the rotary evaporator is not run continuously for 330 

days. Rather, when the one run for the whole process of microfiltration and membrane cleaning 

takes five hours, the Rotary evaporator runs for 2.03 hours for evaporating traces of methanol 

and water present in the permeate produced using pilot-scale setup. Hence, fixed capital 

investment per year for the Rotary evaporator will be calculated based on its effective working 

days in a year. 

Hence, no. of effective working days    = 
2.03

5
×330 days = 134 days 

Hence, fixed capital investment incurred per year  = 
134

330×10
× 32297.63 USD 
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        = 1311.48 USD/year 

As previously mentioned, the capital cost involved in the process corresponding to membrane 

is 6.05 USD/year. 

Hence, total capital cost incurred    = (645.95+6.05+1311.48) USD/year 

       = 1963.48 USD/year 

 

5.3.3.2 Estimation of operating cost 

Following the same operating procedure opted for calculating various sub-heads under 

operating cost, the operating cost for the scaled-up setup was also estimated. However, in this 

case, along with the booster pump, electricity consumption cost incurred due to the use of 

Rotary evaporator was also taken into account. Other considerations regarding estimation of 

cost for this scaled-up setup are similar to those used in previous sections. The estimated cost 

under various sub-heads of operating cost is mentioned in Table 5.9. 

         Table 5.9 Operating cost estimation for separating glycerol from biodiesel (Pilot-scale) 

Sub-heads Cost (USD/year) 

Electricity consumption 423.39 

Cleaning cost 156.59 

Maintenance cost 58.72 

Labor cost 39.15 

Laboratory cost 7.83 

Depreciation cost 371.66 

Total 1057.34 

 

5.3.3.3 Estimation of total cost 

Total cost incurred during the process   = (1963.48+1057.34) USD/year 

       = 3020.82 USD/year 
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Fig. 5.8 (a) Total process cost as percentages of capital cost and operating cost (b) Splitting 

of total capital cost incurred during the process (c) Splitting of total operating cost incurred 

during separation of glycerol from biodiesel (Pilot-scale) 

TH-2844_186107007



Chapter 5   

 189 

As a total of 6446.9 L of permeate is obtained in the whole year, hence total cost incurred per 

liter of permeate obtained     = 0.47 USD/L 

The pie diagram representation of cost analysis for the separation of glycerol from biodiesel is 

shown in Fig. 5.8. 

 

5.4 Summary 

The economic feasibility assessment of all three separation processes taken into consideration, 

namely poultry slaughterhouse wastewater treatment, treatment of starch processing 

wastewater and separation of glycerol from biodiesel, is successfully carried out. The process 

of cost estimation starts with estimating membrane fabrication cost, which is a sum of 

equipment cost and manufacturing expenses. The estimated cost per m2 area of the membrane 

comes out to be 250.00 USD, which lies in the price range of low-cost membranes.  

The next step of cost estimation process is to evaluate the cost associated with all the treatment 

processes. This is carried out for both lab-scale as well as pilot-scale setups, the lab-scale setup 

consisting of one membrane with an effective filtration area of 0.00172788 m2; while the pilot-

scale setup consisting of three parallel membrane housing, with seven membranes in each 

housing, the effective filtration area being 0.07257 m2. The cost associated with each process 

is the sum of capital cost and operating cost incurred during the process. The total expenses 

associated with all the three separation operations taken into consideration lie between 1.10-

5.15 USD per litre of permeate produced for lab-scale setup, which further reduced to 0.06-

0.47 USD/L, when estimated for pilot-scale setup. 
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Conclusions and Future Perspectives 

 

This chapter summarizes the inferences drawn from the works carried out in this thesis and 

also provides some suggestions for future works that can be conducted, taking the work 

mentioned in this thesis as the basis. The main aim of this research was to fabricate a low-cost 

tubular ceramic membrane using fly ash as the key precursor. Further, the membrane with 

optimized raw material composition was used for three different liquid phase separation 

applications, namely poultry slaughterhouse wastewater treatment, starch processing 

wastewater treatment and separation of glycerol from biodiesel. All the interesting facts noted 

during the membrane fabrication and its subsequent application in liquid phase separation 

processes are outlined in this chapter. 

 

6.1 Conclusions 

 The raw material composition for fabrication of fly ash-based tubular ceramic 

membrane was optimized by conducting rigorous characterizations of membranes 

fabricated with different raw material compositions. Finally, membranes fabricated 

using 75 wt.% fly ash, 20 wt.% quartz and 5 wt.% calcium carbonate were found to 

display optimum properties suitable for different separation operations. 

 Series of experiments conducted to study the effect of binder concentration on 

membrane properties revealed that the use of 2 wt% aqueous solution of Na-CMC 

as binder produced membranes with optimized properties.  

 The optimized raw material composition as well as binder concentration resulted in 

membranes with an average porosity of 40.17% and pore size of 0.133 µm. Besides, 

the fabricated membrane also showed outstanding mechanical stability with a 
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compressive strength equal to 12.28 MPa along with very good corrosion 

resistance.  

 It has been observed during the experiment that a very high binder concentration is 

detrimental to membrane properties as the increased viscosity of solution associated 

with increased binder concentration may lead to agglomeration of particles, causing 

the formation of big and uneven pores. Similarly, a very low binder concentration 

does not provide sufficient viscosity to hold ceramic particles together, ultimately 

leading to the formation of membranes with deformed shapes.  

 The permeate produced from membrane filtration of poultry slaughterhouse 

wastewater is free from COD, TSS and turbidity, thus satisfying the Reuse and 

Discharge norms as prescribed by Central Pollution Control Board, India. 

 Microfiltration of starch processing wastewater at different applied pressures and at 

different cross flow velocities yielded permeate with zero TSS, turbidity and slight 

COD content. The obtained permeate is safe to discharge into surface water as per 

the norms of Central Pollution Control Board, India. The membrane performed in 

a similar manner when incorporated in microfiltration of starch suspensions 

prepared using three different starch sources, namely corn, wheat and rice.  

 During the separation of glycerol from biodiesel, though at all the applied pressures, 

a significant reduction in glycerol content was found in the permeate, but the 

purified biodiesel obtained after separation of glycerol at applied pressures below 

345 kPa was found to satisfy ASTM D6751 and EN14214 regulations regarding the 

free glycerol content in biodiesel. 

 A detailed cost analysis of membrane fabrication revealed that the fabricated 

membrane is a low-cost one, with the price being 250.00 USD/m2 membrane area. 
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The use of cheaper and abundantly available raw materials in membrane fabrication 

was found to drastically reduce the cost of the membrane. 

 Economic feasibility analysis was also carried out for all three separation processes 

in two ways: one for the lab-scale setup and the other is for the pilot-scale setup. In 

both the cases, the processes were found to be economically feasible for opting in 

industrial separation operations.  

 The membrane developed using fly ash contributes greatly to the process of 

sustainable development. Sustainable Development Goals, 1987 has clearly defined 

sustainable development as the “Development, which meets the needs of the people 

without compromising the ability of future generations to meet their own needs”. 

Utilization of fly ash in membrane fabrication has helped in conservation of mineral 

resources of earth, such as quartz, kaolin, dolomite and so on, as these materials 

were used for manufacturing low-cost ceramic membranes earlier. Recycling fly 

ash also helped in abating environmental pollution, thus putting an effort towards 

the protection of ecology and environment along with minimizing the various health 

hazards associated with its improper disposal. These facts are enough to realize that 

recycling fly ash will provide us low-cost ceramic membranes without 

compromising the safety of our planet. Rather, it will contribute positively towards 

obtaining a healthier and safer environment.  

 Utilization of the fabricated membrane in three different separation operations can 

also be considered as another example for assuring sustainable development. The 

adoption of membrane technology in separation operations signifies the process 

intensification strategy, which is considered as one of the best realizations for 

sustainable growth. Process intensification focuses at development through 

substantially smaller, cleaner, safer and more energy efficient technology. 

TH-2844_186107007



Chapter 6   

 194 

Implementation of low-cost ceramic membranes in the filtration processes not only 

reduces the cost associated with the process, but also makes efficient utilization of 

energy. Moreover, being regarded as clean technology, membrane-based separation 

is considered environmentally friendly. Hence, it can definitely be said that starting 

from membrane fabrication using fly ash to its implementation in separation 

processes, the entire process is a righteous example of sustainable development. 

Therefore, it can be summarised that the fabricated membrane not only serves the purpose of 

filtration, but also helps in maintaining environmental sustainability through mitigation of 

pollution via fly ash recycling and is also quite affordable by all sections of the society. 

 

6.2 Future perspectives 

 Observing the membrane’s outstanding separation efficiency in all the three separation 

processes carried out as a part of this research work, the versatility of fabricated 

membrane can further be explored by implementing in some other liquid phase 

separation processes such as separation of bacteria from milk, separation of casein 

proteins from serum protein of milk and so on. Increasing the number of separation 

processes that can be performed by a single membrane definitely enhances the 

membrane’s utility. 

 As the fabricated membrane is capable of performing microfiltration operations only, 

its usefulness can further be enhanced by making it worthy for implementing in 

ultrafiltration and nanofiltration operations. The membranes can be coated by several 

methods such as thermal spray coating, hydrothermal coating, dip coating and so on, so 

as to fabricate a composite membrane with one or multiple numbers of active layer 

having reduced pore size spread over the support membrane. The membrane surface 

can also be charged by coating it with different oxide compounds such as Magnesium 
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oxide, Yttria etc., as these compounds are known to aid in electrostatic membrane 

separation. After carrying out any of these steps, the composite membranes can be used 

further for various other separation operations such as separation of virus from 

contaminated water, treatment of silk floss processing wastewater, treatment of pulp 

and paper mill wastewater, just to name a few. 

 As pilot plant setups are considered to be quite useful in practically testing and 

validating a process technology before commercialization, therefore, the scale-up of 

this lab-scale setup to a pilot-scale one can be carried out before recommending it for 

use in industrial applications.  

 With very few literatures available regarding physical, chemical as well as physico-

chemical cleaning of membranes, most of the researchers carry out the membrane 

cleaning process in a trial-and-error manner. Therefore, there is a need for the 

development of a systematic approach of membrane cleaning and regeneration for each 

separation operation, considering the various aspects of membrane fouling. An 

optimized cleaning process is known to reduce the operational cost significantly. 

Therefore, as a part of further research work, optimization of cleaning processes for all 

the three aforementioned separation operations can be carried out. 
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