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Abstract 

 

The environmental pollution has become a global issue catalyzed by the generation of 

multi-natured pollutants in the biosphere and demands immediate attention towards 

modification and advancement in existing abatement methods. The ongoing crisis and 

inevitable future shortage of access to fresh and pure water calls for efficient treatment 

and recycling of available water sources. In the last decade presence of emerging 

micropollutants (i.e., drugs and heavy metals) in drinking water has raised many 

questions towards the efficiency of available water treatment technology. These drug-

based micropollutants present in water sources prove to be persistent, bioactive, and toxic 

even at low concentrations for human consumption. Therefore, the complete removal of 

the drugs from water is crucial to avoid long-term medical complications. Recent studies 

show an abrupt increase in air pollution and related health hazards in developing 

countries, particularly in India and China. The particulate matter and volatile organic 

compounds have emerged as a prime environmental concern with increasing air pollution 

in metropolitan cities leading to lung and heart-related issues. The available methods for 

air pollution remediation lack in targeting both particulate matter and volatile organic 

compounds using the same system, and usually, multiple systems are required. Hence, it 

demands a comprehensive approach to tackle the issue.  

Membrane technology is one of the emerging and advanced processes that can provide a 

sustainable solution to water treatment. However, the membrane-based filtration system 

cannot achieve complete removal of the low molecular weight drugs, and most often, the 

membrane technology suffers massively from fouling-related issues. Hence, there is an 

apparent requirement for the existing membrane technology to be modified with smart 

materials that can render antifouling characteristics together with adsorptive properties 

to specifically capture the drug-based micropollutants from water. 

The first stage of research focused on establishing the potency of Sericin as a bio-sorbent 

for the removal of drugs from water using Ibuprofen as a model drug. The removal of 

Ibuprofen from aqueous solution was studied using commercially available silk Sericin 

as an adsorbent in an integrated adsorbent-membrane process. The adsorption study was 

performed at a different physiological condition such as adsorbent concentration (1-10 
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g), Ibuprofen concentration (10-70 mg/L), temperatures (20, 30 and 40 °C) and pH (5, 6, 

7, and 8). The occurrence of the Sericin-ibuprofen complex before membrane separation 

was confirmed by performing analysis of Sericin-ibuprofen interaction. Sericin-

ibuprofen interaction was investigated using attenuated total reflection Fourier-transform 

infrared (FTIR), field-emission scanning electron microscope (FESEM), fluorescence 

spectroscopy, X-ray diffractometer (XRD), and isothermal titration calorimeter (ITC). 

Sericin and Ibuprofen interaction is spontaneous and endothermic in-nature, while the 

random coil transition of Sericin governed the adsorption system. ITC analysis exhibited 

a binding affinity (Kb) value of 2.51 x 104±1.4 and one binding sites (n≈1) per molecule 

at 27°C, revealing moderate binding of Ibuprofen to the Sericin protein. Complete 

removal of Ibuprofen (at 10 mg/L, pH 8) was achieved using 10 g of Sericin (pH 4) and 

at a temperature of 40°C in reverse osmosis membrane process. The results established 

in this work concludes that sericin may be used as an adsorbent for the removal of 

micropollutants, such as Ibuprofen from drinking water. 

In the second stage of research, a novel and easy method was developed to coat sericin 

on polypropylene (PP) hollow fiber (HF) microfiltration (MF) membrane via surface 

coating. The sericin-coated adsorptive MF membrane was used for the removal of drug-

based micropollutants. The sericin-coated membrane was tested for the removal of 

different classes of drugs from water. The membrane completely removed NSAIDs and 

antibiotics from water at 20 μg/L concentration. The adsorption mechanism was 

profoundly influenced by charge-based interaction (i.e., electrostatic interaction and 

hydrogen bonding), hence charged anionic drugs were more effectively removed than 

uncharged drugs. In multidrug mixtures, the removal efficiency was observed in the 

following sequence; ibuprofen > diclofenac > amoxicillin > ciprofloxacin > estrone > β-

estradiol. The desorption of the drugs from the membrane surface can be effectively 

controlled by altering the pH of the membrane-cleaning solution. The presence of other 

inorganic salts in the aqueous drug solution did not interfere with the removal efficiency 

of the sericin-coated membrane. The performance of the sericin-coated membrane was 

studied using a continuous adsorptive membrane filtration approach. The dynamic 

adsorption behavior of a fixed-bed membrane column was predicted using the Bohart–

Adams model. The model can predict the adsorption breakthrough curve with a minimum 

experimental error. This study reveals the unique application of sericin-coated MF 
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membrane for effective removal of drug-based micropollutants from water and 

demonstrates its easy regeneration and effectiveness for multiple cycles of filtration.  

Sericin coated MF membrane hydrophilicity has improved significantly and exhibited 

high water content (64.87%) and low water contact angle (38°). In a comparative study 

with synthetic greywater treatment, the sericin coated membrane removed <90% 

turbidity and produced a higher volume of purified water with 15% less fouling compared 

to the uncoated membrane. The fouling experiment concludes that the sericin-coated 

membrane can reduce reversible and irreversible fouling by ≈30% and ≈83.00%, 

respectively, relative to the uncoated membrane using pure water backwash operation. In 

the second case, the sericin-coated membrane was able to provide consistent permeate 

quality with produced water: chemical oxygen demand <43 ppm, biological oxygen 

demand <6.8 ppm, suspended solids completely removed, total dissolved solids <112 

ppm, turbidity <5 NTU and oil content <0.044 ppm, together with 10.5% less fouling 

than uncoated membrane. This study reveals that sericin coating enhanced membrane 

hydrophilicity and hence exhibited better antifouling properties. The sericin-coated MF 

membrane effectively treated greywater as well as produced water with less fouling and 

within limits of national standards for reusability. 

In the final phase of research, a facile and novel method developed for the fabrication of 

polyester-based air filter via surface coating with Sericin for imparting effective removal 

of particulate matter and volatile organic compounds. A simple dip-coating method 

followed by thermal fixation has been adopted to coat Sericin on the polyester fiber. The 

developed changes in surface functionality and morphology of the polyester fiber were 

confirmed by Attenuated total reflection Fourier-transform infrared spectroscopy and 

Field emission scanning electron microscopy analysis. The fabricated air filter was tested 

for removal of particulate matter (generated burning incense stick) and volatile organic 

compounds (generated vaporizing gasoline), in an indoor chamber. The Sericin coated 

filter was able to remove the particulate matter, PM2.5, and PM10 (from 1000 μg/m3 level 

to 5 μg/m3 in a 6.28 m3 chamber) within 27 and 23 min of operation, respectively. The 

fabricated filter very effectively removed particulate matter for 2160 cycles with 

intermittent washing. The Sericin-coated air filter also proved very effective for the 

removal of volatile organic compounds (Benzene, Toluene, Ethylbenzene, and Xylene) 

from an indoor chamber at a varying initial concentration of 100–1000 μg/m3. The 
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adsorption behavior was described by Langmuir-Freundlich (Sips) isotherm and pseudo-

first-order kinetics with minimal error. The maximum adsorption capacity (mg/g) 

obtained with Sips Isotherm fitting followed the order Xylene (6.97)>Ethyl Benzene 

(5.68)> Toluene (5.35) >Benzene (4.78). This work provides a detailed insight into the 

use of sericin for membrane modification using a facile and novel modification method 

for air and water purification. 
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1.1. Background 

Environmental pollution is one of the major challenges faced by humanity and other life 

forms on earth. Environmental pollution is the introduction of harmful, unwanted, 

poisonous, and detrimental substances into the natural habitats (i.e., air, water, and land), 

which has the potential to damage the health or well-being of humans, animals or plants 

[1]. The increasing population, rapid urbanization, and expansion of cities have led to the 

generation of more pollutants of different nature in the environment. These multi-nature 

pollutants affect different components of the environment and cause air, water, and land 

pollution [2]. In particular, water and air pollution have been the focus of concern for the 

last two decades. The United Nations Educational, Scientific and Cultural Organization 

(UNESCO) [3] reports that around 2 billion people may not have access to pure water, 

while around 4 billion people experience severe water crises for at least one month in a 

year [4]. According to the world health organization (WHO), the polluted environment is 

responsible for the death of around 1.7 million child deaths per year [5]. Around 5.9 

million death among children under age five has been reported globally due to 

environment-related health issues [5].  

Water is an essential commodity for every living being. The population growth, the 

industrial revolution, agricultural growth, developing economy, variation in consumption 

pattern, water-source mismanagement, and global warming have all led to water scarcity. 

This water scarcity has contributed to an increase in water demand at a rate of around 1% 

every year [3]. The major portion of this growing demand for water has been mostly 

reported in developing countries. The water stress globally stands at 13 percent which 

varies with countries and regions. The highest water stress is reported in the regions of 

Northern Africa and Central Asia (see Figure 1.1a-b). The International Water 

Management Institute (IWMI) 2003 report predicts that one person out of three in India 

will be deprived of access to pure water by 2025 [6]. The release of greywater from 

households, industrial effluents, produced water (PW) from oil and gas industries, 

pharmaceutical waste, agricultural waste, radioactive wastes, etc., are leading sources for 

water pollution [7–10]. The recycled water from these contaminated sources eventually 

becomes part of drinking water sources, and they are expected to residue from industrial 

chemicals, pharmaceuticals, and personal care products (PPCPs), pesticides, and 

hormones. These residual micropollutants cannot be removed by the conventional water 

treatment system. 
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Figure 1.1 (a) Level of water stress (%) globally around different countries (b) Level of 

water stress (%) by region (source: FAO and UN-Water. 2018 [11]). 

The contaminated trace synthetic or naturally occurring chemicals in water sources are 

known as emerging contaminants (ECs), which are not usually present in the freshwater 

sources but have the potential to enter the environment and capable of causing known or 

unknown adverse ecological and/or human health effects. The ECs have raised a lot of 

concern among people and responsible government bodies [12]. These ECs mainly 

involves pharmaceuticals (analgesics, antibiotics, hormones, etc.), pesticides, herbicides, 

(a) 

(b) 

(2000-2015) 
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industrial chemicals, surfactants, endocrine-disrupting compounds (EDCs), and personal 

care products (PCP) which are consistently being found in all sources of water (i.e., 

groundwater, surface water, municipal wastewater, drinking water, and food sources) 

[13]. Among these contaminants presence of pharmaceutical drugs have grabbed 

attention due to threat of probable resistance development towards these drugs, 

particularly antibiotics, pain killers, and analgesic [14,15]. Hence, the removal of these 

pharmaceuticals is of prime importance to avoid any health-related issues.  

1.2. Research Motivation 

1.2.1. Importance of removal of Drug-based Micropollutants from 

drinking water 

Micropollutants have emerged as one of the unresolved issues with water pollution. They 

are generated from many sources, which include emerging organic or mineral 

contaminants, which are toxic, persistent, and bio-accumulative even at low 

concentrations [16]. These contaminants are finally getting dissolved in wastewater 

streams from multiple sources [17]. The continuous discharges of micropollutants in 

wastewater stream are expected to cause long term hazards since the contaminants are 

bio-accumulating nature and even forming new mixtures in our water reuse cycle. Drug-

based micropollutants like nonsteroidal anti-inflammatory agents (NSAI), antibiotics, 

and steroids/hormones have been detected in the ground, surface, and drinking water in 

the range of ng/l to µg/l in Indian [18,19] as well as global context [20,21].  

The presence of these unwanted toxic micropollutants in water leads to an eco-

toxicological effect on target as well as non-target organisms [22,23]. The exact impact 

on the ecological system by micropollutants are yet to be fully discovered. As per the 

recent lab analysis, the levels of drug pollutants measured in streams, lakes, and well 

water near pharmaceutical factories in India are 100,000 to 1,000,000 times higher in 

comparison to the levels measured in waters that receive sewage effluent in the US or 

China [24]. Many studies report the adverse effects of pharmaceuticals in aquatic 

organisms, chronic long term exposure to these drugs may have detrimental effects on 

the metabolism of non-target organisms, including microbes fish and other aquatic 

organisms [25–27]. Due to the profound use of diclofenac (a widely used Nonsteroidal 

anti-inflammatory drug, NSAID), an unusually high death rate among three different 

species of the vulture was reported in India and Pakistan [28]. The extent of the impact 
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of pharmaceutical waste on human beings is not as defined and well-studied. Still, it has 

been a topic of debate recently, and even in low dosages, long term exposure to 

pharmaceutical drug remnants may be hazardous to humans [23], particularly infants are 

at most vulnerable to the exposure of drugs. To date, no proper discharge guidelines, 

standards, and legal requirements have been framed for the release of these ubiquitous 

and biologically active substances into surface water. Over the last decade, the 

concentration in treated and untreated urban wastewater has been monitored periodically 

[29], but still, the presence of pharmaceuticals in the aquatic environment is largely an 

unregulated area. These pharmaceutical contaminations cannot be removed with 

conventional wastewater treatment technologies [30–33]. Therefore, the removal of these 

substances by conventional wastewater treatment plants has been found to be incomplete 

[34].  Hence, a holistic approach for the complete removal of these drug particles from 

drinking water is very much needed for avoiding the development of drug-resistance and 

other health-related complications in infants and adults. 

1.2.2. Importance of removal of particulate matter and volatile organic 

compounds in ambient air 

The current state of the menace caused by air pollution is unveiled by the fact that around 

7 million death every year has been attributed to polluted air, in which 4.2 million deaths 

in 2016 was attributed to ambient air pollution [35,36]. WHO also reports that 91% of 

the world resides in places where air quality exceeds guidelines limits, and 9 out of 10 

people breathe polluted air. The polluted air is continuously affecting our normal life 

whether indoors, outdoors, villages, or cities. The United States Environmental protection 

Agency (EPA) has listed particulate matter (PM) as one of the criteria pollutants (together 

with ozone, nitrogen oxides, sulfur oxide, carbon monoxide, and lead) in National 

Ambient Air Quality Standards (AAQS) under the Clean Air Act, 1970 [37]. Particulate 

matter is defined as suspended solid and liquid tiny gritty substances existing in the 

atmosphere. These airborne particles are classified based on aerodynamic diameter into 

total suspended particulate (<10 µm), respirable particles (PM10, <10 µm), fine particles 

(PM2.5, <2.5 µm), and ultrafine particles (<0.1 µm) [38,39]. The inherent filtration 

mechanism in the human body (cilia and mucus present in nostrils) can remove most of 

these PM generally PM2.5, which eventually gets retained in the lung (96% particles) and 

mostly observed in the alveolar and tracheobronchial regions [40]. The particle with a 

diameter between 0.003-0.5 µm penetrates with the lung’s alveolar region passes through 
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the respiratory barrier and enters the circulatory system, and thus spread to another organ 

system [41]. These micro-particles can easily combine with other toxic agents, such as 

heavy metals and poly-aromatics, due to their specific surface.  

The revised annual and daily standard for PM2.5 is 40 µg/m3, and 60 µg/m3 and PM10 are 

60 and 100 µg/m3, respectively, in India [42]. The current air quality index of cities in 

India shows that the PM10 and PM2.5 are way above the prescribed national and 

International standard levels [43–45]. The severe impact of air pollution is mainly 

attributed to indoor air pollution (Figure 1.2) and is observed more in developing and 

economically backward countries (Figure 1.3) and. It has been reported that indoor air 

pollution affects human life more than outdoor air pollution [46,47]. Indoor air pollution 

mainly deals with the presence, amount, effects, and control of physical, chemical, and 

biological factors (PM, VOCs, CO, NOX, SO2, CO2, and unburnt hydrocarbons, etc.) in 

homes, workplace, transportation media, etc. [46]. These multi-natured contaminants, 

when released into air and water, have severe implications on human health and other 

living organisms as well [22,23,41,48]. Therefore, purification systems that can render 

air and water devoid of harmful pollutants are crucial in present-day urban life.  

 

Figure 1.2. Pie chart showing total indoor and global outdoor exposure to particulate 

matter air pollution in developing and industrialized countries [49,50]. 
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On the same reflection, the presence of volatile organic compounds is also a health issue. 

VOCs are gases emitted from certain organic liquids or solids with high vapor pressure 

and low boiling point. The concentration build-up for VOCs is higher indoors rather than 

outdoor [41]. Apart from petroleum products, VOCs are emitted by a wide variety of 

household products (paints, varnishes, wood preservatives, wax, organic solvents, 

cleansers, disinfectants, moth repellents, air freshener, cosmetic, degreasing, hobby 

products), building materials, furnishings, office equipment (copiers, printer, correction 

fluid), graphics, adhesive, permanent markers and photographic solution. VOCs presence 

in air leads to multiple health effects like sensory organs irritation (eye, nose, throat), 

headache, loss of coordination, nausea, vomiting, liver damage, central nervous system, 

and also compound to the long-term effect like cancer [48].  

 

Figure 1.3. Deaths attributable to indoor air pollution exposure by regions [46,47]. 

Among all VOCs present in air benzene, toluene, ethylbenzene, xylene, and 1,2,4-

trimethyl benzene accounts for around 60-90% [51]. Benzene, toluene, ethylbenzene, and 

xylene (generally known as BTEX) is listed as hazardous air pollutants in Agency for 

toxic substances and disease registry (ATSDR), and an extremely long term exposure 

causes neurological impairment, anemia, leukemia, critical neurotoxicity [52–56,56]. 
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VOCs, together with other gaseous pollutants, i.e., nitrogen oxide and particulates form 

smog and creates environmental and health-related problems [57–59]. Therefore, the 

removal of these toxic pollutants from the air is essential to eliminate any health risks and 

hazardous effects in the long term. 

1.3. Need for cost-effective membrane technology for water and air 

purification 

1.3.1. Micropollutants removal from water 

Membrane-assisted separation process has emerged as one of the technically feasible and 

cost-competitive methods to remove micropollutants from water sources [34,60]. The use 

of the membrane process provides a solution to the problems that can be persistent with 

conventional methods [61,62]. Low-pressure membrane processes such as microfiltration 

(MF), ultrafiltration (UF) are widely used as pre-treatment system in water and 

wastewater treatment application to remove macromolecules, colloids, organic/inorganic 

polymeric molecules and microbial biomass [63–66]. High-pressure membrane processes 

such as nanofiltration (NF) and reverse osmosis (RO) are used for brackish water 

desalination [67,68] to remove the dissolved solids [69,70]. Removal of drug-based 

micropollutants from water has been practiced with different kinds of membrane 

processes such as MF, UF, NF, RO, and membrane distillation (MD) [71,72]. Resent 

study concludes that RO and NF processes are capable of removing the micropollutants 

from drinking water sources, and they will also remove other minerals along with 

micropollutants from drinking water [73–75]. However, UF/MF membrane is not 

adequately efficient in removing drug-based micropollutants from water [71,76]. Though 

the high pressure-driven membrane processes like NF, RO, and MD are proven to show 

good efficiency with drug removal, still, a complete removal is not realizable in every 

case, and they are also an energy-intensive process in comparison to conventional water 

treatment process [71,72]. However, the use of RO water is not recommended as it devoid 

natural minerals from drinking water, and its use is suggested to be based on the total 

dissolved solids present in drinking water sources [77].  

A better way to tackle this problem is to use hybrid technology where a combination of 

one or more treatment processes can be used for the effective removal of micropollutants. 

One such way is to use the specific interaction of adsorbents together with membrane-

enhanced separation for the effective removal of drugs from the water. Hence low-
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pressure driven systems like MF/UF, which can be operated at gravity-driven conditions. 

One such approach is the fabrication of adsorptive membranes, which can specifically 

remove target pollutants (like heavy metals, organic pollutants, sulfur, pharmaceuticals, 

etc.) energy efficiently [78–87] from water sources. The adsorptive membrane utilizes 

both membrane and adsorption processes together for water purification. The adsorptive 

membrane is characterized by the incorporation of specific membrane precursors with an 

affinity towards target compounds, where the membrane surface is modified with the 

addition or embedding of multi-functional groups containing adsorbents into membrane 

matrices via different methods (coating, blending, grafting, etc.) [88,89].  

The use of coated membranes has been very promising for the removal of micropollutants 

from water [90–93]. Most industrial polymeric UF/MF membranes are made from 

polypropylene, cellulose, polysulfone, polyacrylonitrile, polyvinylidene fluoride, 

polyether ketone, and polyimide [94–96]. However, the hydrophobic nature of these 

polymeric UF/MF membranes makes them more susceptible to fouling related issues and 

results in the rapid decline of membrane flux due to deposition of micropollutants in the 

membrane pores during water filtration [97,98]. The accelerated fouling hinders the 

membrane performance and leads to frequent membrane replacement for achieving the 

desired production capacity. The economic feasibility of the membrane processes is 

limited by the cost of membrane cleaning and its replacement. Moreover, membrane 

cleaning and its replacement impose around 50% of the operational cost or 30% of the 

total MF/UF membrane system cost [94]. Hence, it becomes inexorable to choose a 

simple and economically viable method for membrane modification to rectify these 

performance issues. The membrane is generally modified using either of two methods 

[99]: 

I. Modification of membrane matrix (involves blending and copolymerization)  

II. Modification of membrane surface (hosting polar groups or embedding 

hydrophilic monomers)   

Surface modification mainly involves altering the surface characteristics of the 

membrane, i.e., charge, energy, roughness, hydrophilicity, and functionality [100]. 

Membrane surface modification may involve (i) physical modification (i.e., heat 

treatment, solvent post-treatment, polymer blending, and coating or (ii) chemical 

modification (chemical post-treatment, chemical grafting, plasma treatment, ultraviolet 
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(UV) induced grafting, ozone-induced grafting, high energy irradiation, and enzymatic 

treatment) [100]. Since physical modification does not alter the chemical composition of 

the base membrane, it is preferred in cases where surface modification is desired, keeping 

base matrix integrity intact. The coating is a simple method where a suitable/desired 

material is coated on the membrane to form a thin layer non-covalently attached to the 

surface. The membrane coating methods are generally very facile, cost-effective, and 

appropriate for both flat and hollow fibre membranes.  

The selection of suitable material that can provide micropollutants adsorptive property 

and fouling resistivity for the membrane is an important aspect. Sericin is reported to 

have both properties due to the presence of the carboxyl, hydroxyl, and amine groups. 

The strong polar side groups present in sericin make it suitable for coating, cross-linking, 

and immobilization on to the membrane surface. Recently the use of silk sericin, a 

globular protein waste from the silk degumming industry, has gained much attention in 

the field of biomedical, textile, cosmetics, and also in membrane research [101–106]. The 

multi-functional group containing sericin is non-toxic, hydrophilic, anti-oxidative, 

antimicrobial, hygroscopic [102,107–109], and can be easily blended or incorporated into 

other polymer matrices. With the realization of adsorptive membrane for specific 

adsorption of pollutants at the same time sericin being characterized and explored as a 

non-toxic biopolymer with multi-functional groups having inherent hydrophilic and 

antimicrobial properties, it seems to be the perfect opportunity to explore the potential 

synergy of sericin with the membrane by coating sericin on the membrane surface.  

1.3.2. PM and VOC removal technology from air 

Similarly, in the air purification application, the polymeric filters are found as an 

alternative for high-efficiency high-efficiency particulate air (HEPA) based PM filter 

because HEPA filter cannot be cleaned for reuse purposes, and they are not capable of 

adsorbing VOCs. However, the modified polymeric filter coated with novel adsorbent 

like sericin may be able to remove PM and VOC from the air, and it can be cleaned with 

the help of cleaning agents for filter reuse. At present industrial air filters are using HEPA 

and activated carbon filter to remove PM and VOCs, respectively. 

Hence, this thesis focusses on the modification of polymeric filters using sericin for water 

and purification application. The modified polymeric filter will be tested for the following 

application: (i) MF hollow fiber membrane for removal capacity of drug-based 
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micropollutants from water, (ii) fouling resistance of sericin coated MF membrane by 

treating grey and produced water and  (iii) polymeric air filter for removal of PM and 

VOC from air and reusability of filter after washing with cleaning agent.  

1.4. Objective and Research Scope 

The primary objective of this thesis is the evaluation and application of Sericin for 

membrane modification to provide antifouling properties, adsorptive removal of drug-

based micropollutants from water, and fabrication of washable air-filter for air 

purification. 

Based on identified gaps in the literature, the main objectives of the Ph.D. thesis are 

outlined below: 

1) Evaluation of Sericin as an adsorbent for removal of Ibuprofen form aqueous 

solution. 

2) Establish a sericin based coating method of polypropylene-based MF membrane 

for enhancing its hydrophilic and adsorptive properties. 

3) Characterization of Sericin-coated MF-membrane  

4) Assessment of fouling resistant properties of Sericin-coated MF-membrane using 

greywater and produced water. 

5) Investigate the potential of sericin-coated MF-membrane for removal efficacy of 

drug-based micropollutants. 

a. Effect of operating conditions (concentration, flow rate, multiple-solutes, 

background salts), membrane regeneration 

b. Study kinetic modeling for adsorptive removal of drugs on Sericin-coated 

MF membrane 

6) Fabricate sericin-coated air-filter for the indoor air filtration  

7) Evaluation of sericin-coated air-filter for the separation of particulate matter and 

adsorptive removal of VOCs from a lab-scale indoor environment. 

a. Assessment of sericin-coated air-filter for removal of particulate matter  

b. Assessment of sericin-coated air-filter for removal of volatile organic 

compounds namely Benzene, Toluene, Ethylbenzene, and xylene (BTEX)  

c. Study adsorption isotherm and kinetics for the removal of BTEX from 

indoor air using sericin-coated air-filter 
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1.5. Thesis Organization 

The thesis is being organized in the following eight chapters: 

Chapter 1 Introduction  

Chapter 2 Literature Review 

Chapter 3 Experimental, analytical and modeling methods 

Chapter 4 Prospects of Silk Sericin as an adsorbent for removal of Ibuprofen 

from aqueous solution 

Chapter 5 Fabrication and characterization of sericin coated polymeric 

microfiltration membrane 

Chapter 6 Application of sericin coated polymeric microfiltration membrane 

Chapter 7 Sericin-coated polymeric filter for air purification 

Chapter 8 Summary and recommendation for future research 
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This section provides a thorough overview of the contemporary research and 

development presented in various literature, their outcomes, and impact on the field and 

hence identifying the promising areas of research that need to be addressed in this thesis. 

State of the art has been presented for modification of polymeric microfiltration 

membrane for removal of micropollutants from water and air using sericin as a smart 

coating material. 

2.1. Membranes for removal of micropollutants 

The membrane separation process is highly effective in removing the unwanted substance 

from water, and the membrane removal efficacy will vary with respect to the pore size of 

the membrane and size of substance [110].  For example, MF and UF membranes are 

capable of removing particles with size above ~0.1 and ~0.01 micron, respectively. 

Therefore, conventional MF and UF membranes cannot stop micropollutants. However, 

it can be removed by modifying the membrane surface with adsorptive nature [111–115]. 

Jermann et al. (2009) [112] examined the fate of Ibuprofen and estradiol during a UF 

process in the presence of natural organic matter (NOM). In the absence of NOM, UF 

with hydrophilic membrane showed insignificant removal for Ibuprofen and estradiol, 

while hydrophobic membrane retained up to 80 % of estradiol and 25 % of Ibuprofen. 

While in the presence of NOM-substances of high molecular weight such as alginate and 

humic acid showed greater micropollutant removal, and this was mainly due to formation 

NOM cake/gel layer on the membrane surface. 

Further to achieve better removal efficiency in UF process for drug-based micropollutants 

from water, Sheng et al. (2016) [113] used a hybrid process by combining ultra-filtration, 

powdered activated carbon, coagulation to remove target pharmaceuticals such as 

Acetaminophen, Bezafibrate, Caffeine, Carbamazepine, Cotinine, Diclofenac, 

Gemfibrozil, Ibuprofen, Metoprolol, Naproxen, Sulfadimethoxine, Sulfamethazine, 

Sulfamethoxazole, Sulfathiazole, Triclosan, and Trimethoprim. The standalone 

ultrafiltration, powdered activated carbon, and coagulation were able to remove 29%, 

50%, and 7% of drugs, respectively, while the hybrid system was able to remove 90.3% 

of the drug.  

Membrane properties enhanced with a coating of desired materials on the surface have 

been used for the removal of pollutants as well as enhance antifouling properties.  
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Capozzi et al. (2017) [116] fabricated polydopamine (PD) functionalized polysulfone-

based UF membranes via two different methods. In the first method, the membrane was 

prepared by phase inversion followed by PD coating. In the other comparatively easy 

method, the phase inversion was done using PD containing solution facilitating polymer 

precipitation PD functionalization simultaneously. Positively charged methylene blue 

dye solution (0.5g/l) was filtered through these PD coated membranes of 100 µ thickness. 

The one step-coating method resulted in membrane with high removal efficiency for 

methylene blue via electrostatic interaction-based adsorption. The membrane was easily 

regenerated with pH alteration and could be reused for multiple cycles. 

Nadour et al. (2019) [117] fabricated carbon-based polymeric ultrafiltration membranes 

using polysulfone as membrane matrix, methylcellulose (MC) as a pore-forming agent 

and commercial powdered activated carbon (PAC) as an adsorbent additive in an 

immersion-precipitation method. Diclofenac, Paracetamol, and Metronidazole were used 

as a model drug to analyze the removal efficiency of the membrane. Membrane 

permeability and rejection rate for drugs increased with the addition of MC and PAC. 

The membrane exhibited high removal for diclofenac, followed by paracetamol and 

Metronidazole. 

Ouyang et al. ( 2019) [118] prepared a dually charged polyelectrolyte polyethersulfone 

(PES) UF membrane through the layer-by-layer technique using oppositely charged 

polyelectrolytes of polydopamine and quaternate chitosan. The modified membrane had 

a molecular weight cut-off (MWCO) of~935 Da and pure water permeability of 

15.665L·m-2·h-1·MPa-1. The membrane showed a higher rejection of 76.22%, 87.29%, 

and 89.85% for atenolol, carbamazepine, and ibuprofen, respectively. 

The removal of drug-based micropollutants NF membrane is mainly due to size exclusion 

effect and hydrophobic adsorption, but for UF membrane is mainly due to hydrophobic 

adsorption [111]. Therefore, at a steady-state, the removal efficiency of more polar 

compounds by the NF membrane was found to be more efficient than the UF membrane. 

For example, Yoon et al. (2006) [111] reported  44–93% of drug removal by NF 

membrane for selected drugs except for naproxen, and another hand the UF membrane 

was able to remove less than 40% of drug except for a few compounds (triclosan, 87%; 

oxybenzone, 77%; progesterone, 56%). Overall, the performance of the UF and NF 
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membrane is found to be adequate to remove less polar components such that EDC/PPCP 

concentrations were observed below the detection limit. 

In another aspect, the pore size of the RO and NF membrane is smaller than the size of 

the micropollutants molecule so that both processes can remove micropollutants for water 

due to the sieve mechanism. Kimura et al. (2004) [119] investigated the removal 

efficiency of six pharmaceutical drug components by thin-film composites NF/RO 

membrane made of aromatic polyamide. The adsorption of the drug component on 

membrane surface resulted in dynamic variation of drug concentration in permeate till 

membrane saturated with drug components. The adsorption capacity of the membrane 

under high-pressure operation is found to be higher than static batch adsorption on the 

membrane surface. They concluded that the separation of drug component is achieved 

initially due to both adsorption and sieve mechanism, and later only sieve mechanism 

alone contributed to drug separation.  

Nghiem et al. (2005) [120] inspected the retention mechanisms of three pharmaceuticals 

sulfamethoxazole, carbamazepine, and Ibuprofen by two different pore sizes NF 

membranes made of polyamide thin-film composite. Results show that the rejection of 

pharmaceuticals by the NF membrane is contributed to both steric (size) exclusion and 

electrostatic repulsion effects.  The steric exclusion is more effective in the NF membrane 

with smaller pore size, and both effects are contributing to the retention of ionizable 

pharmaceuticals by a larger pore size NF membrane. Further speciation of 

pharmaceuticals will increase the molecule size, and that will improve the rejection of 

the NF membrane with small pore size for ionized, negatively charged pharmaceuticals. 

In the case of uncharged pharmaceutical species, intrinsic physicochemical properties 

substantially affected their retention. While at neutral condition, the Ibuprofen was found 

to adsorb considerably on the membrane surface because of its relatively high 

hydrophobicity.  

Röhricht et al. (2009) [121] investigated two different types of NF flat membranes for the 

removal of pharmaceuticals from WWTP effluent. Naproxen and diclofenac (60%) were 

retained to a greater extent compared with carbamazepine. It was noticed that at pH 7 and 

8, naproxen and diclofenac (with pKa values of 4.2 and 4.15, respectively) were 

deprotonated, while carbamazepine (pKa = 13.9) was not. Hence, naproxen and 
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diclofenac were efficiently rejected by the negatively charged membrane surface, 

whereas less removal was observed for carbamazepine. 

Heberer (2011) [122] tested a mobile reverse osmosis purification system by purifying 

the water taken from the highly polluted Tetlowkanal canal (with municipal sewage 

effluents) in Germany. As expected, the dual-pass RO system was found to be very 

effective at removing pharmaceuticals (i.e., Caffeine, Carbamazepine, Clofibric acid, 

Diclofenac, Naproxen, Propyphenazone, Diurone, Mecoprop, etc.) by greater than 95%. 

The high removal was attributed to the pore size of the membrane that does not permit 

high molecular weight organic compounds through the RO membrane.  

Yangali-Quintanilla et al. (2011) [123] compared the removal of various micropollutants 

(pharmaceuticals, pesticides, endocrine disruptors, and others) by NF and RO. The NF 

membrane rejection was very close to that achieved by RO membranes. The average 

rejection by tight NF was 82% for neutral contaminants and 97% for ionic contaminants, 

while RO was able to achieve 85% rejection for neutral contaminants and 99% rejection 

for ionic contaminants. 

Summary and possible scope for further research 

It is evident from the literature survey that a lot of work has been reported on the removal 

of drug-based micropollutants from water using the membrane process. The separation 

of drug particles can be categorized into two sections (1) size-based separation of drug 

particles using high-pressure membrane systems like NF and RO and (2) adsorption of 

drug particles on membrane surface based on charge-based interaction. The RO 

membrane is capable of removing drug-based micropollutants due to size exclusion, but 

the NF membrane removal is contributed by both size exclusion and surface adsorption 

phenomena. Due to high-pressure operation, both processes are observed to be expensive 

in comparison with conventional water treatment technology. Therefore, the modified 

low-pressure UF membrane with more adsorption capability may able to provide both 

water prefiltration and micropollutant removal solution at low cost for water treatment 

applications. However, most of the articles report limited removal of drug pollutants and 

presents fouling related issues. The lack of antifouling properties together with selective 

adsorption of drug particles, can be seen as a bottleneck in the research area. Therefore, 

this thesis focusses on the identification of smart material that can grant the dual property 
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of hydrophilicity as well as adsorptive properties to the membrane. Moreover, though 

high pressure-driven systems grant better removal capacity, the process becomes very 

costly eventually and removes most of the desired nutrients from the water. Hence this 

work has been targeted towards the use of the low-pressure processes, particularly gravity 

driven-systems using microfiltration membranes for adsorptive removal of drug-based 

micropollutants from water.  

2.2. Membranes for air filtration 

An air filter media may be defined as a semi-permeable barrier that can separate dispersed 

particles from the air passing through them. Textile based filter fabrics have long been 

used in the air-filter industry. The use of textile materials for air filters mainly includes 

either woven, knitted, or non-woven fabric [124]. Till the development of synthetic fiber 

and non-woven fabric technology, the use of textile fabric was limited to woven and 

knitted fabric materials [125]. The non-woven fabric has been widely used for air filters 

as it provides better filtration efficiency, air permeability, and less chance of yarn slippage 

[126,127]. 

The different types of woven-fiber are used in air filtration such as cotton filter cloth, 

nylon filter cloth, polyester filter cloth, polypropylene filter cloth. Cotton filter cloths use 

is less due to weak resistance against mildew fungus and instability of dimensions. 

Among the four different kinds of fabric, nylon has the greatest resistance to rubbing, has 

good elasticity, ideal for low temperature, and high tensile strength. The polypropylene 

filter is lightest among all, excellent gas permeability, free from mildew and oxidation, 

resistant to acid and alkali. The advantage of Polyester based fabric cloth for air 

purification over other includes high tensile strength [128], operable at elevated 

temperature, resistance to weak oxidizing agents, and easy to clean the filter cake [125].  

Denny (1977) [129] fabricated air filters using polytetrafluoroethylene (PTFE) fibrils. To 

generate a multiplicity of fine fibrils interconnected weave, the woven PTFE fabric was 

heated substantially unrestrained to a temperature above the crystalline melting point of 

PTFE and stretched. The PTFE was also impregnated with fluorocarbon polymers and 

then thermally stretched. This fabric filter was found to be suitable for operation at high 

temperatures and in aggressive chemical environments. 
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Tamura (1984) [130] designed an air filter made of a non-woven fabric with an 

overlapped synthetic net which is intermittently point bonded together. The synthetic net 

raised bumps which generated the bonding points for the fabric. A fabric filter was 

structurally strong and also did not lose ventilating property or exhibited any huge air 

pressure loss. The fabricated filter was suitable to be used as an air filter for an air 

conditioner, cooler, heating apparatus, ventilation devices, air cleaners, etc. 

Kothari et al. (2006) [125] studied the filtration behavior of woven and nonwoven fabrics 

at different physiological conditions (air flow rate, dust feed rate, dust loading, time 

intervals) and dust particles. The pressure drop increased with airflow rate in both woven 

and nonwoven filters. However, the pressure drop in the woven filter is found to be higher 

than the nonwoven filter. The long-term efficiency of woven fabric was found to be less 

compared to non-woven fabric. The cleaning efficiency of the woven filter with clay was 

lowest, followed by sand and Sipernat mixture. In the case of a nonwoven filter, the 

pressure drop was more with constant dust loading (i.e., the ratio of the amount of dust 

particle to the volume of air) than at constant dust feed rate.  

Desai et al. (2009) [131]  fabricated nanofibrous filter media by electrospinning of 

chitosan/ polyethylene oxide (90:10) solution on to spun-bonded non-woven 

polypropylene substrate. The airborne particulate filtration efficiency was analyzed based 

on the size of the nanofibers (pore size; 65-110 µm and diameter; 1.95-2.5 µm). The 

increasing fiber diameter resulted in diminished efficiency decreased because the 

maximum pore size and air permeability increased. Around 55% filtration efficiency was 

reported for 0.6 μm NaCl aerosol particles with a filter having an average pore size of 

1.95-2.5µm and fibre diameter 65-110 nm. 

Yuksekkaya et al. (2010) [132] fabricated needle‐punched nonwoven filters using 

recycled polyester fibers, with different needling intensities with and without 

reinforcement fabrics. The acrylic fiber was used as a reinforcement fabric. The 

reinforcement fabric and high needling intensity increased the burst strength of the filters. 

The air permeability of filters decreased by using the woven reinforcement materials and 

increasing the needling intensity. The filters without reinforcing material were found to 

be suitable for a pre-filter application or in dry air filtration. However, filters with woven 

reinforcing having increased thickness can be used in the fields where high filtration is 

required. 
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Tanabe et al. (2011) [133] investigated the deposition of particles in three types of a 

synthetic fabric filter (acrylic, polypropylene, and polyester). They also analyzed the 

adhesive force of filter cakes in fabric filters. The fabrics were tested at superficial 

filtration velocity of 0.10 m/s and maximum pressure drop of 980 Pa across the filter for 

ten cycles of filtration. The filter was cleaned by backwashing with air at 0.12 m/s for 2 

minutes to remove the cake layer. The particulate matter deposition was observed less in 

polypropylene filters than in the polyester and acrylic filters. However, the residual 

pressure drop was found to be high in polypropylene at the beginning due to the 

accumulation of particles. The adhesion force was higher for polypropylene-based filter 

and particles and hence causing irreversible cake formation. 

Recently Gobi et al. (2019) [134] fabricated multi-layer non-woven fabrics using 

polyester, cotton, and viscose and binding fiber as polypropylene. Polyester, cotton, and 

viscose were sandwiched in three layers. Equal proportions of polyester, cotton, and 

viscose fibers were able to provide high air permeability while filtering the particles in 

the range of 2-3µm. The high amount of viscose fiber as the bottom layer leads to a 

reduction of air permeability with the particles of 0.3 to 1 µm.  

Apart from woven and non-woven fibers, the most successfully used fibers in the air-

filter industry include glass fibers, activated carbon fibers (ACF), nano-fibers, and 

superfine glass fibers. The use of glass fiber air filter goes way back to 1940 [135], and 

since then, its use in air-filter has gone up manifold with the efficiency of >99% for 

micron-size dust particles [136]. The high-efficiency particulate air (HEPA) filters first 

came in to picture with military requirements for protection against chemical, biological, 

radiological warfare agents and to nuclear exposure. The first HEPA filter was made of 

CC-6 paper consisted of a fine mixture of asbestos fibers and coarse cellulose fibers to 

give mechanical strength for use in gas masks [137]. HEPA filter made of glass fibers 

can remove more than 99% of dust, pollen, mold, bacteria, and any airborne particles 

with a size of 0.3 μm [138]. Zhang et al. (2018) [139] compared the dust loading capacity 

of the PTFE HEPA media with glass fiber HEPA media. Poly-disperse solid particles 

from potassium chloride particles generated through a nebulizer in the aerosol generator 

were used for the study. The velocities and aerosol concentrations had no effects on the 

dust loading performance for both glass fiber and PTFE HEPA media. The pressure drop 

in glass fiber media increases with the number of particles deposited during operation, 
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while for PTFE media, the pressure drop was comparatively very low, uniform and 

remained unchanged for whole operation. The results indicated that PTFE based HEPA 

is more energy-efficient than glass fiber except in circumstances of heavy loading or 

infrequent maintenance.  

ULPA filters are closely related to HEPA filters but with more efficiency and specified 

to remove 99.999% of contaminants of 0.12 μm or larger in diameter. They are made up 

of countless randomly arranged fiber together with a dense mat. Typically these filters 

are composed of a fibrous filter media like fiberglass bound by an acrylic resin arranged 

in a pleated structure within a frame [140]. The filter fiber collects particulate matters 

through interception, inertial impaction, and diffusion [141]. The particulate matters 

which are smaller than 0.1 µm are trapped easily by diffusion, while PM with size more 

than 0.4 µm are collected due to inertial compaction. The PM with size in the range of 

0.1-0.4 µm is too large to trapped by effective diffusion and too small for inertial 

compaction, and the filter efficiency is low in this range [142].  

With the birth of nanotechnology in the late 1980s, the use of nano-fiber for air-filtration 

has been studied extensively. The larger specific surface area, surface energy, and surface 

tension increases the deposition of airborne particulates on the fibre surface and 

consequently improve filtration efficiency and longer service life [143]. The high surface-

to-volume ratio, low flow resistance with high filtration performance make nanofibers an 

attractive material for applications in air filtration. 

Podgorski et al. (2006) [144] developed a modified melt-blown technology to produce 

filters composed of a micrometer as well as nanometer-sized fibers. The filters were 

tested with aerosol particles in the range of diameters 10–500 nm. The removal efficiency 

of bilayer systems composed of micro-fibrous support and a nano-fibrous facial layer was 

considerably higher than for a micro-fibrous filter alone. Also, the utilization of many-

layer nano-fibrous filters combined with a single micro-fibrous backing layer was found 

to be more profitable from the quality factor standpoint. 

Leung et al., (2010) [145] proposed multi-layering to fabricate nanofiber filters with a 

greatly reduced pressure drop. The used a non-woven microfiber medium made of 

electro-spun polyethylene oxide nanofibers (diameter 208 nm) with negligible filtration 

efficiency and pressure drop compared to the nanofiber layer. The media was tested with 
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aerosol is sodium chloride with size ranging from 50 to 480 nm. The results showed that 

when nanofiber packing density increases from 3.9 to 36×10−3, the most penetrating 

particle size decrease from 140 to 90 nm. While when nanofiber packing density was 

maintained at 8.7×10−2 with triple the nanofiber layer thickness, the most penetrating 

particle size decreases slightly from 140 to 120 nm. They are suggesting that nanofiber 

packing density has a more prominent effect on most penetrating particle size than 

nanofiber layer thickness. However, when the face velocity is increased from 5 to 10 

cm/s, the filtration efficiency decreases. 

Daehwan et al. (2013) [146] evaluated the efficiency of a nano-fibrous filter media made 

of polyacrylonitrile (PAN) nanofibers with and without TiO2 nanoparticles. The hybrid 

nano-fibrous filter media had larger pore size and broader pore size distribution than pure 

PAN-based nano-fibrous filter media. The pressure drop of PAN/TiO2 hybrid nanofibers 

filters media was four times less than that of the counterpart filter media at an air velocity 

of 80 cm/s. Despite lower fiber coverage density and reduced pressure drop, the filtration 

efficiency of the nano-fibrous filter media made with PAN/TiO2 hybrid fibers was found 

to be much higher than pure PAN fibers.  

Zhang et al. (2016) [147] fabricated high-efficiency polyimide-nanofiber air filters for 

removal of particulate matter at elevated temperatures (25-370 °C). The filters exhibited 

high flux low-pressure drop and very high efficiency (>99.5%). The nano-fiber filter 

continuously worked for more than 120 h for PM2.5 index >300. 

Gao et al. (2018) [148] fabricated a nanofiber air filter using silk fibroin and polyethylene 

oxide via the electrospinning process. The silk fibroin rich in functional group exhibited 

a high filtration efficiency of 99.99% with a relatively low air resistance of only 75 

Pascal. The membrane was biodegradable hence can be disposed of easily after sufficient 

use. 

Activated carbon fibers use for air filtration goes way back to 1959 with the 

industrialization of carbon fibers [149]. The ACF provides fast intra-particle adsorption 

kinetics compared to granular and pelletized carbon. The ACF possesses around 70% of 

micropores, which results in high surface area in the order of >2000 m2/g making it 

suitable for higher adsorption. Navarri et al. (2001) [150] used ACF for the removal of 

gases like xylene, ethyl acetate, perchloroethylene. The used ACF exhibited around 54% 
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adsorption capacity for perchloroethylene at 10% breakthrough for 300 mg/Nm3 

concentration. Ao and Lee (2003) [151] immobilized TiO2 on activated carbon filter for 

removal of nitrogen oxide, benzene, toluene, ethylbenzene, and o-xylene (BTEX). The 

combination of TiO2 and activated carbon significantly increased removal at short 

residence time with high humidity levels. As a further extension of their work in 2005 

[152], they used a similar setup in an indoor air cleaner. The modified filter was able to 

remove NO by 97% and generated 1.6% NO2. Sidheswaran et al. (2012)[153] used the 

ACF media for removal of VOCs that included toluene, benzene, o-xylene, 1-butanol, 

limonene, undecane and formaldehyde in heating, ventilating, and air conditioning 

(HVAC) system. The pollutants upstream were in the range of 20-30 ppb and flow 

velocity at 0.5 m/s. The adsorption capacity of the media was found to be 90 mg VOC 

per gram of ACF. The results indicated that the combination of ACF and a 50% reduction 

in ventilation would decrease indoor concentrations of VOCs by 60%-80%. The ACF 

also reduced formaldehyde concentrations by 12%-40%.  

Summary and possible scope for further research 

From the above-discussed literature, it may be found that a range of materials has been 

used for the fabrication of filters for air purification, which includes woven/non-woven 

fibers, glass fibers, activated carbon fibers, nano-fibers, and superfine glass fibers. 

Among these the commercially successful filters like HEPA, ULPA, etc. usually employs 

glass fibers and activated carbon-based fibres. Though these reported filters are very 

efficient in the removal of particulate matter, these units are usually fitted with an 

additional unit of activated carbon and other class of adsorbents for removal of VOCs 

and other pollutants. It was observed that most of the research had been focused on 

targeting either PM or VOC removal from air, and very limited study has been reported 

where PM and VOCs have been targeted simultaneously. Therefore, this research has 

been designed to target efficient separation of PM as well as the removal of VOCs from 

indoor air. 

Moreover, the advanced filters like HEPA and ULPA are not washable and hence can be 

used for single operational cycles. Hence, one of the objectives of this research is to 

fabricate an air filter that can be used for separation of PM as well as adsorptive removal 

of VOCs from indoor air. Also, in the present study, one of the prime focus is to impart 

washable property to the air filter for easy cleaning and longer operational cycle. 
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2.3. Silk Sericin 

Silk consists of two major components, fibroin, and sericin, in which fibroin fibres are 

structural center glued together by sericin to form robust cocoons [154]. Sericin is an 

amphoteric globular protein comprised of 17-18 amino acids [155], among which serine, 

aspartic acid, glycine, threonine, and glutamic acid are the most abundant [156]. Table 

2-1 shows the amino acid composition of sericin reported in the literature. The presence 

of multiple hydrophobic and hydrophilic amino acids gives sericin different functional 

groups for diverse applications. For a long time, sericin existed as a waste product during 

the silk degumming process. It is only during the last decade that sericin has found its 

application in biomedical science, regenerative medicine, textile-industry, and membrane 

fabrication [101–106]. 

Table 2-1. Silk sericin amino Acid composition (mole %) 

References 
Gamo et al. (1977) 

[157] 

 Aramwit et al. ( 2009) 

[158] 

 

Amino Acid Highest 

yield 

Average SD Highest 

yield 

Average SD 

Alanine 7.2 6.14 1.16 4.98 4.51 0.44 

Arginine 4 3.6 0.39 3.09 2.97 0.11 

Aspartic Acid 13.9 12.8 0.82 15.97 15.74 0.19 

Cystine 4.7 0.94 0.90 0.44 0.38 0.09 

Glutamic acid 10.7 7.54 2.72 4.86 4.74 0.12 

Glycine 18 14.72 2.94 15.14 15.09 0.05 

Histidine 3.1 1.78 0.84 1.37 1.22 0.13 

Isoleucine 2.2 1.46 0.67 1.46 0.65 0.04 

Leucine 2.8 1.94 0.91 1.15 1.09 0.07 

Lysine 6.3 4.16 1.85 2.78 2.55 0.21 

Methionine Trace  - - 3.39 1.38 1.75 

Phenylalanine 3.4 1.44 1.17 0.39 0.34 0.05 

Proline 3.4  2.23 1.60 0.71 0.62 0.08 
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Serine 38.1 29.26 7.98 34.5 33.99 0.45 

Threonine 11.1 7.14 3.05 8.43 8.31 0.13 

Tyrosine 9.0 4.8 2.96 3.64 3.52 0.10 

Valine 3.8 2.32 1.59 3.04 2.95 0.08 

2.3.1. Sericin functionality for application in the field of water and air 

purification 

Sericin consists of polar side chains made of hydroxyl, carboxyl, and amino groups that 

enable easy cross-linking, co-polymerization, and blending with another polymer 

[102,107]. Hence, these functional groups assist the incorporation of sericin into the 

polymeric membrane surface. Apart from these sericin inherent characteristics such as 

hydrophilic nature, excellent moisture absorption and release properties (hygroscopic), 

UV resistance, anticoagulant, antioxidant activities may also provide antimicrobial and 

antifouling properties to membrane surface [102,107–109]. The incorporation of sericin 

can also provide structural strength and selectivity to the membrane as bio-sorbent. Its 

high solubility with increasing temperature limits sericin use as an adsorbent; thus, the 

molecular transition of sericin becomes necessary [159], and hence, it is usually 

immobilized incorporated or combined with a suitable substrate. The amphoteric nature 

(act as both acid and base) of sericin makes it a suitable candidate for adsorption of 

various micropollutants (like antibiotics and NSAIDs, EDCs, and heavy metals) 

[160,161]. Sericin, with slight modification, have been used in its various form of a 

hydrogel, encapsulated beads, micelle and polymer film for drug delivery and adsorption 

of micropollutants and textile dyes [161–164].  

Sericin antioxidant nature has also been harnessed in the production of sericin-coated 

PET (Polyethylene terephthalate) and Nylon indoor air filtration membranes [165]. 

Purwar, Sai Goutham, and Srivastava (2016) [166] fabricated sericin/PVA/clay-based 

nanofibrous mats via electrospinning technique for air filter masks. The fibre diameter 

varied in-between 300-400 nm. The filter was able to collect PM of size 2.5 µm in the 

concentration of 1.407 mg/m3 and PM of size 10 µm in the concentration of 4.175 mg/m3. 

Wang et al. (2016) [167] fabricated a lightweight silk nanofibre based air filter for 

filtration of PM2.5 and submicron particles. The air-filter exhibited high filtration 

efficiency for PM2.5 (98.8%) and submicron; 300 nm particles (96.2%) with low-pressure 
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drop. Two years later, Min, Kim, and Kim 2018 [168] generated silk protein nanofibers 

on a window screen via electrospinning to fabricate air filters. The filters were capable 

of removing 90% of PM2.5 and 97% PM10 particles from the air and were naturally 

degradable hence safe to dispose of in the environment. These findings suggest that 

sericin has a promising application in membrane modification to enhance its antifouling 

properties as well as for the adsorption of micropollutants from water and air. 

2.3.2. Sericin application for membrane modification  

Chen et al. (2011) [169] reported adsorption of acidic dyes acid yellow and copper (II) 

Phthalocyanine-3,4′4″4′″ tetrasulfonic acid by electrostatic interaction between the 

negatively charged sulfonate group of the dye molecule and the positive protonated 

amino groups on sericin. Structural similarity of these acidic dyes to many acidic 

pharmaceutical active compounds suggests that sericin could have potential applications 

for the removal of these micropollutants.  

Kwak et al. (2013) [170] fabricated Silk sericin (SS) into beads and utilized as a heavy 

metal adsorbent. SS beads were investigated for their Cr(VI) adsorption ability and found 

that adsorption depended on the coagulant used for the fabrication of the SS beads. When 

methanol was used as a coagulant, the beads had a better adsorption capacity than when 

ethanol was used except at pH 1. The adsorption behavior of Cr(VI) on the SS beads 

followed the BET isotherm. The maximum adsorption capacity was 33.76 mg/g at pH 2, 

while desorption was carried out using NaOH solution, and it was found that 73.19% of 

the adsorbed Cr(VI) could be detached. 

Da Silva et al. (2015) [171] evaluated sericin-alginate blended particles for biosorption 

of zinc and copper metals. The gelation technique, dripping blends in aqueous and 

alcoholic solutions of CaCl2, was applied to produce particles with 1%, 2% and 3% w/v 

of alginate in sericin solution (2.5% w/v) with the thermal cross-linking process at 40, 

100, 125 and 150 °C. It was observed that water solubility of particles decreases when 

produced in an alcoholic solution, and it was related to the formation of the β-sheet 

structure. The thermal cross-linking process increased the adsorption capacity until 100 

°C, with values around 75% and 65% of the reduction of Cu2+ and Zn2+, respectively.  

Silva et al. (2015) [172] studied biosorption of Bordeaux S dye onto sericin powder 

derived from silkworm cocoons in a batch adsorption system. The adsorption occurred 
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favorably at pH below 3.2. The kinetic and equilibrium studies showed fast adsorption 

and interaction were limited to the monolayer surface, with pseudo-second-order and 

Langmuir models providing the best fits. Thermodynamic studies indicated that the 

system is spontaneous and exothermic and that physical interactions govern the 

adsorption process. The obtained results established sericin powder potential as a bio-

sorbent for the treatment of wastewater containing the dye.  

Koley et al. (2016) [173] fabricated complex hybrid flowers with hierarchical porosity 

through a green and facile co-precipitation method by using industrial waste natural silk 

protein sericin. The large surface areas and porosity of the micro-size hybrid flowers 

facilitated the adsorption of different heavy metal ions. The high adsorption capacity 

depends on their morphology, which was controlled by sericin concentration during their 

fabrication. Superior adsorption and greater selectivity for Pb(II) ions were confirmed 

with excellent thermal stability. 

2.3.3. Sericin use as an antifouling agent 

It is known from the literature that foulants can adsorb to the membrane surface through 

a physical or chemical interface like hydrophobic interaction, hydrogen bonding, van der 

walls attraction, Lewis acid-base interaction, and electrostatic interaction [174,175]. 

Surface characteristics of most of the UF/NF/RO membranes, such as hydrophobicity, 

roughness, and surface charge, contribute to fouling [176,177]. Sericin inherent 

characteristics such as excellent moisture absorption (hydrophilicity) and release 

properties [178], UV resistance [179], anticoagulant, antioxidant activities provide 

improved antifouling properties.  

Yu et al. (2013) [105] deposited the sericin layer on the RO membrane through dip-

coating, which showed improved surface hydrophilicity, enhanced surface negative 

charge, smoothed surface morphology, and decreased salt permeability coefficient.  

Voicu et al. (2016) [103] reported studies on the covalent immobilization of sericin to 

green cellulose membrane. The surface of the cellulose acetate membrane was 

immobilized with the aminopropyl-triethoxysilane (APTS) functional group, while the 

protein was immobilized through glutaraldehyde that was used as a linker between 

aminopropyl-triethoxysilane and sericin. Subsequently, the performance of the 
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membranes was characterized, and the retention was found to be more than 90% after 90 

min of process. 

2.3.4. Sericin use as an antimicrobial agent 

Many kinds of literature show the antibacterial activity of silk sericin over a broad 

spectrum of gram-positive and gram-negative bacteria. Sarovart et al. (2003) [165] found 

antibacterial and antifungal activity in silk sericin of Thai cocoon varieties coated on 

nylon and polyester fabrics. In this study, they coated PET and Nylon based filters with 

sericin to impart antimicrobial properties for indoor air filters. The antioxidant properties 

of sericin inhibit the oxidation reaction of free radicals and hence the growth of 

microorganisms. The sericin powder from Bombyx mori (Mulberry silk) obtained using 

deionized water had antibacterial activity when coated on bleached wool fabric using 

bacterial strain at pH 3.8 [180]. Sericin extracted from Eri silk using alkali was shown to 

have high antibacterial activity [181]. Sericin from Mulberry silk extracted using base 

was coated on cotton fabric showed antibacterial activity. Also, Mulberry silk cocoon 

extracts in Tris–HCl buffer pH 7.5 was found to be antibacterial [182] (tested for 

Escherichia coli, Bacillus cereus, Staphylococcus aureus, Pseudomonas aeruginosa, and 

Klebsiella pneumonia). 

Sericin has been used as a capping agent for the preparation of silver nanoparticles 

(AgNPs) in the range of 48-117 nm diameter for enhanced antimicrobial activities. The 

carboxylate groups obtained from alkaline degradation of sericin works as a reducing 

agent for the generation of AgNPs while COO− and NH2+ groups stabilized the AgNPs 

and prevent their precipitation or aggregation [183,184].  

Zhao et al. (2014) [185] fabricated chitosan/sericin composite nanofibers by 

electrospinning for wound dressing application, the composite nanofibers showed good 

bactericidal activity against both Gram-positive and Gram-negative bacteria. Joshi et al. 

(2015) [186] showed metal complexed sericin film to have a good antimicrobial property 

and very good oil barrier property with and without alum. These scientific studies 

elucidate that sericin can have potential application as an antimicrobial agent in 

membrane synthesis. 
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Summary and possible scope for further research 

The above-discussed literature signifies the potential of sericin as a smart material for 

membrane modification. The multi-functional group like amide, hydroxyl, and carboxyl 

part of amino acid cluster present in sericin provides its desired properties for blending 

with other materials. The hydrophilic nature of sericin can be harnessed for imparting 

antifouling properties to the membrane and easy washing for the air filter. The inherent 

antioxidant, antimicrobial properties also makes it a very suitable candidate as a coating 

material for air filter since it can resist the growth of microbes once fouled with pollutants. 

However, the use of sericin has been limited to imparting hydrophilicity to the membrane, 

for removal of heavy metals and for facilitating antimicrobial properties to the membrane 

and air filter. Whereas the charged multi-functional groups can be hypothetically used 

for adsorption of organic compounds. Hence this thesis focusses on utilizing sericin for 

membrane modification for removal of drug-based micropollutants from water and VOCs 

from the air. 

2.4. Research Gap 

Based on the extensive literature survey, the following gaps in research have been 

identified. 

• To meet the requirements of safe drinking water, proposed new methods need to 

be stable, economical, and more effective as compared with the already existing 

techniques. For this, existing treatment technologies have to be modernized, that 

is, updated or modified or replaced by developing materials and methods which 

are efficient, cost-effective, and reliable. 

• The available physiochemical methods involved in the removal of 

pharmaceuticals from drinking water are effective but are limited in some way 

such as toxic transformation products, incomplete removal, very high capital, and 

operation costs, and sophisticated maintenance and skilled personnel 

requirements have become hurdles to the implementation of these technologies. 

• Since pharmaceuticals are mostly synthetic and designed in a way to be 

biologically stable and are intentionally polar structured, both properties, 

persistent against biochemical degradation and polar structure, however, may be 
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responsible for the incomplete removal during conventional biological sewage 

treatment. 

• Although activated carbon is used as adsorbents for removal pharmaceuticals, it 

can not be easily and cost-effectively regenerated.  

• The membrane filtration processes like nano-filtration and reverse osmosis are 

very effective in the removal of these drugs. However, trace quantities of some 

target compounds have been reported of breaching NF/RO membranes while the 

adsorptive MF/UF membranes suffer from fouling related issues as well as 

performance inadequacy. 

• The membrane cleaning and its replacement impose around 50% of the 

operational cost or 30% of the total membrane system cost. Hence a simple and 

economically viable method for membrane modification is very much needed. 

• Hydrophilicity has been related to imparting the antifouling characteristics to the 

membrane, and hence a variety of polymers using different techniques has been 

used to enhance the antifouling properties in membranes. However, most of the 

methods adopted for membrane modification using hydrophilic polymers were 

either very tedious or not cost-effective. 

• One of the important phenomena governing the performance of an air filter is its 

reusability for a longer time, which very much depends on membrane cleaning. 

The most successful HEPA, ULPA filter is not washable and works for single use. 

While the cleaning process with other fabric-based filter does not regain its initial 

properties, since the complete removal of particles is not possible during cleaning. 

The study based on modified fabric for air filtration is very scarce, and there is 

too much scope for modified air-filter with washing capabilities, for which a 

comprehensive study on the hydrophilic coating of filter membranes is needed.  

• The use of sericin as a coating material for air-filter membranes has been limited, 

and its potency for removal of particulate matters and VOCs together has not been 

studied. 

• The use of a sericin biopolymer for membrane modification about water 

purification has been limited. Though there have been few recent studies on the 

use of sericin for removal of micropollutants like heavy metals and textile dyes, 

there has been no report of any study involving sericin modified membrane for 

adsorptive removal of pharmaceuticals from drinking water.  

TH-2174_146107021



Chapter 2  Review of Literature 

34 
 

 

TH-2174_146107021



Chapter 3  Experimental Methods 

35 
 

 

 

 

 

  

Experimental, Analytical and 

Modelling Methods 
 

 

 

 

 

 

Parts of this Chapter are published as research articles: 

• V.K. Verma, S. Subbiah, Prospects of Silk sericin as an Adsorbent for Removal 

of Ibuprofen from Aqueous Solution, Ind. Eng. Chem. Res. 56 (2017) 10142–

10154. doi:10.1021/acs.iecr.7b01827. 

• V.K. Verma, S. Subbiah, Fouling resistant sericin coated polymeric 

microfiltration membrane, J. Chem. Technol. Biotechnol. (2019) jctb.6169. 

doi:10.1002/jctb.6169. 

• V.K. Verma, S. Subbiah, Sericin coated polymeric microfiltration membrane for 

removal of drug‐based micropollutants, J. Chem. Technol. Biotechnol. (2019) 

jctb.6168. doi:10.1002/jctb.6168. 

• V.K. Verma, S. Subbiah, S.H. Kota, Sericin-coated polyester-based air-filter for 

removal of particulate matter and volatile organic compounds (BTEX) from 

indoor air, Chemosphere. 237 (2019). doi:10.1016/j.chemosphere.2019.124462. 

TH-2174_146107021



Chapter 3  Experimental Methods 

36 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

TH-2174_146107021



Chapter 3  Experimental Methods 

37 
 

3.1. Material 

The materials used for membrane surface modification and characterization are 

summarised in this section.  

3.1.1. Sericin as biopolymer and adsorbent 

Commercially available pharmaceutical-grade sericin with molecular weight ≈50-250 

kDa procured from Swapnaroop Drugs and Pharmaceuticals, Aurangabad, Maharashtra, 

India, was used in this study. The obtained sericin was stored in an amber bottle in a 

moisture-free place until used. The change in pH of sericin solution with varying 

concentrations is shown in Figure 3.1.  

 

Figure 3.1. Change in pH of sericin solution with varying concentration. 

3.1.2. Pharmaceutical Drugs for Removal Study 

Drugs from a different class of applications have been used to study the performance of 

sericin coated membranes. Categorically Nonsteroidal anti-inflammatory (Ibuprofen, 

Diclofenac), Antibiotics (Amoxicillin, Ciprofloxacin), and Steroids/hormonal drugs 

(Estrone, β-estradiol) were used. The selection of drugs for the current study is based on 

their wide therapeutic application, high consumption rate, reported persistent occurrence 

in water, eco-toxicity, physicochemical properties, and validated analytical methods 
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[187,188]. The target pharmaceutical compound Ibuprofen, Diclofenac, Amoxicillin, 

Ciprofloxacin, Estrone, and β-Estradiol was obtained from Sigma-Aldrich Chemicals 

Pvt. Limited. The stock solutions for all drugs were prepared in Millipore water. The 

physicochemical properties of all the drugs used are given in Table 3-1. The stock 

solutions were used to obtain the calibration curves and for other experimental studies. 

All dilutions were done in Millipore water. The calibration curve for High-performance 

Liquid Chromatography (HPLC) analysis was prepared (see Appendix A1) and was 

found linear in the used range of concentrations with the R2 value of 0.99. M/s. Merck 

Ltd, India supplied the eluent for HPLC analysis such as Acetonitrile and Buffer solution. 

The literature reported the concentration of these drugs in water sources is summarized 

in Table 3-2, and sericin coated membrane is tested with a similar concentration level. 
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Table 3-1. Physiochemical properties of selected drugs [189]; HSDB (https://toxnet.nlm.nih.gov/cgi-bin/sis/htmlgen?HSDB) 

Property Ibuprofen Diclofenac Amoxicillin Ciprofloxacin Estrone β-estradiol 

Molecular Formula C13H18O2 C14H11Cl2NO2 C16H19N305S C17H18FN3O3 C18H22O2 C18H24O2 

Molar Weight (g.mol-1) 206.28 296.15 365.40 331.34 270.37 272.38 

CAS Number 15687-27-1 15307-86-5 26787-78-0 85721-33-1 53-16-7 50-28-2 

Solubility (mg/L); (at 

25°C) 

21  2.37 3.43X103 3.00X103 30 3.90 

Melting point (°C) 76  283-285 194 225-257 260.2 178.5 

Vapour pressure (mm 

Hg) at 25°C 

4.74X10-5 6.14X10-8 4.69X10-17 2.85X10-13 2.49X10-10 6.38X10-9 

Octanol-Water 

partitioning log Kow 

3.97 4.51 0.87 0.28 3.13 4.01 

Soil organic- carbon 

partition coefficient Koc 

3,400 245 100 61,000 457-18,000 30,000 

Henry Coefficient 

Air/Water 

1.5 4.73X10-12 2.49X10-21 5.09X10-19 3.8X10-10 3.64X10-11 

pKa at 25°C 4.91 4.15 pKa1=2.63 

pKa2=7.16 

pKa3=9.55 

pKa 1=6.09 

pKa=8.74 

10.40 10.71 

IBU= Ibuprofen, DIC=Diclofenac,AMX=Amoxicillin, CPF-Ciprofloxacin, EST=Estrone, β-ESD=β-estradiol
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Table 3-2. Reported maximum concentration of drugs in water sources in India and 

International context 

Indian context 

Class of 

drugs 

Drug Concentration Place References 

Antibiotics  Ampicillin 23.5-263.3 

µg/L 

Yamuna River, 

New Delhi  

 

[190] 

Ciprofloxacin 9.7-45.4 µg/L Yamuna River, 

New Delhi  

[190] 

Ofloxacin 7.5 µg/L Ujjain, 

Madhya 

Pradesh 

[191] 

Ciprofloxacin  236.6 µg/L Ujjain, 

Madhya 

Pradesh 

[191] 

 

Norfloxacin 22.8 µg/L Ujjain, 

Madhya 

Pradesh 

[191] 

 

Levofloxacin 8.8 µg/L Ujjain, 

Madhya 

Pradesh 

[191] 

 

Ciprofloxacin  

 

28,000-31,000 

µg/L 

Patancheru, 

Hyderabad 

[21] 

Losarton, 2400-2500 

µg/L 

Patancheru, 

Hyderabad 

[21] 

Enoxacin 150-300 µg/L Patancheru, 

Hyderabad 

[21] 

Ciprofloxacin  

 

14000 µg/L Patancheru, 

Hyderabad 

[24] 
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Norfloxacin 520 µg/L Patancheru, 

Hyderabad 

[24] 

Enoxacin 160 µg/L Patancheru, 

Hyderabad 

[24] 

Analgesic Ibuprofen 

Acetaminophen 

 

Ibuprofen 

Diclofenac 

1.90 µg/L 

9-11.5 µg/L 

 

1.4-2.3 µg/L 

0.31-.5 µg/L 

Coimbatore, 

TamilNadu 

Karnataka and 

Nagpur 

Ghaziabad and 

Lucknow 

New Delhi 

and Lucknow  

[192] 

[193] 

[194] 

[195] 

[19] 

 

Stimulant 

Hormones 

Caffeine 

Testosterone 

61-102 µg/L 

0.1-.0.5 µg/L 

Karnataka and 

Nagpur 

Chennai, India 

[193], [194] 

[196] 

International Context 

Class of 

drugs 

Conc. Place References 

Antibiotics  

Analgesic 

Stimulant 

6-11 µg/L 

13-134 µg/L 

32 µg/L 

USA [197] 

Antibiotics  

Analgesic 

Stimulant 

0.53-1.6 µg/L 

0.1-27 µg/L 

0.091 µg/L 

UK [198] 

Antibiotics  

Analgesic 

Stimulant 

0.06-7.35 µg/L 

0.81-58.7 µg/L 

61-102 µg/L 

South Africa [199] 

Antibiotics  

Analgesic 

Stimulant 

0.46-1.1 µg/L 

2-3.4 µg/L 

6-82 µg/L 

Germany [200] 
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3.1.3. Chemicals and reagents  

All the chemicals, like, Glutaraldehyde, Sulfuric acid, Hydrochloric acid, Sodium 

Hydroxide, Calcium Chloride used in the study were of analytical grade and were 

procured from M/s. Merck Ltd, India. A complete list of the chemicals used in this 

research work is given in Table 3-3. For sample filtration, Whatman (0.45µm) and 

syringe-filters (0.22µm) were procured from M/s. Merck Ltd. India. All the plastic-ware 

and glassware were procured from M/s. Tarson Products Pvt. Ltd. India and M/s. Borosil 

Glassworks Ltd.  

Table 3-3. List of chemical and reagents used in the research 

Sl. No. Reagent/Chemicals Grade Purity (%) Manufacturer 

1. Hydrochloric Acid AR 36 

M/s. Merck Ltd. 

(India) 

 

2. Phosphoric Acid AR 85 

2. Sulfuric Acid AR 98 

3. Sodium Hydroxide AR 97 

4. Calcium Chloride AR 99 

5. Glutardialdehyde AR 25 

6. Isopropanol AR 99.9 

7. Acetonitrile HPLC 99.9 

8. Methanol HPLC 99.9 

3.1.4. RO-membrane for Removal of Ibuprofen 

Flat Sheet RO-membrane from DOW FILMTEC™ of dimension 7.007 X 3.293 cm with 

an effective area of 22.935cm2 was used for filtration of aqueous sericin ibuprofen 

solution (Figure 3.2). Pure water flux for the RO-sheet membrane (ΔP; 10-90 psi) was 

obtained (see Appendix Figure A2). 
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Figure 3.2.  Flat Sheet RO-membrane dimension used in the test cell and effective area 

measured using Digimizer 4.6.1 software. 

3.1.5. MF-membrane for Sericin Coating 

For membrane modification, Polypropylene based hollow fibre microfiltration (MF) 

membranes with a surface area of 1.27 m2 were used for the fabrication of sericin coated 

MF filters. It was supplied by HI-TECH Sweet Water Technologies Pvt. Ltd., Bangalore, 

India. The outer diameter of the MF hollow fibre was 0.5 mm, and the length of the fibre 

was 0.38 m. The total number of fibre was 2100.  

3.1.6. Polyester fabric for Air-filter  

In this study, a bi-component polyester fabric sheet has been used as a base material for 

fabricating sericin coated air-filter. Hornwood Incorporation, USA, provided the bi-

component polyester hybrid sheet. The bi-component polyester hybrid fabric weighed 

81.37 gm for per meter square of cloth used, mesh-count-40, and thickness of 200 µm.  
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3.1.7. Particulate Matters for Air Purification 

In the air purification study, the particulate matter (PM) was generated by burning incense 

stick (locally purchased) in the closed chamber until a concentration of 1000 µg/m3 is 

reached. The PM concentration used in this study is higher than the maximum reported 

concentration (≈350 µg/m3) in major cities in India [43,45] (See Appendix Table A1). 

The concentration of particulate matters was monitored using a PM sensor, VR-SMART-

126 portable four in one air quality monitor. 

3.1.8. Volatile organic compounds (BTEX) for Air Purification 

The use of petroleum products is one of the main sources of generated VOCs in the 

environment. Gasoline generates a range of VOCs, and the most prevalent compounds 

are benzene, toluene, heptane, ethylbenzene, cyclohexane, and xylene, accounting for 

almost 50% of the total fraction. Hence, in this study, we have focussed on the removal 

of VOCs, namely Benzene, Toluene, Ethylbenzene, and Xylene, together known as 

BTEX. For the BTEX removal study, VOCs were generated by evaporating the required 

amount of gasoline in the closed chamber.  The concentration used in this study lies 

inbetween100 to1000 µg/m3. The reported concentration of selected VOCs in India is 

listed in Appendix Table A1. A VOC analyzer (PhO Check TIGER, ION Science limited, 

United Kingdom) was used to detect the concentration of required VOCs throughout the 

experiment. The physicochemical properties of all the selected target VOCs are listed in 

Appendix Table A1. 

3.1.9. Synthetic Greywater for fouling study 

To study the fouling behavior of sericin coated MF membrane, the synthetic greywater 

solution was formulated using 15 g of Ariel (Procter and Gamble Company, India) 

detergent dissolved in 50 L of freshwater together with CaCl2 [201]. An increasing 

amount (1, 2, 3, 4, 5, 6, 7, 8, 9, 10 mL) of CaCl2 solution (at 10,000 ppm) was dissolved 

in the detergent solution (200mL), and solution turbidity was measured for precipitation. 

Active precipitation was observed when 6 mL of CaCl2 was mixed in 200mL of detergent 

solution. Hence, a lower CaCl2 concentration (≈250 ppm) was used maintained to 

formulate a synthetic greywater solution for further fouling studies. The characteristics 

of synthetic greywater used in this study are given in Table 3-4 (the values correspond to 

the average of analysis performed in triplicate).  
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Table 3-4. Characteristics of Synthetic greywater 

Sl. No. Parameters Value 

1. Conductivity 1084 µS/cm 

2. TDS 706 ppm  

3. Turbidity 57.1 NTU 

4. COD 234 ppm 

5. BOD 14 ppm 

6. pH 9.6 

3.1.10.  Produced water for fouling study 

The produced water is used to test sericin coated UF membrane fouling resistivity.  

Produced water was received from the drilling site of Oil and Natural Gas Corporation 

Limited (ONGC), Geleki, Shivsagar Assam. The characteristic of the obtained produced 

water is shown in Table 3-5 (the values corresponds to the average of analysis performed 

in triplicate). 

Table 3-5. Characteristics of Produced water 

Sl. No. Parameters Value 

1. Conductivity 2.12 mS/cm 

2. TDS 1092 ppm 

3. Turbidity 91 NTU 

4. COD 190 ppm 

5. BOD 16.2 ppm 

6. pH 7.3 

7. Oil content (HEM*) 18.7 mg/l 

*n-hexane extractable material 

TH-2174_146107021



Chapter 3  Experimental Methods 

46 
 

3.2. Methodology 

Identification of sericin as a potent adsorbent and smart material for membrane surface 

modification has been investigated in this research. This section presents different 

methodologies adopted for studying the interaction of sericin with selected drugs to 

ascertain its applicability for the removal of drugs generally reported in the water. 

Different methods and characterization techniques adopted for the coating of polymeric 

microfiltration membrane and air filter have been presented. The post-modification 

process adopted for the assessment of modified polymeric membrane and air-filter has 

been discussed.  

3.2.1. The method used to study Sericin and drug interaction 

3.2.1.1. Integrated adsorption-cum-RO process 

An integrated adsorption-cum-RO process was designed to evaluate the efficacy of 

sericin to bind with Ibuprofen, and hence size-based separation can be facilitated for the 

complex in the integrated system. In this method, initially batch adsorption studies were 

carried out on a magnetic stirrer operated at a constant speed of 350 rpm, coupled with a 

digital temperature controller for temperature regulation. In each test, two-liter of 

ibuprofen solution (of required concentration) was placed in a 5-liter beaker, and the 

required concentration of sericin was added from a stock solution (1000 ppt). Ibuprofen 

has a pKa value of ≈4.9 and hence, exists in anionic form when released into the 

environment [202]. While sericin has an isoelectric point (pI) close to pH≈5-6, where it 

has zero overall charge and the smallest intermolecular repulsive force [203]. Since, 

proteins have net negative charge above their pI values (pH > pI) and net positive charge 

below their pI values (pH < pI), sericin was buffered at pH 4 (to keep it in the protonated 

state) while Ibuprofen pH was changed from 5 to 8 to facilitate charged based interaction. 

The solution was stirred continuously for the required time, and the temperature was 

monitored using a temperature controller. Sericin-ibuprofen solution was passed as feed 

through an RO-flat sheet membrane at regulated flowrate using bypass valve and 

dampener (see Figure 3.3). The setup was run in cross-flow filtration mode and 

recirculation mode, i.e., permeate and reject recirculated back to the feed tank. As per the 

membrane manufacture’s guideline, a feed flow rate of 100 L/Hr and transmembrane 

pressure of 75 psi was maintained throughout the process. Permeate samples were taken 

at regular intervals of time to measure permeate flux and Ibuprofen concentration. The 
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feed and permeate samples were analyzed using HPLC analyzer. The change in 

physiological condition triggers conformational changes in protein and hence can affect 

how a protein interacts with a ligand (i.e., drug) [204]. Hence, experiments were 

conducted at different operating conditions (a) sericin concentration (b) ibuprofen 

concentration (c) solution pH (d) solution temperature, to evaluate the effect of 

parameters on binding interaction between ibuprofen and sericin and hence removal 

efficiency. 

 

Figure 3.3.  Integrated adsorption-cum-RO-membrane filtration setup. 

3.2.1.2.Characterization techniques used for Sericin-drug analysis 

ATR- Fourier transform infrared spectroscopy  

The absorption of IR-radiation causes a vibrational transition in polypeptide units of 

protein (sericin), and this phenomenon gives nine characteristics bands named as amide-

A, Amide-B, and amide I to VII. Among these, the Amide-I (1600 to 1700 cm-1) is most 

sensitive to the composition of protein secondary structure. The variation in 

corresponding IR vibrational frequencies can provide information related to the structural 

conformation of sericin due to sericin and Ibuprofen interaction [205]. Hence ATR-FTIR 

spectra (4000-400 cm-1) were acquired using ATR spectrophotometer (Model: Spectrum 

TWO from Perkin Elmer) to confirm structural conformation of sericin after complex 
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formation with ibuprofen. Experiments were conducted at room temperature with 32 

scans per second, at a resolution of 4cm-1, and obtained data were analyzed using OMNIC 

software. 

Fluorescence Spectroscopy 

The protein folding and unfolding is expected while interacting with the ligand. This 

phenomenon leads to exposure of tyrosine and tryptophan present in the protein from the 

core to the solvent phase, and a similar phenomenon is expected to happen while sericin 

and Ibuprofen interaction. The fluorescence intensity of both tyrosine and tryptophan can 

be measured by the fluorescence quenching mechanism [205]. Therefore, the drug-

mediated sericin conformational changes were monitored by tyrosine intrinsic 

fluorescence. Drug (Ibuprofen)-induced tyrosine intrinsic fluorescence quenching studies 

were carried out on spectrofluorometer (model: Fluoromax-4) at room temperature. 1 µM 

of sericin protein was incubated with a diverse range of ibuprofen drug starting from 

0.1mM to 1mM while maintaining pH 7.5 using 10 mM of phosphate buffer at room 

temperature. Samples were excited at 280nm (2nm slit width) and collect emissions 

between 300 and 450nm and averaging three scans.  

Isothermal Titration Calorimeter (ITC) 

ITC measures the changes in the power needed to maintain the isothermal conditions 

between the reference and sample cell, which gives the measures of heat absorbed or 

generated when molecules interact [206]. These heat changes are very low level (sub-

millionths of a degree) but can be detected using high sensitivity thermocouple. The 

binding of ibuprofen drug with sericin protein is expected to be endothermic/exothermic 

in nature. The heat of adsorption during complex formation was measured by isothermal 

titration calorimetry using MicroCal ITC-200 (MicroCal, Northampton, MA, USA). 

Sericin protein and drug samples were prepared with 10 mM phosphate buffer (pH 7.5) 

and they were degassed through thermovac vacuum pump prior to use in ITC. In this 

experiment, 50 µM of sericin protein was filled in the sample cell and titrated with 4.5 

mM of Ibuprofen drug at 27°C. Typically, 25 consecutive injections of 1.5 µl in two min 

intervals were injected into the sample cell with adequate mixing. The heat of mixing due 

to the buffer solution is measured in a separate experiment and was subtracted from the 

total heat of adsorption. 
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Field emission scanning electroscopic microscopy 

Sericin used in this study had a molecular weight of ≈250 kDa. The structural morphology 

of the sericin powder used was visually analyzed using (FE-SEM) field emission 

scanning electron microscopy (Make: Zeiss, Model: Sigma) instrument. Powder sample 

was fixed on top of the stub using carbon tape and layered with gold using an auto fine 

coating instrument (JEOL JFC-1300) before morphology analysis.  

FE-SEM images for powder samples of ibuprofen, sericin, and ibuprofen-sericin complex 

were acquired and analyzed for structural changes. The sericin-ibuprofen complex 

aqueous solution was prepared by mixing them in distilled water, then using open pan 

dry method (40 C) the aqueous solution containing sericin-ibuprofen complex was dried 

to remove the water molecules. Adsorption of Ibuprofen on sericin was visually 

confirmed using FE-SEM. All the samples used for FE-SEM analysis were stored in a 

desiccator prior to analysis. 

Surface area analysis 

The surface area and pore size for sericin powder were analyzed using the Brunauer-

Emmett-Teller (BET) method in the Quantachrome surface area and pore size analyzer 

((Model: Autosorb-IQ MP, Make: Quantachrome, USA). Before analysis, the powder 

sample of sericin was dried in a hot-air oven at 80 °C for four hours, followed by 

degassing at the same temperature for five hours. N2 sorption experiments were carried 

out at –196 °C (77 K) and by varying the partial pressure of nitrogen above the sample in 

a P/P0 range of 3.4 × 10-4 to 0.99. 

X-ray diffractometer 

The amorphous and crystalline structure of sericin, ibuprofen, and complex were 

examined using XRD and analyzed for any change noticed after complex formation. X-

ray diffraction pattern for native sericin, ibuprofen, and sericin-ibuprofen complex was 

obtained at ambient temperature using an X-ray diffractometer (XRD; make: Bruker; 

model: D8 Advance) using a step size of 0.05°/sec in the range of 2θ = 5 to 80° under the 

acceleration voltage of 40 kV and 40 mA. 
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High-Performance Liquid Chromatography 

The feed and permeate samples were analyzed using a High-performance liquid 

chromatography (HPLC) analyzer (Shimadzu, model UFLC SPD-20A) equipped with a 

Merck Chromolith® HighResolution reverse-phase C-18 end-capped column (1.5 μm, 

4.6 mm ×100 mm) and UV-Detector (SPD-20A/20AV).  

Table 3-6. HPLC assay used for quantitative estimation of different drugs 

Sl. No. Drug Mobile phase ratio 

(Acetonitrile: phosphate 

buffer) 

λmax-

wavelength 

(nm) 

Reference 

1. Ibuprofen 65:35 220 [207] 

2. Diclofenac 35:65 262 [208] 

3. Amoxicillin 5:95 230 [209] 

4. Ciprofloxacin 77:23 278 [210] 

5. Estrone 45:55 277 [211] 

6. β-estradiol 45:55 275 [211] 

Acetonitrile and phosphate buffer were used as mobile phase, and the intensity was 

checked at the respective wavelength (Ibuprofen, 220 nm; Diclofenac, 262 nm; 

Amoxicillin, 230 nm; Ciprofloxacin 278 nm; Estrone, 277.5nm; β-estradiol 275nm) in 

isocratic mode to quantify the concentration of selected drugs. The HPLC assay used for 

the quantitative estimation of different drugs is shown in Table 3-6, and the calibration 

plot for each drug is shown in Appendix Figure A1. All the experimental analysis was 

done in triplicates. 

3.2.2. Membrane Modification  

3.2.2.1.Flow-through Coating method for hollow fibre MF membrane 

modification 

A facile novel method was developed for sericin coating on polypropylene hollow fibre 

microfiltration (PP-HFMF) membrane to modify its permeation and adsorptive 
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properties. Modification of the PP-HFMF membrane involves four steps (i) pre-

conditioning, (ii) flow-through deposition of sericin, (iii) crosslinking and (iv) heat 

curing. Figure 3.4 shows the flow chart for the modification procedure of the PP-HFMF 

membrane module via the sericin coating. Before modification, the PP-HFMF membrane 

is first soaked in de-ionized water for around 4 hours, replacing the water every hour, 

then rinsed thoroughly to remove any preservative agent if present. The pure water flux 

of the uncoated HFMF membrane was determined. In the pre-conditioning step, the PP-

HFMF membrane is subjected to chemical pre-treatment for generating functional groups 

on the membrane surface. The PP-HFMF membrane is pre-treated using H2SO4 and H2O2 

solution at a volume ratio of 3:1 and 65°C temperature for 90 minutes to generate 

hydroxyl groups on the membrane surface [212,213]. The proposed reaction involved in 

the hydroxylation of the PP-HFMF fibre surface is shown in Appendix Figure A3. After 

the surface hydroxylation step, the PP-HFMF membrane was thoroughly washed with 

de-ionized water to remove any residual chemicals if present.   
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Figure 3.4. Flowchart of the fabrication process for the sericin coated HFMF-membrane. 

after 3-6 hours 

Coating 

Pre-conditioning 

Cross-linking 

Heat-curing 
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Figure 3.5. Schematic diagram of the flow-through method used for sericin deposition on 

MF membrane. 

Membrane coating was then carried out in a clean assembly room using the pre-

determined content of sericin solution (10-30 g/l) at 25°C. Sericin solution was passed 

through the PP-HFMF membrane (in a flow-through method) at low pressure (4kPa) in 

full circulation mode for a required time, i.e., 3-6 hrs (see Figure 3.5) A submersible 

centrifugal pump (VND-380-SP1, 38217, 24VDC), was used for membrane coating. 

Sericin adheres to the polypropylene membrane surface via hydrogen bonding (see 

Appendix Figure A4). After sericin-coating, the PP-HFMF membrane was air-dried at 

room temperature until no liquid remains in the membrane. Then in the cross-linking 

stage, an aqueous solution with 0.75% Glutaraldehyde (w/w) and 0.1% Sulfuric acid was 

prepared for cross-linking, and the sericin coated HFMF membrane was dipped in the 

prepared solution for 3 hours (Appendix A5). Detail mechanism for the cross-linking 

reaction of sericin by glutaraldehyde via hemiacetal and Schiff base formation is 

elaborated in Appendix Figure A6 and Figure A7. The self-cross-linking of deposited 

sericin via glutaraldehyde provides robustness to the modified surface and prevents 

leaching of bonded sericin, thus inhibiting further solubilization. In the last step, the 

cross-linked membrane is heat cured at 40°C overnight in a hot air oven, resulting in 

thermal fixation of cross-linked sericin network on to the membrane. The finished 
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membrane is then washed multiple times with de-ionized water and stored in de-ionized 

water until used. Leachability of the coated sericin and Glutaraldehyde was verified by 

washing the modified membrane with distilled water and analyzing feed/permeate water 

through a spectrophotometer. Since the protein particles have a tendency to agglomerate 

under a wide variety of conditions such as protein concentration, temperature, pH, 

mechanical stress, etc. [204]. The amount of sericin coated on the PP-HFMF membrane 

may vary with these process conditions and hence experiments were conducted at 

different (a) sericin concentration; 10-30 g/l (b) temperature; 10-40 °C and (c) pH; 4, to 

evaluate its effect on sericin coating. 

3.2.2.2.Methods used for membrane characterization 

Field emission Scanning electron microscope 

The surface and cross-sectional morphology of the uncoated and sericin coated 

membrane was characterized by a field-emission scanning electron microscope (FESEM, 

Make: Zeiss, Model: Sigma).  The single hollow fibre sample was cut into a small piece 

of 1 cm and was then fixed to a microscope slide using double-sided tape. Then the 

hollow fibre membrane was cut at an inclined angle, which was used for FESEM analysis. 

Before analysis, vacuum-dried membrane samples were sputter-coated with a thin gold 

layer and images were obtained at an acceleration voltage of 3kV and 15kV at different 

magnification. 

ATR- Fourier transform infrared spectroscopy  

The ATR-FTIR spectra (4000-400 cm-1) for uncoated PP membrane, sericin-coated PP 

membrane, and acid-treated membrane were acquired using the ATR spectrophotometer 

(Model: Spectrum TWO from Perkin Elmer) to confirm the change in functional groups 

and deposition of sericin layer on to the modified membrane. Experiments were 

conducted at room temperature with 32 scans per second, at a resolution of 4cm-1, and 

obtained data were analyzed using OMNIC software. The membrane samples were dried 

overnight at 40°C under vacuum before ATR-FTIR analysis. 

Contact angle measurement 

Overall, the hydrophilicity of a membrane can be measured by evaluating the contact 

angle between the membrane and a droplet of aqueous phase (i.e., water); lower the angle 

more the hydrophilicity. Hence, the water contact angle was measured to compare the 
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improvised surface hydrophilicity of the sericin coated and uncoated HFMF membrane. 

One µL of Millipore water was dropped on to dry membrane surface with a micro-

syringe, and a series of images of the water droplet on the membrane surface was acquired 

using a contact angle goniometer (Make: HOLMARC, Model No: HO-IAD-CAM-01B) 

equipped with video/image capture at room temperature. Then, the measured contact 

angle of uncoated and sericin coated membrane were compared to analyze the enhanced 

hydrophilicity. 

Swelling (Water content) and porosity tests 

The swelling property of the membrane provides information about bulk hydrophilicity 

and porosity. Water content was evaluated using the difference between the weight of the 

wet and dry membrane for both sericin coated and uncoated membrane,  

(%) w d

w

w w
Water content X100

w

−
=   (3.1) 

Where Ww is the weight of wet membrane (g), Wd is the weight of dry membrane (g). 

The porosity of the membrane was determined by using the gravimetric method, wherein 

dried sericin coated and the uncoated HFMF membrane was weighed (Wd) and then 

immersed in isopropanol for 24 Hr. Then, the membrane was separated from the solution 

and drained off until no visible solution remained on the outer surface, and the membrane 

was weighed again (Ww).  The porosity was calculated using the following relation: 

( )

(%)

w d

w

w d d

w m

w w

Porosity X 100
w w w



 

−

=
−

+

  (3.2) 

Where Ww is the weight of wet membrane (g), Wd is the weight of dry membrane (g). ρw 

is the density of isopropanol (786 g/litre), and ρm is the density of membrane (ρm(uncoated) 

= 166.487g/l and ρm(Sericin coated)) = 170.909 g/l). Pore size distribution before and after 

sericin coating was analyzed using Capillary flow porometry Air/Liquid porosimeter 

(Make: TECHPoro Capillary Flow Porometer; Model No: TECH Poro-AL-500). 
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Zeta potential and particle size Measurement 

Zeta potential of the membrane surface, detergent, greywater foulants as well as sericin 

particle size was determined using electrophoretic light scattering method with 

DelsaNano (Model No.: Delsa Nano C; Make: M/s Beckman Coulter, Switzerland) 

apparatus. 

Spectrophotometer  

The leaching of sericin from the coted MF membrane was analyzed using a 

spectrophotometer (Model No.: UV-2600, Make: Shimadzu, Singapore). A calibration 

plot for the sericin solution at different concentrations was obtained. The sericin-coated 

membrane was washed multiple times with distilled water after sericin coating to 

ascertain any sign of leaching post-coating. Afterward, the membrane was washed with 

different pH (5, 7, and 9) solution to see the effect on leachability. pH was maintained 

using 1M NaOH and 1N HCl solution and measured using a pH meter (Cyberscan pH 

510, Eutech Instrument Pvt. Ltd., Thermo Fisher Scientific).  

3.2.3. The method used for fabrication of sericin coated air-filter 

The method used for the coating of Sericin on the polyester mesh is a modification of the 

sericin-coating method developed by Gupta et al., 2015 [106]. Figure 3.6 shows the 

schematics of the procedure followed for sericin coating on the polyester-based bi-

component filter. The sericin coating on the Polyester mesh involves four steps (i) pre-

conditioning, (ii) dip-coating for sericin deposition, (iii) crosslinking, and (iv) heat 

curing. Before coating, the polyester fabric is first soaked in de-ionized water for around 

two hours, and then rinsed thoroughly to remove any dust and preservative agent. In the 

pre-conditioning step, polyester fabric mesh is subjected to chemical pre-treatment for 

generating functional groups on the membrane surface. The PP-UF-membrane is pre-

treated using a solution of sodium hydroxide (at 2M). The polyester fabric is dipped in 

the solution for one hour at a temperature of 90 °C [106]. In the second stage, the 

polyester fabric is dipped in the pre-determined content of sericin solution (10-30 g/L) at 

40 °C for six hours. Then in the cross-linking stage, the coated polyester fabric was 

dipped in the aqueous solution with 0.75% Glutaraldehyde (w/w) for three hours. In the 

last step, the cross-linked sericin coated polyester fabric was heat cured at 40 °C overnight 

in a hot air oven, resulting in thermal fixation of cross-linked sericin network on to the 
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membrane. The heat cured polyester mesh is washed with de-ionized water and stored in 

de-ionized water until used. 

 

Figure 3.6. Process flow diagram for sericin coating on the polyester/nylon mesh. 

3.2.3.1.Methods used for air-filter characterization 

FESEM  

A field-emission scanning electron microscope was used to characterize the surface 

morphology of the uncoated and coated polyester fabric (FESEM, Make: Zeiss, Model: 

Sigma).  The fabric samples were cut into a small piece of 1 cm and was then fixed to a 

microscope slide using double-sided carbon tape and used for FESEM analysis. Before 

analysis, vacuum-dried membrane samples were sputter-coated with a thin gold layer, 

and images were obtained at an acceleration voltage of 3 kV and 15 kV at different 

magnification. 

ATR- Fourier transform infrared spectroscopy  

ATR-FTIR spectra (4000-400 cm-1) were acquired using the ATR spectrophotometer 

(Model: Spectrum TWO from Perkin Elmer) to confirm the deposition of the sericin layer 

on to the polyester mesh and to confirm adsorption/desorption of VOCs on the filter 

surface. Experiments were conducted at room temperature with 32 scans per second, at a 
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resolution of 4 cm-1, and obtained data were analyzed using OMNIC software. The fabric 

samples were dried overnight at 40°C under vacuum before ATR-FTIR analysis. 

X-ray Diffractometer 

The amorphous and crystalline structure of polyester sheet before sericin coating and post 

sericin coating were analysed. X-ray diffraction pattern for uncoated polyester sheet and 

sericin–coated polyester was obtained at ambient temperature using an X-ray 

diffractometer (XRD; make, Bruker; model, D8 Advance) using a step size of 0.05 degree 

in the range of 2θ = 5–50° with the acceleration voltage of 40 kV at 40 mA. 

3.2.4. The method used for air filtration Experiments 

A closed chamber with facilities to generate the required amount of PM and VOCs was 

designed for evaluating sericin-coated air-filter performance. Figure 3.7 shows the 

experimental set-up used for the air-filtration experiment. The set-up consists of a leak-

proof sealed chamber (6.28 m3) to simulate a closed indoor environment. The closed 

chamber includes (a) air filter system (b) hot-plate (c) fan (d) PM sensor and (e) VOC 

analyzer.  

 

Figure 3.7. Air-purification experimental setup. 
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The Air filter system with the sericin-coated membrane is pre-fitted in the system. The 

incense stick was burned inside the chamber to generate particulate matters (≈1000 

µg/m3). While the hot-plate was used to generate the VOC fumes from gasoline. In a 

small beaker, Gasoline was heated up, and the resultant gases were distributed to the 

whole cubical using a fan. The air filter system is controlled from outside the cubicle 

using a remote. The fan was used to circulate the generated PM and VOCs throughout 

the whole cubicle and not concentrated at some fixed location. All the sensors were 

calibrated before the start of every set-up of experiments. 

3.2.5. The method used for fouling resistance study 

The setup used for fouling based study is shown in Figure 3.8. A flow rate of 50 L/Hr at 

18 psi transmembrane pressure was used during normal operation. The sericin coated 

HFMF membrane is backwashed for 2 minutes after every 50 L filtration cycle of 

greywater. In pure water backwash mode, the pure water was passed through the 

permeate channel of the HFMF membrane (≈35L/Hr), and backwashed water is collected 

at the retentate side in the same condition (see Figure 3.8). The filtration and backwash 

operation was performed for both sericin coated and uncoated HFMF membrane and 

results were analyzed to study the improvement in fouling resistance. The turbidity of the 

synthetic grey/produced water was measured at a fixed interval of time and results were 

evaluated. After each 50-liter filtration cycle, the membrane was backwashed with pure 

water for 2 minutes to clean the fouled membrane. At the end of the fouling experiment, 

the membrane was chemically cleaned by using 0.01M NaOH solution at 25°C, and pure 

water flux was measured to assess the efficiency of the chemical cleaning. The turbidity 

of the synthetic feed solution is expressed in the nephelometric turbidity unit (NTU) and 

measured using the turbidity meter (Eutech Instruments, model number TN100). 

Diaphragm booster pump (Hi-Tech Pvt. Ltd., India, Model number E-B300), with 

maximum pressure 140 psi, was used during fouling studies. Feed and permeate flow-

rates were measured using a flow meter (MICRO-FLO purchased from OMEGA 

Engineering, USA) and the temperature was maintained by using a circulating water bath 

(model: WB 2000V, Rated Supply: 230V, 50Hz, Sr. No.: WB 201508002) purchased 

from ANM Industries. De-ionized water was used for the backwashing of the fouled 

membrane.  
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Permeate water flux of the membrane was determined by measuring the permeate water 

volume collected over a certain period in terms of a liter per square meter per second and 

using the following equation. 

V
J

AX t
=


  (3.3) 

Where J is the volumetric permeate water flux (m3/m2.s), A is the membrane area (m2) of 

the membrane for permeation, and V is the volume of permeate (m3) over a time interval 

Δt (sec). 

 

Figure 3.8. Process flow diagram of the membrane filtration unit used for fouling based 

study (solid lines) and backwash unit (dotted lines) for membrane cleaning. 

The measured pure water flux (Jw) under transmembrane pressure (ΔPtm) was then used 

to calculate the membrane pure water permeability (Pm). Flux recovery after backwashing 

and chemical cleaning were calculated using the following relation. 

c

0

J
Flux recovery X100

J
=   (3.4) 
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Where Jc is a pure water flux of cleaned membrane (m3/m2.s), and J0 is the pure water 

flux of new membrane (m3/m2.s). 

3.2.6. The method used for drug removal study using sericin coated 

membrane 

Performance of the sericin-coated HFMF membrane for removal of drug-based 

micropollutants present in the water at low concentration is evaluated using the synthetic 

water solution spiked with selected model drugs. A laboratory-scale filtration setup (see 

Figure 3.9) was employed to conduct dead-end filtration experiments. The set-up mainly 

consists of a feed tank equipped with a stirrer, a temperature controller, flow control 

valves, and a sericin coated HFMF membrane with housing. The one side open porous 

HFMF membrane bundle is fitted in the membrane housing. In the HFMF membrane, the 

feed is transported from the shell side to the fiber lumen side, and the filtrate is collected 

from the fiber lumen side, i.e., the open end of the HFMF membrane bundle. Samples 

were collected at a regular interval of time from the permeate outlet to record the drug 

removal efficiency of the process. 
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Figure 3.9. Filtration set-up used for dead-end filtration of drug-based micropollutants 

from the water solution. 

3.2.7. The design of experiment for drug removal study using sericin 

coated membrane 

Experiments were designed to evaluate the removal efficiency of the sericin-coated 

membrane at different operating conditions (feed concentration, flow rate) using 

Ibuprofen as a model drug. Initial experiments were conducted at a different flow rate 

and concentration to ascertain adsorption as a primary removal mechanism. 
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Subsequently, the removal efficiency of the sericin-coated membrane was tested with a 

different class of selected drugs to establish its vast and real-time applicability. Also, the 

effect of background salt and mixed drug conditions on the removal efficiency of the 

membrane were analyzed. Table 3-7 shows the list of experiments conducted at different 

conditions to evaluate sericin coated HFMF membrane performance. Diaphragm booster 

pump (Hi-Tech Pvt. Ltd., India, Model number E-B300; maximum pressure 140 psi) was 

used to pump drug solution at a different flow rate (5 l/h, 10 l/h, 15 l/h, 20 l/h) for initial 

experiments with Ibuprofen. The continuous filtration process (i.e. 5 cycles of 3 litre) for 

different class of drugs was operated under gravity-based flow (permeate flux = 2.75 lh-

1m-2, head = 1meter). The membrane was regenerated using alkaline solution (0.01M 

NaOH) wash after each filtration cycle. In gravity-based flow, the feed tank is kept at a 

higher point, and flow is mediated to membrane module kept at the lower point under 

normal gravity without any external pump mimicking gravity-based commercial filters 

(i.e., HUL pureit, Tata Swatch, Eureka Forbes aqua sure).  

Table 3-7. Design of Experiment for drug removal using sericin-coated HFMF 

membrane 

Removal at different operating condition (for Ibuprofen) 

Effect of feed flow rate 

(500 µg/L, pH 7, 30°C) 
Flow rate 

5 l/h, 10 l/h, 15 l/h, 20 l/h 

Effect of feed Concentration 

(pH 7, 30°C, flow rate 5 l/h) 

Feed concentration 

100 µg/l, 500 µg/l, 1000 µg/l, 1500 µg/l 

Removal with a different class of drugs  

NSAIDs  

Ibuprofen 
500 µg/l, pH 7, 30°C, flow under gravity 

(Operated for 5 consecutive cycles of 3l) 
Diclofenac 
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3.2.8. Modeling methods 

This section presents the different modeling methods adopted for evaluating the 

performance of sericin-coated membrane for the removal of drug-based micropollutants 

from water as well as VOC removal from the air.  

Antibiotics  

Amoxicillin 
500 µg/l, pH 7, 30°C, flow under gravity 

(Operated for 5 consecutive cycles of 3l) 
Ciprofloxacin 

Steroids  

Estrone 
500 µg/l, pH 7, 30°C, flow under gravity 

(Operated for 5 consecutive cycles of 3l) 
β-estradiol 

Effect of background salt on removal with drugs 

Ibuprofen  

Salt (100 mg): NaCl, CaCl2, MgSO4, and Mixture 

of NaCl, CaCl2, MgSO4 

 

Amoxicillin 

Estrone 

Removal with a mixture of drugs 

Ibuprofen, Diclofenac, Amoxicillin, 

Ciprofloxacin, Estrone, β-estradiol 

at 100 µg/l (each drug) 

pH 7, 30°C, flow under gravity 

Ibuprofen, Diclofenac, Amoxicillin, 

Ciprofloxacin, Estrone, β-estradiol 

at 20 µg/l (each drug) 

pH 7, 30°C, flow under gravity 
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3.2.8.1.Kinetics modeling for adsorption of drugs on sericin coated 

membrane  

Experiments were conducted to evaluate the adsorption capacity of the sericin-coated 

membrane for selected drugs (Ibuprofen, Diclofenac, Amoxicillin, ciprofloxacin, 

Estrone, β-estradiol) from the aqueous solution. The six liters of aqueous drug solution 

(initial conc. 500 µg/l) was passed through the sericin-coated membrane (with 3.14 g/m2 

coated sericin) in a dead-end filtration mode mimicking a fixed-bed column adsorption 

experiments at temperature 30°C and pH=7 and permeate flux = 2.75 lh-1m-2. Permeate 

concentration was measured at a regular interval of time. The experimental results were 

analyzed to calculate adsorption capacity (see equation 5), and the breakthrough curve 

was drawn (i.e., drug concentration versus time profile). The quantity of the drug 

adsorbed in the HFMF membrane is calculated by integrating the breakthrough curve. 

The effect of flow rate and concentration on adsorption capacity was evaluated for 

Ibuprofen as a model drug. 

Adsorption capacity at equilibrium (qe) is calculated from the total amount adsorbed 

(qtotal) per dry weight of adsorbent in the column (wa) at the end of each experiment using 

equation 3.5. 

total
e

a

q
q

w
=   (3.5) 

 The drug % removal with respect to the time/volume of the solution filtered can be 

calculated using equation 3.6.  

( )
0

0 ( ) 1 100
p

f

C t
removal t X

C

 
= −  
 

  (3.6) 

Where, Cp = permeate concentration; Cf = inlet feed concentration  

Bohart-Adams, Thomas, Yoon–Nelson, and Clark fixed bed models were applied to 

experimental breakthrough curve data using nonlinear regression to determine the 

adsorption parameters. The Thomas model used for breakthrough modeling assumes plug 

flow behavior, no axial dispersion, and uses Langmuir isotherm second-order kinetics for 
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adsorption-desorption [214]. The Thomas model for adsorption in a fixed bed is described 

by equation 3.7. 

exp

t

0 TH e a
TH 0

c 1

c k q w
1 k c t

Q

=
  

+ −  
  

  
(3.7) 

Where kTH = Thomas model constant (mL/min.mg); qe = adsorption capacity (mg/g); wa 

= mass of adsorbent (g); Q = influent flow rate (ml/min) 

The Yoon-Nelson model assumes that the rate of decrease in adsorption for each 

adsorbate particle is proportional to the adsorbate adsorption and the breakthrough [215]. 

The model is expressed by equation 3.8. 

( )expt
YN YN

0 t

c
k t k

c c
= −

−
  (3.8) 

Where kYN = rate constant (1/min); τ = time required for 50% adsorbate breakthrough 

The Clark model utilizes the mass-transfer concept together with the Freundlich isotherm 

to explain the breakthrough curve [216] and can be presented by equation 3.9. 

/( )1 n 1

t

rt

0

c a

c 1 Ae

−

−

 
=  

+ 
  (3.9) 
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   and  ( ) TK dz
r n 1

F dt
= −   

Cb = breakthrough concentration; F = flow rate per unit cross-section area; z = total bed 

depth; n= Freundlich parameter 

The Bohart-Adams model describes the dynamic behavior of a fixed bed column in terms 

of effluent concentration versus time profile (i.e., breakthrough curve). The model 

derived by Bohart and Adams [217,218] assumes a negligible axial dispersion (i.e., DL=0) 

and presented as 
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( ) ( )

( ) ( )
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exp expf

c t

c 1



 
=

+ −
  (3.10) 

 𝛼 = 𝑘𝐵𝐴  𝐶𝑜 (𝑡 −
𝑧

𝜈
);      𝛽 =  

𝑘𝐵𝐴 𝜌𝑚 𝑞𝑒𝑍

𝜈
(

(1−𝜀)

𝜀
)  

Where C(t) is a concentration of drug in permeate with time, Z is the total bed depth, ν is 

superficial flow velocity across HFMF bundle, t is time, ε is HFMF membrane module 

void fraction, and ρm is adsorbent density. 

The above equation was fitted using nonlinear-regression analysis to obtain the parameter 

kBA (Bohart-Adams rate constant) for binary aqueous drug-solution adsorption studies. 

The parameter of the Bohart-Adams Model for the HFMF membrane column used for 

the adsorption experiment is given in Table 3-8.   

Table 3-8. Bohart-Adams model parameters for HFMF membrane packed module. 

Properties Value 

Column internal Diameter(d) 8.036 cm 

Column Height (l) 30 cm 

Column volume (v) 1520 cm3 

Effective Flow Area (A) 46.57 cm2 

Superficial flow velocity (υ) 0.0130 cm/s (Q =5 l/h) 

Membrane density (ρ) 0.17 g/cm3 

Column void fraction (ε) 0.89702  

Initial Feed Concentration (Cf) 0.5 mg/l, 1 mg/l, 1.5 mg/l 

Sericin adsorbent in MF membrane 4 g 
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3.2.8.2.Adsorption Isotherm and kinetics for VOC gases adsorption  

The batch adsorption experiments were conducted to evaluate the adsorption capacity of 

the sericin-coated air-filter for BTEX compounds generated using gasoline. To study the 

adsorption isotherm and kinetics, different concentration of BTEX (from 1 to 10 mg m-

3) was passed through sericin-coated air filter at temperature 30°C, humidity 85%, and 

flow rate 145 m3/h. Chamber initial concentration (C0) and concentration with time (Ct) 

for BTEX were measured at a regular interval of time until equilibrium was achieved. 

The amount adsorbed (Qt; mg/g) was estimated and plotted against time (t; min) for 

kinetic studies. The adsorption process was fitted by the pseudo-first-order kinetic, 

pseudo-second-order kinetic, and the model with a higher correlation coefficient (R2) was 

chosen. The pseudo-first-order rate equation is given by equation (3.11): 

( )log log
.

1
e t e

k
Q Q Q t

2 303

 
− = − 

 
  (3.11) 

Where, Qt is the amount adsorbed (mg/g) at time t (sec), Qe (mg/g) is the amount adsorbed 

at equilibrium condition, k1 is the pseudo-first-order rate constant (s-1) and calculated by 

linear regression of log (Qe - Qt) versus t plot. 

The pseudo-second-order rate constant is given by equation (3.12): 

2

t 2 e e

t 1 1
t

Q k Q Q

 
= +  

 
  (3.12) 

Where k2 is the pseudo-second-order rate constant (gmg-1s-1) and can be calculated by 

linear regression of t/Qt versus t plot. The amount adsorbed at equilibrium (Qe) and at 

time t, can be calculated using equation (3.13) and (3.14): 

0 e
e

c c
Q V

M

− 
=  
 

  
(3.13) 
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Q V

M

− 
=  
 

  (3.14) 

Where, C0 is the initial concentration of BTEX in the chamber (mg/m3); Ct is the 

concentration of volatile compounds (BTEX) at time t (mg/m3), Ce is the concentration 

at equilibrium (mg/m3). V is the total volume (m3), and M is the amount of sericin (g) 

coated on the air filter. 

Various isotherm equations, such as the Langmuir, Freundlich, and Langmuir-Freundlich 

models, have been used to describe the equilibrium characteristics of adsorption. If the 

adsorption follows the Langmuir model [219], the adsorption process can be expressed 

as: 

. .

.

L m e
e

L e

K Q C
Q

1 K C
=

+
  (3.15) 

Where Qe is the amount adsorbed at the equilibrium state (mg/g), Qm is the maximum 

adsorption capacity (mg/g), and KL is the Langmuir equilibrium constant (m3/mg), and 

Ce is adsorbate concentration at equilibrium (mg/m3). 

If the adsorption follows the Freundlich model [220], then the isotherm can be described 

as follows: 

/
.( ) f1 n

e f eQ K C=   (3.16) 

Where, KF (mg/g(m3/mg)1/n) and nf are the Freundlich physical constants related to the 

adsorption capacity and adsorption intensity of the adsorbent, respectively. 

Langmuir-Freundlich model (equation 3.17) proposed by Sips 1948 [221], is a combined 

form of Langmuir and Freundlich models and has three parameters: Qm is the maximum 

adsorption capacity of the monolayer (mg/g); KS is the equilibrium constant (m3/g), and 

n is the Sips coefficient which indicates the presence or absence of cooperativity. 

TH-2174_146107021



Chapter 3  Experimental Methods 

70 
 

( )

( )

n

m s e

e n

s e

Q K C
Q

1 K C
=

+
    (3.17) 

The Freundlich, Langmuir, and Sips models are applied using a non-linear regression 

method to fit the experimental equilibrium data. The chi-square and the coefficient of 

determination (R²) value were used to analyze the fit of each model. 

 

TH-2174_146107021



Chapter 4  Prospects of Silk Sericin as an Adsorbent 

71 
 

 

 

 

  

 

 

Prospects of Silk Sericin as an 

adsorbent for the removal of 

drug pollutants from aqueous 

solution 
 

 

 

 

 

 

 

 

Parts of this Chapter are published as research articles: 

• V.K. Verma, S. Subbiah, Prospects of Silk sericin as an Adsorbent for Removal 

of Ibuprofen from Aqueous Solution, Ind. Eng. Chem. Res. 56 (2017) 10142–
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4.1.  Theoretical consideration 

Pressure-driven membrane filtration processes such as NF, and RO is widely used for 

drinking water treatment application to improve the taste of the water by removing 

dissolved salts [222]. The complete removal of salt from drinking water is also not 

desirable because that leads to a mineral deficit issue. Both RO and NF process highly 

effective alternative methods for the removal of organic micropollutants [110,111]. 

However, selective and complete removal of micropollutants is not possible, and it is 

limited by membrane separation efficiency [111,123,223–225]. Adsorption process has 

earned preference as a sustainable solution for the complete removal of micropollutants 

from polluted drinking water [226]. Besides, the adsorption process enables safe disposal 

without producing toxic by-products. PAC (powdered activated carbon) and GAC 

(granular activated carbon) have been reported to have high removal of pharmaceutical 

compounds, especially hydrophobic compounds [227,228]. However, the selective 

removal and isolation of micropollutants may be an expensive step to achieve with PAC 

and GAC. Therefore different materials have been investigated for their characteristics 

and adsorption capability for pharmaceutical drugs; some of the reported adsorbents 

include soil minerals, metal oxide, siliceous material, zeolites, agricultural waste, 

industrial waste, and other materials [202,229–231]. Still, the identification of adsorbents 

with following properties are very important in the field of drinking water treatment: (i) 

nontoxic, (ii) low-cost, and (iii) selective removal capacity of pharmaceutical micro 

pollutants. In this study, we have evaluated the feasibility of sericin uses as an adsorbent 

for removal of drug from water.  

4.2.  Hypothesis 

Even though NF and RO are regarded as highly effective in the removal of 

pharmaceuticals with varying degrees of rejection (from 45-90%) [223,224], trace 

quantities of target pharmaceutical compounds have been found to breach membrane 

barrier. In this study, the model drug ibuprofen is mixed with sericin at different 

concentrations and expecting that the ibuprofen to form a complex with sericin based on 

functional groups present in them. The interaction will result in high molecular weight 

complex formation, which can be easily filtered with the RO membrane. Moreover, due 

to the higher molecular weight of the sericin molecule, any unbounded sericin particle 

will be removed entirely by the RO membrane while passing aqueous sericin-drug 
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solution [232]. Therefore, the integrated sericin based adsorption with the RO process 

can enable dual activity, i.e. (i) selective adsorption of micropollutants with sericin 

molecule and (ii) removal of combined molecule in the RO membrane. This novel 

approach will enable complete removal of Ibuprofen from aqueous solution. This work 

aims at establishing adsorbing properties of sericin for capturing drug particles from 

aqueous solution. The knowledge gained from this work will assist in the synthesis of 

adsorptive membrane filtration units with desired qualities targeting the removal of drug-

based pollutants form from drinking water. 

4.3.  Experimental 

The removal of Ibuprofen was assessed in an integrated adsorption-cum-RO process. The 

MWCO value of the DOW FilmtecTM RO membrane used in this study lies in the range 

of ~200-400 Da. While, Ibuprofen has a molecular weight of 206 daltons [189], and hence 

RO membrane is not supposed to retain it efficiently. On the other hand, the MWCO for 

sericin is found to be 10-400 kDa. Therefore, sericin is expected to be retained entirely 

by the RO membrane. Fabiani et al. (1996) [233] used UF/RO filtration method for 

filtration of wastewater from silk degumming processes, and the overall rejection of 

sericin was found to be more than 97 %. Li et al. (2015) [234] performed the sericin 

separation experiment using both silk degumming wastewater and commercial grade 

purified sericin in the NF hollow fibre membrane to study the effect of sericin molecular 

weight. They observed complete removal with commercial-grade pure sericin and partial 

removal achieved for silk degumming wastewater, and the same was confirmed by Capar 

et al. (2012) [203]. 

Further, to achieve complete removal of sericin by the RO membrane, the purified higher 

molecular weight sericin has to be used. Based on these facts, we have designed an 

integrated method where sericin specific affinity towards ibuprofen has been coupled 

with membrane filtration for its removal from aqueous solution. Schematics of size-based 

separation of Ibuprofen using sericin adsorbent together with RO-membrane shown in 

Figure 4.1. The drug molecules are supposed to adsorb on sericin, and that resulted in 

complete rejection of sericin and drug molecules by the RO membrane due to a size-

based steric exclusion mechanism. Different analytical techniques were adopted to assess 

the interaction between sericin and Ibuprofen (a) ATR- Fourier-transform infrared 
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spectroscopy (b) Fluorescence Spectroscopy (c) Isothermal Titration Calorimeter (d) 

Field Emission-Scanning Electron Microscopy and (e) X-ray diffractometer. 

 

Figure 4.1. Schematic of size-based separation of Ibuprofen using sericin adsorbent and 

RO- membrane. 

4.4.  Result and Discussion 

4.4.1. Sericin Characterisation  

The results obtained from BET analysis of sericin (Table 4-1) showed the surface area of 

5.47 m2g-1 with an average pore diameter of 4.05 nm and a pore volume of 5.550x10-3 

cc/g, indicating a non-porous morphology. In a study involving removal of dye, Chen et 

al. (2012) [235] reported a surface area of 1.5 m2g-1 for sericin powder obtained from a 

commercial source. 

4.4.2. Experimental studies in integrated adsorption-cum-RO process 

4.4.2.1. Flux through the RO membrane 

Pure water flux (see Appendix A2) curve was obtained for the RO- membrane sheet, and 

the estimated membrane permeability is 0.281017 x 10-12 m3/m2.s.Pa. The membrane was 

preconditioned by operating for one hour at 50 Psig with distilled water before conducting 

the experiments with the sericin-ibuprofen solution. Permeate flux with respect to time 

for Ibuprofen (10 mg/L), sericin (10g/L), and sericin-ibuprofen complex (1000:1) is 
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shown in Figure 4.2. The flux study shows a constant decline in water flux with time for 

sericin and sericin-ibuprofen complex, which may be attributed to the deposition of 

sericin/complex on to the membrane surface.  

Table 4-1. BET analysis of sericin 

 

Figure 4.2. Water and solute flux through RO membrane for sericin (10g/l), ibuprofen 

(10 mg/L) and sericin-ibuprofen complex (1000:1 mg/l) at 517 kPa, pH 6 and 30°C, 

(sericin was removed completely in permeate in all cases; Cp Ibuprofen error = ±2.33%). 

Sample  Silk Sericin 

Multi-Point BET Surface Area 5.473 m2/g 

 pore volume   0.005 cc/g  

 pore Diameter  4.055 nm 

BJH adsorption Surface Area 2.939 m2/g 

Pore Volume 0.006 cc/g 

Pore Diameter 7.111 nm 

BJH desorption Surface Area 4.542 m2/g 

Pore Volume 0.007 cc/g 

Pore Diameter 1.872 
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4.4.2.2. Effect of sericin concentration  

The effect of sericin concentration was evaluated by adding different concentrations of 

sericin (1 to 10 g/L) with a fixed initial concentration of Ibuprofen (at 10 ppm) solution. 

The solution was stirred for 3 hours on a magnetic stirrer. The experiment was conducted 

at 25 C and without altering ambient pH. After 3 hours, the solution was filtered through 

the RO membrane in complete re-circulation mode, and obtained results were evaluated. 

Figure 4.3a shows variation observed in permeate concentration of ibuprofen with a 

gradual increase of sericin concentration in the feed. It was noticed that the removal of 

ibuprofen increases with the increasing amount of sericin, and around 10g/L of sericin 

was needed for complete removal of Ibuprofen at 10 ppm. Since commercial ibuprofen 

is a racemic mixture and contains equal quantities of R(-)ibuprofen and S(+)ibuprofen 

enantiomer and a larger amount of sericin is expected to be used for non-specific binding 

and complete removal of Ibuprofen. In another aspect, protein conformation also plays a 

vital role, and binding is supposed to be site-specific, which was later found in FTIR, 

ITC, and fluorescence studies that single binding sites (n~1) are responsible for the 

sericin-ibuprofen complex formation. More than 99% of rejection was noticed with 10g/L 

of sericin for Ibuprofen. The observed rejection of ibuprofen drug demonstrates the 

competence of sericin as an adsorbent to remove ibuprofen from aqueous solution.  

4.4.2.3. Effect of Ibuprofen concentration  

Ibuprofen solution at different concentrations was first filtered through the RO 

membrane, and its inherent removal capacity was evaluated. Since it was found that 

around 10 gm/L of sericin was required for complete removal of Ibuprofen from feed 

solution from 10 ppm. Solution initial concentration of sericin is fixed at 10 gm/L, and 

corresponding ibuprofen rejection efficiency was assessed at different concentrations of 

Ibuprofen (from 10 to 70 ppm). RO experiments were conducted at room temperature 

and with Ibuprofen solution at pH 8. Figure 4.3b shows the Ibuprofen concentration in 

the RO permeates while varying RO feed concentration. Permeate Ibuprofen 

concentration is always found to be higher when the feed solution is without sericin. On 

the other hand, sericin complex formation with Ibuprofen has increased the Ibuprofen 

rejection by the RO membrane in comparison to standalone Ibuprofen molecule rejection. 
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Figure 4.3. Ibuprofen concentration in permeate (a) with increasing feed sericin 

concentration; at 10 ppm of initial Ibuprofen concentration (b) with increasing feed 

Ibuprofen concentration; at 10mg/L of sericin initial concentration (Cp Ibuprofen error 

=3.25 %). 

(a) 

(b) 
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4.4.2.4. Effect of Ibuprofen solution pH  

Solution pH is supposed to affect the surface charge on solute particles and hence play 

an important role in adsorption. The effect of pH on Ibuprofen removal was assessed 

from a range of 5 to 8, to assess its effect on the interaction of Ibuprofen with sericin 

particles. Experiments were performed at 10g/L of sericin (at pH 4) and room 

temperature, while the required pH of Ibuprofen solution was adjusted using 1M NaOH 

and 1M HCl. Figure 4.4a shows the effect of pH on the adsorption of Ibuprofen, and it 

was found that higher pH shows better removal capacity. Because Ibuprofen has a Pka 

value of 4.9 and hence exists as neutral species below this value and above this value, 

Ibuprofen attains a negative charge and hence exists in anionic form. Sericin solubility 

has been found to decrease with increasing acidity of water. Moreover, it has been 

reported that sericin solubility in water is least at low pH, slowly escalate at a pH 5-8, 

and it has high solubility from 8 onwards [236]. Hence, higher pH must have escalated 

charged based interaction and non-specific binding of negatively charged ibuprofen 

enantiomers with protonated sericin particles, resulting in better removal capacity. 

4.4.2.5. Effect of solution Temperature  

The separation efficiency for Ibuprofen with respect to temperature for fixed sericin 

concentration (at 10g/L) is shown in Figure 4.4b. Since the temperature is one of the 

important factors that affect the heat of mixing and heat of adsorption. The experiments 

were performed at three different temperatures (20, 30, and 40°C) to assess the effect on 

seasonal removal capacity. It was observed that the adsorption of ibuprofen on sericin 

was a fast process and spontaneous, almost 80 % of the drug was adsorbed within 5 

minutes of contact time. However, after 5 minutes, the adsorption rate decreases over 

time until saturation was achieved in around 25 minutes (see Figure 4.5). 

The filtration process exhibited better removal capacity with an increase in temperature. 

Since sericin solubility also increases with temperature due to destabilization of the 

protein conformation, random coil structure becomes more dominant with temperature, 

which may have contributed to better binding capability. Moreover, since the binding of 

Ibuprofen with sericin was found to be endothermic (as found in ITC analysis), so an 

increase in temperature must have assisted in improved binding capacity. The adsorption 

process at 40°C shows the best performance with almost complete removal of Ibuprofen 

from solution after 25 minutes of contact time for a period of 15 minutes of filtration. For 
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20°C and 30°C a maximum of 91 % and 96 % Ibuprofen separation efficiency were 

achieved, respectively.  

       

Figure 4.4. Ibuprofen concentration in permeate (a) with increasing pH of Ibuprofen feed 

solution (b) at different temperature (20, 30 and 40 °C) with increasing time of contact 

(Cp Ibuprofen error =3.25 %). 

(a) 

(b) 
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Figure 4.5. Ibuprofen (10mg/L) removal with sericin (10g/L) at different temperature 

with increasing time of contact and filtration time at (a) 20 °C, (b) 30 °C, (c) 40 °C; (Cp-

Ibuprofen error =3.25 %). 

(b) 

(a) 

(c) 
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Based on results obtained from current study applicability of sericin for membrane 

modification and the specific removal of micropollutants has been compared with 

existing adsorbents in Table 4-2. Sericin shows very spontaneous binding and fast 

removal compare to other adsorbents, highly specific, suitable for membrane 

modification owing to its functional groups, antifouling, and antibacterial properties. 

Table 4-2: Comparison of different adsorbents performance for removal of drug-based 

micropollutants  

Sl. No. Adsorbents Efficiency Remarks References 

1. Granular 

Activated 

Carbon 

80-98%  not specific towards 

drugs, quick 

breakthrough, 

regeneration issue, not 

suitable for polymeric 

membrane 

modification, prone to 

fouling 

[115,228,237,238] 

2. Powdered 

Activated 

Carbon 

>90%-

99% 

not specific towards 

drugs, high doses, long 

contact time, not 

suitable for polymeric 

membrane 

modification, prone to 

fouling 

[173,228,239] 

3. Carbon 

nanotubes 

>90% not specific towards 

drugs, not suitable for 

polymeric membrane 

modification 

[240] 
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4. Chitosan >90% Specific towards some 

drug, high reusability, 

suitable for polymeric 

membrane application, 

antifouling properties 

[241] 

5. Cyclodextrin >80% Specific towards the 

drug, high reusability, 

suitable for polymeric 

membrane application 

[242] 

6. Zeolites 99% Nonspecific, Highly 

pH-dependent, not 

suitable for polymeric 

membrane 

modification 

[243] 

7. Clay 88-90% Long contact time, 

strongly affected by 

temp. and pH 

[244,245] 

8. Silica >95% Drug specific, Long 

contact time, suitable 

for membrane grafting 

[246] 

9. Sericin  Complete 

removal 

Highly specific, very 

spontaneous fast 

removal, applicable at 

neutral pH, suitable for 

membrane application, 

antifouling, and 

antibacterial properties 

*current study 
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4.4.3. RO-membrane sheet characterization 

FE-SEM images were obtained to study the morphological structure of the top surface of 

the RO sheet (Figure 4.6). The FE-SEM images before filtration (see Figure 4.6a, b) 

shows a densely packed, interconnected, sponge-like structure with mesoporous voids in 

between the structure. While, the FE-SEM images of RO-sheet after filtration (see Figure 

4.6c, d) clearly shows the deposition of the sericin-ibuprofen complex on to the 

membrane. 

 

Figure 4.6. FE-SEM images for RO membrane before filtration at (a); 25KX, (b); 50KX 

and after filtration (c) at 25KX, (d) 50KX. 

4.4.4. Sericin and Ibuprofen interaction study 

4.4.4.1. ATR-FTIR 

The ATR-FTIR Spectra of sericin, ibuprofen, and sericin-ibuprofen complex was 

analyzed for binding confirmation and to study molecular interaction between Ibuprofen 

and sericin (see Figure 4.7a-c). Ibuprofen spectra show characteristic peaks at 1700 cm-

1 for C=O (carbonyl stretching), 3345 cm-1 for O-H stretching of the COOH group, 2800-

3100 cm-1 for alkyl stretching (3052 and 3026 cm-1 for C-H symmetric and antisymmetric 

stretching; 2960 cm-1 for C-H stretching; 2950 cm-1 for CH2 antisymmetric stretching; 
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2926 cm-1 for CH3 in-phase symmetric stretching; 2905 and 2842 cm-1 for CH stretching, 

1500-1600 cm-1 for C-C stretching, 1400-1500 for CH2 deformation, 1300-1400 cm-1 for 

C-H bend, 1100-1200 cm-1 for C-H and C-O-H in-plane bending and 1000-400 cm-1 for 

aromatic and alkene bends [247,248]. Ibuprofen characteristic peak at 1700 for C=O 

(carbonyl stretch) and at 3345 cm-1 for OH-stretch of carboxyl group was found to be 

missing from the sericin-ibuprofen complex spectra, which validates the interaction 

between the carboxyl group of Ibuprofen and amide groups present in the sericin.  The 

OH-stretch peak of sericin at 3260 cm-1 shifted to 3280 cm-1, while Ibuprofen peaks at 

3052 cm-1, 2950 cm-1, 2926 cm-1, and 2868 cm-1 re-appeared together with peaks for 

aromatic and alkene bends (500-1000 cm-1) in sericin-ibuprofen complex and hence 

confirms Ibuprofen adsorption on sericin. 

Further, to calculate the variation in corresponding IR vibrational frequencies in Amide 

-1 region, the following analysis is presented. The Amide-I band has been widely used to 

identify the changes in protein secondary structure [249–251]. Considering the 

complexity involved in the analysis of other types of amide bands, they are generally not 

used for protein structure conformational analysis. Native protein generally consists of 

more than one secondary structure, and hence, absorbance usually overlaps for the amide 

I region and provides rise to the merged featureless band [252]. Hence, quantitative 

information about secondary structure modification was obtained by linear curve-fitting 

analysis of the component bands. Fourier self-deconvolution and second derivative 

procedure were used to characterize individual overlapping absorption [252,253] for 

native sericin as well as sericin–ibuprofen complex. The broad amide I curve was 

resolved into five distinct bands using the second derivative spectrum peak position, 

which is attributable to different secondary structure folding. To determine the proportion 

of resolved components Gaussian curves were iteratively fitted to deconvolved spectra. 
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Figure 4.7. ATR-FTIR spectra of sericin-ibuprofen complex, sericin, and ibuprofen. 
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Figure 4.8. The spectrum of the protein amide I region. (a) Pure sericin (b) sericin-

ibuprofen complex (five Gaussian curves were fitted iteratively to the deconvolved curve 

using the peak position obtained from the second derivative spectrum as initial 

parameters). 
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Prior to curve fitting, baseline correction and seven-point Savaitzky-Golay smoothing 

were used for the amide I region curve. Excellent agreement was noticed for band 

positions of the fitted curves with those obtained by the second derivative spectrum. 

Secondary structure conformation to overlapped five single bands was assigned as 

follows and according to the previous studies [249,251]: band at 1629 cm−1 as β-sheet, 

1648 cm−1 as random coil, 1659 cm−1 as α-helices, 1668 cm−1 and 1680cm−1 as β-turns, 

and 1697 cm-1 as antiparallel β-sheet.  

Table 4-3. Assignment of Individual Amide I components (Sericin native protein) 

Assignment Frequency (cm-1) Peak area (%) 

β-sheet 1629 34.35506 

Random coil 1648 39.17869 

α-Helix 1659 5.43163 

β-turn 1670, 1682 8.478, 11.43774 

Antiparallel β-sheet 1697 1.11887 

Table 4-4. Assignment of Individual Amide I components (sericin-Ibuprofen complex 

after adsorption) 

Assignment Frequency (cm-1) Peak area (%) 

β-sheet 1629 6.20341 

Random coil 1648 55.24681 

α-Helix 1659 7.73929 

β-turn 1670, 1682 12.25749, 16.92279 

Antiparallel β-sheet 1697 1.63021 

The percent content of individual secondary structure components in sericin and sericin-

ibuprofen complex were calculated (see Table 4-3 and Table 4-4), and their distribution 
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is shown in Figure 4.8a-b. It was found that in the native state, sericin has a higher content 

of random coil (39.17%) and β-sheet (34.35%); a similar trend was reported in earlier 

literature [156,254,255]. In the sericin-ibuprofen complex, random coil conformation 

(55.24%) increased in content while β-sheet (6.20%) was noticed to decrease 

subsequently. These indicate that Ibuprofen can bind to the exposed unfolded polypeptide 

chain of sericin. Hence, disordered random coil structure became a dominant 

characteristic of the complex after the adsorption of Ibuprofen on to sericin. 

4.4.4.2. Steady-state fluorescence spectroscopy 

Although the specific content of the tyrosine and phenylalanine vary somewhat across 

reported literature [156,205], their presence in sericin can be identified by measuring the 

fluorescence level. Quenching studies employing tyrosine intrinsic fluorescence of 

sericin is an indispensable approach to analyze the interior location of the fluorophore 

and subsequent structural alteration after Ibuprofen binding.  

 

Figure 4.9.The quenching effect of Ibuprofen on sericin fluorescence intensity, 

λmax=308±2. 
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Sericin exhibited intrinsic fluorescence when excited at 280 nm to show emission spectra 

in the 290–400 nm range with the highest intensity peak at 308±1 nm (see Figure 4.9). 

As shown in Figure 4.9, the fluorescence intensity is found to be decreasing while adding 

Ibuprofen. 

 SV

0

F
1 K Q

F
= +  (4.1) 

 

This phenomenon confirms that fluorophores (i.e., tyrosine) buried inside protein 

structure are coming out in the solvent phase, and that leads to a decrease in fluorescence 

intensity [256]. Fluorescence quenching can be dynamic, which results from the collision 

of fluorophore and quencher, or static when ground state complex forms between the 

fluorophore and quencher. Fluorescence quenching is explained by most studied Stern-

Volmer equation  [256]; Where F0 and F represent the fluorescence intensity in the 

absence and presence of quencher (Ibuprofen), respectively, Ksv is the Stern-Volmer 

quenching constant [Q] is the concentration of quencher. The Stern–Volmer plot (see 

Figure 4.10a) of the quenching of sericin fluorescence with Ibuprofen shows a good 

linear relationship between Q & (F/F0) (R2= 0.9937) and estimated slope (Ksv ) is 9.196 

x 104 ± 0.02581 Lmol-1.  

The observed fluorescence quenching intensity data can also be used to obtain the binding 

constant (Ka) and the number of binding sites (n). When drug molecules bind 

independently to a set of equivalent sites on a protein macro-molecule, the equilibrium 

between free and bound molecules is given by below-given relationship [257,258]; 

 log log log0
a

F F
K n Q

F

−
= +   

(4.2) 
 

The value of Ka and n were obtained from the intercept and slope of the double-logarithm 

curve (log [(F0 − F)/F] vs. log [ibu]), as shown in Figure 4.10b. The calculated number 

of binding sites (n) is ~0.98, indicating that there was one sericin binding site for 

Ibuprofen, and Ka was found to be 9.09 x 104 ± 0.01654 Lmol-1. Protein can be unfolded 

by disturbing the weak interactions that maintain the folded structure (i.e., hydrogen 

bonding, electrostatic interactions, and hydrophobic interactions). Ibuprofen binding 

must have modified the polypeptide conformation in an unfolded structure, and the same 

was confirmed in FTIR, using the amide I spectrum, where β-sheet conformation 

decreased and random coil conformation was found to be increased after sericin-
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ibuprofen complex formation. The binding thermodynamics of ibuprofen-sericin was 

further investigated through ITC. 

 

Figure 4.10. (a) Stern-Volmer plot (b) double logarithmic plot; for quenching of sericin 

by ibuprofen. 

4.4.4.3. Isothermal Titration Calorimetry 

ITC is an efficient method to study the binding affinity between protein and drug 

molecules and provide binding constant (Kb), binding stoichiometry (n), total enthalpy 

(a) 

(b) 
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change (ΔH) as well as total entropy change (ΔS) involved during the binding reaction 

[206]. The ITC thermogram of Ibuprofen titration with Sericin has shown best fitting in 

one set of the binding model after subtraction of buffer and highlighted the presence of 

the single binding site in Sericin for Ibuprofen with endothermic pattern in thermogram 

(Figure 4.11a,b).  

 

Figure 4.11. ITC thermogram for the binding of Ibuprofen to sericin at 27 °C in 10mM 

phosphate buffer (a) primary raw data (b) binding curve derived from the raw data. 

ITC analysis also revealed the binding affinity (Kb) value 2.51x104 at 27°C that concludes 

the moderate binding of Ibuprofen to the Sericin protein. Diverse potential interaction 

forces such as hydrophobic, electrostatic, hydrogen bonds, and van der Waal’s are usually 

involved in such interaction. Therefore, ITC analysis also can reveal the driving force of 

corresponding interaction based on binding thermodynamics. If ΔH<0, ΔS<0, driving 

force is van der Waal’s and hydrogen; if ΔH>0, ΔS>0, hydrophobic interaction is 

dominant while ΔH<0, ΔS>0 signify the dominancy of electrostatic force [206]. 

Therefore, positive values of ΔH and ΔS also has revealed that hydrophobic interactions 

are the predominant driven force in present binding. Thermodynamic parameters of drug 

binding with sericin protein have been listed in Table 4-5. The values of -TΔS were 
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determined by ΔGapp = ΔH-TΔS, while ΔH and ΔS values were obtained directly from 

the multi-injection mode ITC experiment. 

Table 4-5. Thermodynamic parameters of the sericin and Ibuprofen interaction obtained 

by ITC at 27°C temperature. 

 

Stoichiometry 

(n) 

Kb (mole-1) 

ΔH 

(Kcal/mol) 

ΔS 

(Kcal/mol.K) 

ΔGapp 

(Kcal/mol) 

Sericin-

Ibuprofen 

interaction 

1.15±0.021 2.51E4 4.62±0.36 36.18 -31.9 

The binding of Ibuprofen to sericin protein was found to be overall endothermic from the 

upward peak indicating the heat intake while adding ibuprofen into the sericin solution. 

ΔH provides information about the total energy of the process and includes the 

contribution from solute as well as solvent, and it is barely plausible to form favorable 

interaction without affecting each other. Indeed the ΔH of sericin-ibuprofen binding 

involves formation and disruption of individual interactions, which includes (i) the loss 

of hydrogen bonds and Van der Walls interaction (between sericin and solvent and 

between Ibuprofen and solvent), (ii) the formation of non-covalent interaction (between 

sericin and Ibuprofen) and (iii) solvent restructuring near the complex surface [259]. 

These phenomena lead to net enthalpy change. Similarly, binding entropy ΔS is 

contributed by following three phenomenon such as (i) solvent entropy change (solvent 

release upon binding), (ii) conformational entropy change (conformational freedom of 

both sericin and Ibuprofen upon binding), and (iii) change in rotational and translational 

entropy (reduction in degrees of freedom upon complex formation) [259]. These three 

entropic terms represent the net entropy change, with a negative or positive contribution 

to binding free energy. A negative binding free energy (ΔGapp = -31.9Kcal/mol) shows 

spontaneous binding mediated by enthalpy-entropy compensation for sericin-ibuprofen 

complex formation.  Ibuprofen adsorption on sericin can be considered to be an analog 

of protein unfolding since Ibuprofen adsorption, and protein denaturation has coalesced 

with each other. As revealed in FTIR, the protein unfolds from beta-sheet to unordered 

random coil structure, which may be related to the endothermic effect. Hydrophobic 
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interactions play the main role in the binding interaction, and the presence of polar group 

may be related to the positive values of ΔH° and ΔS°. Hence it was assumed that sericin 

protein unfolding to random coil conformation was the dominant factor for sericin-

ibuprofen complex formation, i.e., adsorption process. 

4.4.4.4. FESEM 

FE-SEM images of sericin, Ibuprofen, and sericin-ibuprofen complex revealed the 

adsorption of Ibuprofen on sericin protein (see Figure 4.12). Pure sericin without 

Ibuprofen, as a control, is shown in Figure 4.12a,d. Surface texture and morphology of 

Ibuprofen crystals are visualized in Figure 4.12b,e, which can be seen very clearly to be 

deposited on the sericin protein surface (in Figure 4.12c,f). The complex particles were 

found to have dotted chiseled Ibuprofen structure adsorbed on the native sericin protein 

surface. 

 

Figure 4.12. FE-SEM of sericin, Ibuprofen and sericin-ibuprofen complex at 25 KX (a, b 

and c), at 50 KX (e, f, and g), respectively. 

 

(a) (b) (c) 

(d) (e) (f) 
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4.4.4.5. XRD 

The XRD results for sericin exhibited a large diffraction peak at around 2θ=21.15°, and 

the broad curve indicates amorphous nature (see Figure 4.13 ). A similar XRD profile 

with a peak at 2θ=19.2º has been reported [172]. This peak is characteristic of the β-sheet 

structure due to intermolecular hydrogen bonding between the hydroxyl groups of the 

amino acid present in sericin. Similar results have been reported in earlier studies with 

sericin obtained from different sources [109,255]. Ibuprofen XRD peaks showed its 

characteristic crystallinity and were found to be in good agreement with previously 

reported literature [260]. The sericin-ibuprofen complex XRD plot was crystalline and 

retained most of the ibuprofen characteristic peaks hence depicting adsorption of 

Ibuprofen on sericin. 

 

Figure 4.13. XRD profile for Ibuprofen, sericin, and sericin-ibuprofen complex. 
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4.5. Conclusion 

This work deals with the evaluation of silk sericin as an adsorbent for the removal of 

Ibuprofen from aqueous solution using an integrated adsorption-cum-membrane filtration 

setup. The preliminary studies on sericin characterization were done to assess its 

physicochemical properties relative to adsorption. The non-porous sericin was found to 

have a low surface area, and conformational change was noticed with exposure to 

increasing temperature. The adsorption ability of sericin was analysed at different 

operating conditions (concentration, temperature, and pH). High pH and increasing 

temperature were found to assist in better adsorption of Ibuprofen. Complete removal for 

Ibuprofen was achieved at pH 8, 40ºC, and using 10g/L of sericin concentration. 

Ibuprofen interaction with sericin was investigated, and the endothermic peaks in ITC, 

together with the FTIR study, provided information about protein unfolding playing a 

dominant role in adsorption. Ibuprofen binding was related to the sericin transition to a 

random coil structure. Sericin- ibuprofen binding and complex formation were 

established using FTIR, ITC, Fluorescence spectroscopy, and XRD analysis. The use of 

sericin with the membrane process seems to enhance and achieve expected removal 

capacity. This study will help in the modification of existing filtration processes and 

provide a better solution for the removal of drug-based micropollutants from aqueous 

solution.
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5.1. Theoretical consideration  

Membranes are used for water purification to remove the pollutants. Removal efficiency 

is observed to be a function of membrane characteristics [261], such as physicochemical 

properties of the membrane, the morphology of porous layer, and surface properties of 

the active layer [262]. The surface properties of polymeric membranes can be enhanced 

by coating the membrane surface with materials having desired properties. The 

membrane can be coated with desired adsorbents for target-specific removal of pollutants 

[79]. The use of such adsorptive membranes has been limited to the removal of heavy 

metals and other micropollutants [78–87] but has not been explored considerably for the 

removal of drug-based micropollutants. Moreover, most of the existing adsorbents are 

packed in the adsorption column and integrated with the membrane system to achieve 

efficient removal. The regeneration ability of adsorbent used for micropollutant removal 

is not explored yet.   

The polymeric membranes such as polyvinylidene fluoride, polysulfone, polypropylene 

(PP), polyethylene, polyacrylonitrile, and polyimide are expected to have hydrophobic 

surface, and these membranes are used in water treatment application [263,264]. For 

example, the PP membrane is used extensively in water treatment applications for its high 

mechanical strength, chemical-thermal stability and low price [265,266]. In another 

aspect, the hydrophobic membrane is not recommended when the feed contains fouling 

causing content, and also, these membranes provide low water permeability than 

hydrophilic membranes [264]. Therefore, the surface modification of hydrophobic PP 

membrane becomes very much desirable which can guarantee antifouling characteristics 

while the presence of fouling causing content in the feed. The hydrophobic surface of the 

PP membrane restricts the hydrogen bond interaction with water molecules, while the 

natural hydrophobic interaction between solute and surface increases the entropy and 

makes it favorable for the foulants to adsorb on the membrane surface [99]. The 

hydrophobic components present in water are known to cause more irreversible fouling 

than the hydrophilic and transphilic (i.e., polarity in between hydrophobic and 

hydrophilic) fractions [267,268]. Hydrophilicity is known to create a hydration layer on 

the membrane surface [269], which resists the deposition of foulants present in the 

aqueous phase [212]. The induced hydrophilicity on the membrane surface provides 

antifouling characteristics to the membrane by keeping foulants at bay [270–272]. 

Therefore, imparting hydrophilic functionality on the PP membrane surface must provide 
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antifouling properties, thereby increasing its performance and service life. The presence 

of charged functional groups with hydrogen bonding capacity can also assist in the 

adsorption of charged polar pollutants (like heavy metals and drug particles) [273–279]. 

However, the surface modification of the PP membrane requires pre-treatment before 

physical modification. Various techniques are available for surface modification of PP 

membrane depending upon requirement and suitability. Ahsani and Yegani, 2015 [213] 

generated hydroxyl group on inert PP membrane surface via acid treatment [212], which 

can be further used for bonding with other functional groups. A similar approach has been 

used in this work for pre-treatment of PP membrane for enhancing its adsorptive and 

antifouling properties via sericin coating on the membrane surface. The prior knowledge 

of sericin inherent ability to impart hydrophilicity together with the presence of multi-

functional groups has been harnessed here to modify the PP based MF membrane.  

5.2. Hypothesis 

The multi-functional groups (i.e., carboxylic, hydroxyl, and amine) present in sericin can 

form complex (via hydrogen bonding and electrostatic interaction) with hydroxylated PP 

membrane surface. This complex formation can be stabilized via cross-linking and fixed 

through heat curing. Once sericin is coated on the membrane surface, the inherent 

property of sericin as a hydrophilic material is supposed to enhance the hydrophilicity of 

PP membrane while the presence of multiple functional groups will enable charged based 

interaction between drug particles and coated protein surface for adsorption. This will, in 

turn, facilitate dual property of antifouling and adsorptive nature for the removal of drug 

particles from the water and better performance cycle. 

5.3. Experimental 

As described in section 2.2.2, a commercially available PP based hollow fibre 

microfiltration (HFMF) membrane has been modified using sericin to enhance its surface 

properties by inducing hydrophilic properties on to the membrane surface. The outer and 

inner surface of the PP-HFMF membrane is coated in a flow-through process where the 

sericin solution at different physiological conditions is passed through the membrane at 

low pressure and flow rate for sufficient time. The deposited sericin on the membrane 

surface is then cross-linked using a cross-linking agent to provide the additional strength 

to the structure. The cross-linked membrane unit is then heat cured to fix the bonded 
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structure to make it insolubilized and resist leaching henceforth. The finished membrane 

unit is then tested for leachability. The membrane is washed with pure water, and wash 

water is checked for any sign of leaching. The optimal process parameters for sericin 

coating is derived by coating the membrane at different conditions such as sericin pH, 

temperature, and concentration; the optimal set of the parameter that resulted in the high 

amount of sericin coating on the PP membrane were adopted for final membrane 

fabrication. The sericin coated membrane performance was analyzed using membrane 

characterization methods such as sericin leachability test, pure water permeability, FE-

SEM, ATR-FTIR, contact angle measurement, swelling analysis, and porosity analysis. 

5.4. Result and Discussion 

5.4.1. Study on MF PP membrane coating process condition 

5.4.1.1. Effect of initial hydroxylation 

The initial hydroxylation of the PP-HFMF membrane with sulphuric acid and hydrogen 

peroxide (see section 3.2.3) generates hydroxyl groups on to the membrane surface to 

which the coating material (i.e., sericin) adhere via hydrogen bonding (see appendix A3).  

 

Figure 5.1 ATR-FTIR spectra for hydroxylated PP-HFMF fibre after chemical pre-

treatment with H2SO4 and H2O2 solution (3:1). 
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The FTIR analysis of pristine and acid-treated PP membrane fibre is shown in Figure 5.1, 

where the broad peak for hydroxyl group (3200-3550cm-1) and carboxyl C=O stretch 

can be seen on PP-fibre after hydroxylation. 

Effect of Sericin Concentration 

PP-HFMF membrane coating was performed at three different sericin concentrations of 

10, 20, and 30 g/l at 40°C and pH 6. Sericin deposition rate on the membrane surface can 

be measured by analyzing feed solution sericin concentration during operation. Figure 

5.2 shows time-dependent normalized flux (J/J0), and the amount of sericin deposited on 

the membrane surface during the coating of the HFMF membrane.  

 

Figure 5.2. Normalized permeate flux (J/J0) and amount of sericin deposited on 

membrane surface as a function of time during coating with different initial sericin feed 

concentrations (10, 20, and 30g/l) at a fixed temperature of 40 °C and pH 6. 

The deposition profile of sericin confirms that maximum sericin deposition on the 

membrane surface was achieved at 20 g/l of initial feed concentration. The particle size 

analysis of sericin solution using the electrophoretic light scattering method also revealed 

agglomeration of sericin particles with increasing concentration (see Table 5-1).  
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Table 5-1. Average sericin particle size at different solution parameters conditions 

Sl. No. Parameters Particle Size 

(nm) 

Standard 

deviation 

 Sericin Concentration (g/l)   

1 10 218  22 

2 20 406 36.67 

3 30 712 26.53 

 Temperature (°C)   

4 10 1830 33.29 

5 20 1201 20.51 

6 30 1092 27.45 

7 40 406 36.67 

 pH (-)   

8 4 512  24.24 

9 6 406 36.67 

10 8 312 21.38 

 

Sericin particles agglomerate at a higher concentration with intra-particle bonding, and 

hence, more rejection was noticed at higher concentrations (see Appendix Figure A8). 

However, the amount of sericin deposited was less at both low (10 g/l) and high (30 g/l) 

initial feed concentration. The membrane pore size distribution in the further analysis 

also revealed that the majority of pores pre-coating lies between 0.1-0.6 microns, and 

hence, the maximum coating was observed at the initial feed concentration of 20 g/l. At 

a low concentration of 10 g/l, the smaller sericin particle might have passed through the 

larger pores, while the agglomeration of sericin particles at very high concentrations may 

have blocked access to hydrogen bonding sites. Spectrophotometric analysis of feed 

sericin concentration revealed that the maximum amount of sericin is coated at 20 g/l of 

initial sericin feed concentration. Hence, the feed sericin concentration of 20 g/l was 

selected for further sericin deposition. 

5.4.1.2. Effect of Temperature 

During membrane coating, the sericin solution was circulated at a different temperature 

of 10, 20, 30, and 40° C to evaluate the effect of temperature on the coating of sericin to 

PP membrane surface (see Figure 5.3). It was found that an increase in temperature 
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assisted in a better deposition, and hence, more surface coating is achieved. The particle 

size analysis of sericin solution at different temperatures shows increasing agglomeration 

with decreasing temperature (see Table 5-1). As particle size increases, the HFMF 

membrane is expected to provide more rejection at low temperature and cake layer 

formation at the surface, which leads to less sericin deposition on membrane pores. Also, 

more sericin deposition may have been assisted at higher temperature operation by the 

fact that sericin exists primarily in random coil structure at high temperature and hence 

are more exposed to hydrogen bonding with other groups on the membrane [280]. While 

at a lower temperature, the random coil structure starts converting into the β-sheet 

structure and forms a gel-like appearance [281] and hence restricts access to the hydroxyl 

group [282]. Thus, the moderate temperature of 40°C was picked for further modification 

process. 

 

Figure 5.3. Time-dependent normalized flux (J/J0) and the decrease in feed sericin 

concentration during coating of HFMF membrane at different temperatures (10, 20, 30, 

and 40 °C) with fixed initial sericin feed concentration (20 g/l) and pH 6. 
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5.4.1.3. Effect of pH 

The HFMF membrane was coated at different pH (4, 6, and 8) using 20 g/l of sericin feed 

concentration at 40 °C temperature and analyzed for sericin deposition and flux behavior. 

Figure 5.4 shows a change in time-dependent normalized flux (J/J0) and sericin 

deposition during coating of HFMF membrane at different pH, obtained for 300 minutes. 

At lower pH (4), flux decline was more. Particle size analysis of sericin solution at 

different pH revealed agglomeration at low pH (see Table 5-1). Approximately 2.7, 3.25 

and 3.5 gram of sericin was coated on to the PP membrane at pH 8, 6 and 4 respectively. 

Sericin molecules near the isoelectric point (pH 3.9) [283] have the same charge, and 

hence they aggregate due to decreased electrostatic repulsion [284].  

 

Figure 5.4. Normalized permeate flux (J/J0) and feed sericin concentration with respect 

to coating time at different pH (4, 6, and 8) with fixed initial feed concentration (20 g/l) 

and temperature 40 °C. 

While as pH is increased, sericin cohesion gets inhibited due to inter-particle repulsion. 

However, at lower pH, more entities of the protonated hydroxyl group of sericin are 

available to form hydrogen bonding with hydroxyl groups on the PP membrane surface 
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[104] and hence sericin adhesion to the membrane surface, and its pores are found to be 

more at pH 4. Therefore, more sericin deposition was observed on the membrane surface 

(see Figure 5.4) at pH 4. Hence, a lower pH of 4 was selected for further coating, and 

modification of the HFMF membrane. 

5.4.2. Membrane characterization 

5.4.2.1. Leachability test for Sericin coated membrane 

Sericin coated HFMF membrane was washed 3-4 times with double distilled after coating 

and then tested for leachability of coated sericin at different pH (5, 7, and 9). The 

leachability profile for regular washing and washing at different pH is shown in Figure 

5.5. At first washing, the unbonded sericin solution and glutaraldehyde adhered to the 

membrane can be seen to come out in the wash solution, which eventually vanished with 

subsequent washing. Once appropriately washed, no further leaching was noticed with 

sericin coated membrane even when washed at different pH. 

5.4.2.2. Pure Water Permeability Test 

Permeation attribution regarding pure water flux was measured for the uncoated and 

sericin coated PP-HFMF membrane. Membranes were tested with de-ionized water for 

the determination of pure water flux (Jw) at the applied transmembrane pressure. 

Membrane pure water permeability was estimated for coated and uncoated membranes. 

As shown in Figure 5.6, the uncoated membrane has a relatively high pure water 

permeability of about 2.2132 x 10-9 m3/m2.s.Pa. The HFMF membranes coated at pH 8, 

6, and 4 exhibit comparatively low pure water permeability by 5.34%, 14.80% and 

19.10%, respectively (pH 8 = 2.1033 x 10-9m3/m2.s.Pa, pH 6 = 1.9575 x 10-9m3/m2.s.Pa 

and pH 4 = 1.8582 x 10-9 m3/m2.s.Pa) with respect to pristine membrane. A similar 

decrease in water flow has been reported [105] in earlier cases of membrane modification 

with sericin. The pure water permeability was found to decrease with the amount of 

sericin deposited on the membrane surface. The uniform deposition of sericin on 

membrane surface/pores resulted in narrowing the pore size of the sericin coated 

membrane, which facilitated an additional hydraulic-resistance to water flow and hence 

exhibited low water permeability.  
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Figure 5.5. Spectrophotometric profile for sericin presence during the membrane 

leachability test (a) multiple washes with distilled water (b) washing at different pH. 

(a) 

(b) 
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Figure 5.6. (a) Pure water flux with respect to differential pressure for uncoated and 

sericin coated HFMF membrane at different pH (4, 6, and 8) (b) Permeability at different 

pH. 

(a) 

(b) 
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5.4.2.3. FE-SEM and EDX 

The surface morphological structure of the uncoated HFMF membrane and sericin coated 

HFMF membrane was evaluated by FE-SEM, and the representative images are 

presented in Figure 5.7. We noticed changes in surface texture and reduction in pore 

diameter with deposition of sericin on to the membrane (see Figure 5.7a-d). The cross-

sectional view of the sericin coated membrane shows the deposition of sericin on to the 

inner surface as well as pores of the membrane (see Figure 5.7e-j). The surface and cross-

sectional FE-SEM analysis confirm the deposition of sericin throughout the membrane 

surface. 

Energy dispersive spectra of uncoated and sericin coated HFMF fibre on the outer 

surface, inner surface, and cross-section were obtained to ascertain the binding of sericin 

on the membrane surface (see Figure 5.8a-f). Acid hydrolysis generated more hydroxyl 

groups on the membrane surface, and hence carbon percentage decreased while oxygen 

percentage increased. Moreover, earlier, there was no nitrogen on HFMF fibre while 

sericin coating presence of nitrogen (5.9-7.2%) was detected on outer and inner 

membrane surface as well as pores, which indicates deposition of sericin.   
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Figure 5.7. FESEM analysis of PP MF-membrane: before sericin coating; surface 

morphology at 100KX (a), 150KX (b) with a cross-sectional view at 3.5KX (e), 20KX 

(f), and 100 KX (g), after sericin coating; surface morphology at 100KX (c), 150KX (d) 

with a cross-sectional view at 3.5KX (h), 20KX (i), and 100 KX (j). 

(c) 

(d) 

(a) 

(b) 

Surface View 

(h) 

(f) 

(g) 

(i) 

(e) 

Cross-Sectional View 

(j) 
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Figure 5.8. EDX pattern on (a) outer surface of unmodified PP-HFMF fibre (b) outer 

surface of sericin-modified PP-MF fibre (c) inner surface of unmodified PP-HFMF fibre 

(d) cross-section of unmodified PP-HFMF fibre (e) inner surface of sericin coated PP-

HFMF fibre (f) cross-section sericin coated PP-HFMF fibre. 

(f) 

(c) 

(e) 

(a) (b) 

(d) 

TH-2174_146107021



Chapter 5                                                               Fabrication & Characterization of MF membrane 

112 
 

5.4.2.4. ATR-Fourier transform infrared spectroscopy 

The ATR-FTIR Spectra of PP-HF, sericin, sericin coated PP-HF was analysed for binding 

confirmation and to study molecular interaction between PP-membrane surface and 

sericin (see Figure 5.10). Polypropylene spectra show characteristic peaks at 2951 cm-1 

for CH3 (asymmetric stretching), 2916 cm-1 for CH3 (symmetric stretching), 2872 and 

2836 cm-1 for CH2 (symmetric stretching). At lower wavenumber peaks were observed at 

1455 cm-1 for CH3
 (asymmetric stretching) and CH2 (symmetric deformation), 1375 cm-1 

for CH3 (symmetric), CH2 (wagging), CH (bending) and CC (backbone). 1107 cm-1 for 

CH3 (stretching), CH2 (wagging), CH (twisting and bending) and CC (backbone) [285–

287]. After chemical pre-treatment with (H2SO4: H2O2), the PP-fibres exhibited broad 

hydroxyl peak (3350-3200 cm-1) and carbonyl stretch at 1648 cm-1 indicating generation 

of the hydroxyl group on the membrane surface (see Figure 5.9). 

 

Figure 5.9. ATR-FTIR spectra for hydroxylated PP-HFMF fibre after chemical pre-

treatment with H2SO4 and H2O2 solution (3:1). 

Sericin spectra exhibit broad amide A peak at 3270 cm-1, amide I and amide II bands at 

1650 and 1530 cm-1, signature peak at 1400 for CH, OH bending and 1068 cm-1  for C-

OH stretching vibration [109]. Sericin coated PP fibre shows characteristic polypropylene 
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peaks at 2950, 2920, 2875, 2840 cm-1. However, new NH and OH stretch peak for sericin 

appeared at 3320 cm-1, while amide I, II, and III peaks for sericin appeared at 1695, 1580, 

and 1295 cm-1. The CH3 stretch, CN bending, C-OH stretching, which relates to the 

bonding of sericin with PP fibre appeared at 1450 and 1160 cm-1.  The disappearance of 

broad hydroxyl and primary amine peak at 3270 cm-1 shows the bonding of sericin with 

polypropylene via hydrogen bonding involving hydroxyl groups. The crosslinking of the 

amine group with glutaraldehyde is observed from the appearance of secondary amine 

peak in sericin coated hollow fibre at 3320 cm-1. These changes in characteristic band 

suggest incorporation of sericin on to the PP-HFMF membrane surface, and ATR-FTIR 

provides evidence of the presence of cross-linked sericin on to the membrane surface. 
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Figure 5.10. ATR-FTIR spectra of (a) Sericin coated PP-HFMF membrane, (b) Sericin, 

and (c) PP- HFMF membrane. 
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5.4.2.5. Contact angle measurement 

The contact angle results of uncoated, acid hydrolyzed, and sericin coated PP-HFMF 

membrane is shown in Figure 5.11. The contact angle of 81.5° is indicating that low 

hydrophilicity is observed for the uncoated membrane. After acid hydrolysis of the PP-

HFMF membrane, the contact angle decreased from 81.5° to 73° due to the generation of 

hydroxyl groups on the membrane surface. Sericin coating on to the membrane surface 

further enhanced the hydrophilicity by enriching the surface with hydrophilic groups 

present in the sericin. The Sericin coated PP-HFMF membrane exhibited a low contact 

angle of 38°, showing high hydrophilicity.  

 

Figure 5.11. The contact angle of uncoated, acid hydrolysed and sericin coated PP-HFMF 

membrane (error±2.5). 

5.4.2.6. Swelling and porosity test 

Swelling property can be directly related to the membrane hydrophilicity. Table 4.2 

shows the water content percentage of uncoated and sericin coated membranes. The water 

content for uncoated PP-HFMF membrane was found to be 50.29%, while for sericin 

coated PP-HFMF membrane, it increased to 64.87%. This improvement must have 

happened because of the incorporation of sericin on to the surface of the membrane. 

Membrane porosity determined by the gravimetric method shows around 18.47 % 

decrease in porosity of the coated membrane (see Table 5-2). This was evident from 

FESEM analysis, also where deposition of the sericin layer was apparent, and membrane 

pores size was found to be reduced. The mean pore size of membrane before the coating 

was found to be 0.41 microns and after coating pore size reduced to 0.20 microns (coated 

at pH 4, Temp 40 C, and concentration 20g/l). The pore size distribution of the 
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membrane before and after sericin coating is shown in Figure 5.12. In the uncoated 

membrane, around 84% of the pores exist above 0.3 µm before coating. It was found that 

pore diameters larger than average sericin particle size at pH 4 (~ 0.5 microns) were 

blocked, and the pore size is reduced after coating and most of the pores (~74%) lie in-

between 0.15 to 0.35 microns. However, larger pores are not reduced because smaller 

sericin particles might have passed through the larger pores. Therefore, the narrow 

membrane pore size distribution may be achieved by selecting an appropriate temperature 

and pH for given sericin concentration and can be taken as a future study. 

Table 5-2. Water content and porosity of PP-HFMF membrane and sericin coated PP-

HFMF membrane 

Membrane Water Content (%) Porosity 

Uncoated PP-HFMF 50.29 53.63% 

Sericin-coated  

 PP-HFMF 

64.87 35.16% 

 

Figure 5.12. Pore size distribution for uncoated and sericin coated MF membrane at pH 

4, temperature 40° C and concentration 20 g/l. 
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5.5. Conclusion 

In this work, a Polypropylene based hollow fibre MF membrane was modified using 

sericin as a hydrophilic polymer in a flow-through coating method. The morphology, 

hydrophilicity, permeation, and fouling properties were investigated before and after 

sericin coating, and the results were analysed. The obtained results from FESEM, EDX, 

and ATR-FTIR shows conclusive evidence for the uniform deposition of sericin on the 

modified membrane surface. It was found that the reduced pore size after sericin coating 

resulted in decreased pure water permeability by 19.10% compared to that of the pristine 

membrane. The sericin coated PP-HFMF membrane exhibited increased hydrophilicity, 

which is further established by a reduced contact angle (38°) and high water content 

(64.87%) analysis. The sericin-coated membrane exhibited enhanced hydrophilicity in 

the presence of sericin functional groups on the membrane surface. The sericin enhanced 

hydrophilic membranes can be used as an adsorptive membrane for charge-based 

separation of pollutants from water. 
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6.1. Theoretical Consideration  

The modified sericin-coated adsorptive membrane is expected to provide selective 

adsorption of charge based molecule and fouling resistivity. In the first part, the modified 

sericin-coated adsorptive membrane has been tested for the removal of drugs from a 

different class of applications like analgesic/painkillers NSAID drugs (Ibuprofen, 

Diclofenac), Antibiotics (Amoxicillin, Ciprofloxacin), and Steroids/Hormones (Estrone, 

β-estradiol). Among the selected drugs Ibuprofen, Diclofenac, Amoxicillin, and 

Ciprofloxacin are supposed to exist in anionic form, while estrone and β-estradiol are 

uncharged at neutral pH (see Appendix A9). Molecular speciation (Charged and 

uncharged abundance of different species at particular pH) of selected drugs in this study 

(see Figure 6.1) is calculated using the formula shown below [288]  

( )
%

X pH pKa

100
ionization

1 10 −
=

+
  

 
(6.1) 

Where X= -1 if the acid drug or +1 if the basic drug  

 

Figure 6.1. Molecular speciation diagram of selected drugs in this study (Charged and 

uncharged abundance of different species at neutral pH (≈7); IBU-Ibuprofen, DIC-

Diclofenac, AMX-Amoxicillin, CPF-Ciprofloxacin, EST-Estrone, β-EST-β-estradiol. 
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The sericin-coated MF-membrane have amine functional groups present on the 

membrane surface, which can act as a hydrogen bond (HB) donor as well as acceptor. 

The selected drugs have functional groups such as carboxyl, ketone, and hydroxyl, which 

can form hydrogen bonding with amine functional groups present on the membrane 

surface depending on their affinity towards drug structure. Ibuprofen (pKa 4.91) [289] 

and diclofenac (pKa 4.15) [290] exist in anionic phase (≈99%), the negatively charged 

carboxylate group of the drug (act as HB acceptor) forms HB with amine present on the 

sericin coated membrane (act as HB donor). Whereas in the case of Amoxicillin and 

Ciprofloxacin, both exist in the zwitterionic phase at neutral pH (≈7), and hence the 

ionized carboxyl group of the drug interacts with the amino group present on the 

membrane surface.  

Ciprofloxacin (pKa1 = 6.09, pKa2 = 8.74) exist in zwitterionic (87.2%) form while 

around 11% species exist in cationic form and 1.8% as anion at neutral pH [22]. In the 

case of amoxicillin (pKa1 = 2.63, pKa2 = 7.16 and pKa3 = 9.55), almost 60% species 

exists in zwitterionic phase while 40% species exist in anionic phase at neutral pH [291]. 

However, the carboxyl group in both drugs is deprotonated at neutral pH. Hence, 

amoxicillin and ciprofloxacin carboxylate group may form HB with an amine group 

present on the membrane surface. In the case of steroid drugs, Estrone (pKa 10.40) and 

β-estradiol (10.71) [292] exist in an uncharged state at neutral pH. Though these drugs 

are uncharged, the presence of hydroxyl and ketone groups may assist in weak hydrogen 

bonding with amine groups of the membrane surface. 

6.2. Hypothesis 

Based on results obtained from the previous work, the sericin coated membrane is 

established to have adsorbing properties for drugs as well as the sericin-coated membrane 

exhibited good antifouling properties. The presence of positively charged amine groups 

on the surface of the sericin-coated membrane is supposed to attract and involve in 

hydrogen bonding/electrostatic interaction with the negatively charged (at neutral pH) 

drug particles present in water. The removal is supposed to be highly dependent on the 

charge-based interaction of drug particles with the amide groups present on the 

membrane surface. Since particles are supposed to be weakly adsorbed to the membrane 

surface, the separation and regeneration of bonded drug particles can be achieved by 

altering the pH of the stripping solution used for membrane cleaning. 

TH-2174_146107021



Chapter 6                                                                        Application of Sericin coated MF membrane 

123 
 

The hydrophilic and hygroscopic properties of sericin must have enhanced the 

hydrophilicity of the PPMF membrane, which in turn will impart antifouling properties. 

The presence of sericin on the membrane surface leads to the formation of the hydration 

layer, which will resist the deposition of foulants on the membrane surface. In this sense, 

the presence of the sericin protein facilitated hydration layer will reduce the fouling 

propensity, and membrane flux recovery can be enhanced for better performance and life 

cycle.  

6.3. Experimental 

The sericin-coated adsorptive membrane was tested for the removal of different drug 

particles from an aqueous solution. Different experiments were performed to analyze the 

removal and adsorption capacity of the membrane. The adsorption kinetics and 

breakthrough curves were modeled using Bohart-Adams, Thomas, Yoon–Nelson, and 

Clark fixed bed models. The effect of multi-solute and multi-drug mixture on the removal 

capacity of the sericin-coated membrane was studied. Later, the antifouling properties of 

the sericin coated membrane were also evaluated by purifying greywater and produced 

water.  

6.4. Result and Discussion 

6.4.1. Sericin coated MF membrane for removal of drug-based micropollutants 

6.4.1.1. Effect of feed flow rate  

Experiments were conducted with Ibuprofen as a model drug to evaluate the effect of 

flow rate on removal efficiency of sericin-coated HFMF membrane with respect to 

volume filtered (Figure 6.2a). Operated in a dead-end filtration mode at a different feed 

flow rate (5, 10, 15, 20 l/h) with fixed feed concentration (500 µg/l), pH 7 and temperature 

30°C. The complete removal was noted for up to 1750 ml, 750 ml of volume filtered at 

5l/h, 10 l/h of flow rate. As the flow rate was increased, further removal of ibuprofen 

decreased significantly at 15 l/h and 20 l/h, respectively. At a higher flow rate, there is a 

decrease in residence time, so drug particles had a shorter time to interact with the 

membrane surface, hence leaving the column early, and appearing in the permeate 

[293,294]. A gradual decrease in removal efficiency with an increase in flow rate 

concludes the role of adsorption in the removal of Ibuprofen. 
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Figure 6.2. Percentage removal of Ibuprofen using sericin coated HFMF-membrane at 

(a) different flow rate (5, 10, 15, 20 l/h) with feed concentration of 500 µg/l (b) at different 

feed concentration (100, 500, 1000, 1500 µg/l) with fixed flow rate of 5 l/h. 

(a) 

(b) 
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6.4.1.2. Effect of feed concentration  

Experiments were also performed at different feed concentrations (100, 500, 1000 µg/L) 

with ibuprofen aqueous solution at a low flow rate of 5 l/h. Complete removal was 

observed at a low concentration of 100 µg/l for a filtration cycle of 3 liters. While at 500 

and 1000 µg/l, complete removal was noticed up to 1750 mL and 1000mL of volume 

filtered, respectively (see Figure 6.2b). An increase in feed concentration results in early 

saturation of binding sites on the membrane surface, and hence drug appears quickly in 

the permeate water. The reported concentration of analgesic drugs like ibuprofen lies well 

below in the range of 1-100 µg/l (see Table 3-2), and hence the fabricated membrane can 

perform very well for addressing these levels of contamination. 

6.4.2. The removal efficiency of the modified HFMF membrane with a 

different class of drugs  

A set of experiments were performed at a fixed initial feed concentration of 500 µg/l, pH 

7, and room temperature (30°C) to evaluate the removal of selected drugs (Ibuprofen, 

Diclofenac, Amoxicillin, ciprofloxacin, Estrone, and β-estradiol) using sericin coated 

HFMF-membrane. During continuous filtration (5 cycles of 3-litres filtrate), the process 

was maintained under gravity-based flow (see filtration set up Figure 3.9) with constant 

permeate flux of 2.75 lhr-1m-2. The particle size of all the selected drugs are adequately 

smaller than the pore size of the sericin coated HFMF-membrane (0.20 microns) and 

hence cannot be physically retained by size exclusion method unless adsorption takes 

place on the membrane surface. The drug removal efficiency of the uncoated HFMF 

membrane was found to be zero. The sericin-coated HFMF membrane contains 

distributed amide, carboxyl, and hydroxyl functional groups on the membrane surface, 

facilitating charge-based interaction/salt bridge and hydrogen bonding for drug 

molecules.  The positive log D (distribution coefficient) and log P (partition coefficient) 

value of selected NSAIDs (Ibuprofen, Diclofenac), Antibiotics (Amoxicillin and 

Ciprofloxacin) and unionized steroid drugs (Estrone, β-estradiol) at pH 7 indicates that 

these drugs are moderately lipophilic in nature and hence will have affinity towards 

protein (see Appendix A 9). Figure 6.3 shows the retention of six different drugs using a 

sericin-coated membrane. Ibuprofen and Diclofenac exhibited higher removal (91.83 and 

83.47%), whereas, Amoxicillin and Ciprofloxacin showed moderate removal (82.74 and 

62.89%) while Estrone (47.48%) and β-estradiol (11.30%) showed lower removal 

efficiency with the sericin coated HFMF membrane. Although Estrone and β-estradiol 
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had positive log P and log D value, the sericin coated HFMF membrane exhibited 

comparatively low removal of these steroids relative to the NSAIDs and antibiotics.  

 

Figure 6.3. The sericin coated HFMF membrane performance for drug removal from 

aqueous solution at a feed concentration of 500 µg/l, pH 7, and temperature 30°C (error 

= ±2.65%) 

This suggests that hydrophobic interaction is not the main phenomenon governing the 

adsorption for these drugs [295]. The contact angle analysis (Figure 6.4) of different drug 

solutions on the sericin-coated membrane reveals that the steroid drug solution 

(Estrone>β-estradiol) had a low contact angle than NSAIDs and antibiotics solution 

(Ibuprofen>Diclofenac>Amoxicillin>Ciprofloxacin). Which in turn, indicates that the 

charged drug particles interact directly with membrane surface via hydrogen bonding, 

and hence, water contact angle increased, while in case of uncharged drug particles, the 

water and membrane surface interaction was dominant, and hence contact-angle is found 

be equivalent to pure water. Zeta potential analysis also shows the respective charge on 

drug solution (see Figure 6.4).  Ibuprofen and diclofenac have zeta potentials of -5.74 

mV and -5.65 mV, respectively, and exist predominantly in anionic phase (≈ 99.2 and 
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99.8%, respectively). As they are above dissociation constant at physiological pH, they 

have high potential to bind with the protonated amine group of the sericin-coated layer 

with charge +5.72 mV. Hence, Ibuprofen and diclofenac are easily captured on the 

membrane surface and show high removal efficiency. Amoxicillin -2.06 mV and 

Ciprofloxacin 0.34 mV exist in the zwitterionic phase at neutral pH (≈7). However, they 

have deprotonated carboxyl end (whether anionic or zwitterion) [296] at pH seven and 

hence can interact with an amine group present on the membrane surface. All of these 

charged drugs have a carboxylic functional group to form hydrogen bonding with a 

protonated amine group present on the membrane surface and hence exhibit high removal 

efficiency. In the case of Steroid hormones, which exist predominantly in uncharged state 

at neutral pH, the removal efficiency decreases, particularly with β-estradiol showing 

very low removal. Though the chemical structure of estrone and β-estradiol are almost 

similar, the presence of ketone group at the C-17 position in estrone, which is an active 

hydrogen acceptor than hydroxyl group present in β-estradiol may result in better 

interaction via HB [292]. The presence of a carboxyl functional group (a strong hydrogen 

acceptor) in ibuprofen, diclofenac, amoxicillin, and ciprofloxacin facilitates better 

adsorption via hydrogen bonding with amide groups on the membrane surface, otherwise 

lacking in estrone and β-estradiol. The proposed HB of drug particles with membrane 

surface is shown in Appendix Figure A10, A11, and A12. 
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Figure 6.4. Contact angle measurement on the sericin-coated membrane and zeta 

potential of different drug solutions in water (the contact angle of sericin coated HFMF 

membrane with pure water is 38°). 
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6.4.3. Effect of background salt interaction on drug removal  

The influence of background salts on drug removal efficiency of the sericin-coated 

membrane was investigated using common salts (monovalent and divalent) found in 

water. Experiments were performed using three different salts: NaCl (monovalent), 

CaCl2, and MgSO4 (divalent) dissolved at 100 mg/l strength with one drug from each 

class (Ibuprofen, Amoxicillin, and Estrone) and compared with a standalone drug case. 

Figure 6.5a shows the effect of salts on the removal of Ibuprofen from aqueous solution. 

The presence of salt resulted in an earlier appearance of Ibuprofen in permeate (i.e., after 

1250 ml) with the volume of solution filtered, which was 1750 ml without salt, except 

NaCl. The reduction in removal efficiency may have happened because of the screening 

effect of salt on the membrane surface, where charged ions may have accumulated around 

opposite charge sites on the membrane surface and thereby obstructing binding sites for 

drug particles. 

Similar results were observed for Amoxicillin, too, where divalent salts exhibited an 

inhibitory effect on removal efficiency, which eventually resulted in the early appearance 

of Amoxicillin in permeate. Amoxicillin can form complex with divalent ions (i.e., Ca2+, 

Mg2+), and hence, its removal was found to be affected by the presence of background 

divalent salt (Figure 6.5b). Pre-binding of salt to the deprotonated carboxylic end of 

amoxicillin must have inhibited interaction with the amide group of the coated membrane 

surface. 

However, the presence of divalent cations exhibited poor removal efficiency for Estrone, 

and almost no removal was noticed (Figure 6.5c). Estrone at neutral pH is un-dissociated, 

and only polar moieties contribute to its charge distribution within the molecule. It mostly 

exists as a hydrophobic but an ionizable group. Hydroxyl and carbonyl functional groups 

present in Estrone facilitate the formation of weak hydrogen bonding between the 

molecule and the membrane surface, which was further disturbed in the presence of salt. 

Therefore, the presence of counter-ions in the solution must have partially screened the 

bonding of these functional groups with the membrane surface. Sodium chloride did not 

show any inhibitory effect on the adsorption of drugs in all three cases. 
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Figure 6.5. Influence of different salt (100 mg/l) on the removal of drugs by sericin coated 

HFMF membrane (a) Ibuprofen (500 µg/l), (b) Amoxicillin (500 µg/l) (c) Estrone (500 

µg/l), operated at pH 7, under gravity flow and temperature 30°C. 

(a) 

(b) 

(c) 
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6.4.4. Effect of interaction between drugs 

The behavior of a multi-drug mixture is expected to be entirely different and complicated 

than in standalone condition, and its study is mandatory for further application. The 

removal efficiency of the sericin coated HFMF membrane for the individual drug in the 

presence of other drugs are studied at a concentration of 20 µg/l and 100 µg/l for each 

drug (Figure 6.6a-b). The adsorption of drugs on the membrane surface involves 

molecular interaction, which includes ionic interaction, dipolar interaction, ion-dipole 

interaction, and hydrogen bonding. In a multi-drug mixture, all the drugs have a bipolar 

functional group such as hydroxyl, carboxylic, and/or amine groups, which may interact 

with each other via hydrogen bonding. The interaction among the drugs and between drug 

and membrane will play a major role in multi-drug mixture removal. Figure 6.6b presents 

interesting results where, except for β-estradiol, removal of all selected five drugs is 

found to be very high and efficient. At higher concentrations, as expected, when multi 

drugs particles compete for sorption at the same site on the membrane surface, the 

sorption of each drug was less than that in the single-solute system. In low concentration 

experiments, all selected drugs were removed entirely in a 3-liter filtration cycle except 

β-estradiol. While at high concentration (100 µgl-1/solute), the interaction was high, and 

hence the relative adsorption between drugs to membrane inhibited the overall drug 

removal efficiency. The removal capacity follows the sequence; Ibuprofen > Diclofenac 

> Amoxicillin > Ciprofloxacin > Estrone > β-estradiol, showing the role of charge-based 

interaction and hydrogen bonding as the main mechanism behind the removal. Since the 

level of reported concentration for most of the antibiotics, analgesic and steroid drugs lies 

in the range of ~1-20 µg/l (see Table 3-2), the sericin-coated HFMF membrane is well 

equipped to address the real-time drug contamination in drinking water. 
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Figure 6.6. Removal efficiencies of the drug from aqueous mixed drug solution using 

sericin coated HFMF membrane (a) at an initial feed concentration of 100 µg/l for each 

drug (b) at an initial feed concentration of 20 µg/l for each drug, operated at pH 7, under 

gravity flow and temperature 30°C. 

(a) 

(b) 
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6.4.5. Membrane regeneration 

For membrane regeneration, the used sericin coated membrane was washed with a 

different cleaning solution to test for the desorption of drugs. As aforementioned, the 

adsorption of drugs on the membrane surface is highly influenced by charged based 

interaction and is endothermic. Hence, altering the pH and temperature of the stripping 

solution can facilitate the desorption of drugs from the membrane surface. The used 

sericin-coated membrane was washed using an acidic solution (0.01N HCl; pH 3), an 

alkaline solution (0.01 M NaOH, pH 11), hot water (40 °C) and cold water (10 °C) to 

remove adsorbed drugs. Maximum drug desorption was observed when used membrane 

is cleaned with an alkaline solution (94.38%). Coldwater (36.71%), Hot water (23.84%) 

and acidic solution (7.24%) were not very efficient in the dissociation of adsorbed drugs 

(see Figure 6.7). The membrane was re-tested for its adsorption efficiency and > 90% 

efficiency was noticed. However, the high NaOH concentration used for stripping 

resulted in the denaturation of few binding sites on the sericin coated membrane. 

Therefore, the optimization of NaOH concentration may help to reduce the impact of 

sericin protein denaturation and can be taken as a future study. 

 

Figure 6.7.  The effect of stripping solution on drug desorption efficiency from the 

membrane surface. 
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Modeling for drug adsorption 

The adsorption behavior for each drug on the sericin-coated HFMF membrane was 

evaluated using different breakthrough curve models (i.e., Bohart-Adams, Thomas, 

Yoon-Nelson, and Clark model). Figure 6.8a shows the breakthrough curve obtained for 

adsorption of selected drugs on the sericin-coated HFMF membrane at a fixed initial feed 

concentration of 500 µg/l, temperature 30°C, and 5 l/h flow rate. The breakthrough time 

(Cp/Cf =0.05) and exhaust time (Cp/Cf = 0.9, time after which adsorbent can no longer 

remove sorbate molecules) for the different drugs are shown in Figure 6.8a. The 

evaluated parameters for breakthrough curve fitting using Thomas, Yoon-Nelson, and 

Clark models are presented in Table 6-1. The Bohart-Adams model provided the best fit 

with the obtained experimental data for the breakthrough curve with a high correlation 

coefficient and low average percentage error (see Table 6-2). This rectangular isotherm 

assumes that initially, there is no adsorbate (drug) on the adsorbent surface (sericin layer 

of MF membrane), while with time, the drugs occupy the membranes binding sites on the 

surface. Thus, it relates to monolayer adsorption on the membrane surface with the first-

order reaction. The adsorption of drugs takes place via chemical bonding between the 

membrane surface and adsorbate. As in the present case, binding of drugs on membrane 

surface mainly involves intermolecular forces, i.e., hydrogen bonding between drug and 

amide groups present on the membrane surface. The KBA value of different drugs was 

found in the following decreasing sequence; Ibuprofen > Diclofenac > Amoxicillin > 

Ciprofloxacin > Estrone > β-estradiol (Table 6-2). This is based on the binding affinity 

of each drug with the sericin-coated membrane surface, as explained in the previous 

section. It shows that the adsorption was more favorable in the case of NSAID (Ibuprofen 

and Diclofenac), followed by antibiotics, i.e., Amoxicillin and Ciprofloxacin and was 

comparatively least favorable in case of steroids (estrone and β-estradiol). Owing to 

which, the maximum adsorbed amount (qe) decreased for least favored steroids drugs 

followed by antibiotics, while maximum adsorption was observed for NSAIDs. Fixed 

bed studies were performed at a different flow rate of 5, 10, 15, and 20 l/h for Ibuprofen 

as a model drug at an initial feed concentration of 500 µg/l, pH 7, and at 30°C, (other 

column parameters were kept fixed). Figure 6.8b shows the breakthrough curve for 

adsorption of Ibuprofen at a different flow rate. At a high flow rate, because of low 

residence time, the drug particles had less time for interaction, and hence breakthrough 

time and saturation time decreases. Table 6-1 shows that as the flow rate is increased, the 
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value of KBA increases, and the value of qe, decreases. Since at high flow rate, the high 

rate of mass transfer and availability of drug particles were high, which leads to faster 

saturation, and hence, the KBA value increased. While with quick saturation, the driving 

force decreased gradually, and hence, the qe value was found to decrease. Whereas, at a 

low flow rate, the drug particles had more time to interact with the membrane surface and 

hence resulted in high removal of drugs (i.e., qe). Figure 6.8c shows the breakthrough 

curve for adsorption of ibuprofen at different initial feed concentration for Ibuprofen. The 

breakthrough time decreased at a higher concentration as binding sites were quickly 

saturated. Table 6-1 shows that as the initial feed concentration increases, the value of 

KBA is reduced while the value of qe increases. An increase in feed concentration leads to 

a greater concentration gradient, which reduces the adsorption rate coefficient. While due 

to more availability of drug particles on the membrane surface at higher concentration 

results in better uptake of drug solutes per unit mass of absorbent. Similar trend results 

have been reported earlier for fixed-bed adsorption of pollutants [293,294,297]. 
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Figure 6.8. Packed bed breakthrough curve and Bohart-Adams model prediction for (a) adsorption of selected drugs at 5 l/h flow rate and 500 

µg/l initial feed conc. (b) effect of flow rate (5, 10, 15, 20 l/h) on ibuprofen adsorption (c) effect of feed concentration (500, 1000, 1500 µg/l)  

on ibuprofen adsorption in sericin coated HFMF bundle.

TH-2174_146107021



Chapter 6                                                                                                                                                                              Application of Sericin coated MF membrane 

137 
 

Table 6-1. Model parameters for Thomas, Yoon-Nelson and Clark model under various operating conditions and using different drugs 

 Parameters Thomas model Yoon-Nelson model Clark Model 

Drug Name  C0 

µg/L 

Q 

(l/hr) 

KTh 

(mlmg-1min-1 

qe (mg/g) R2 KYN  

(1/min) 

τ 

(min) 

R2 A r (1/min) R2 

Ibuprofen 500 5 0.0027 0.24 0.98 0.089 145 0.93 0.080 11.39 0.97 

 500 10 0.0033 0.15 0.97 0.083 96 0.95 0.078 7.22 0.96 

 500 15 0.0034 0.11 0.97 0.079 72 0.96 0.076 5.12 0.96 

 500 20 0.0043 0.07 0.98 0.102 45 0.95 0.099 4.33 0.96 

 1000 5 0.0025 0.21 0.97 0.085 120 0.95 0.078 9.21 0.97 

 1500 5 0.0021 0.18 0.98 0.060 105 0.96 0.054 5.42 0.97 

Diclofenac 500 5 0.0025 0.24 0.93 0.073 142 0.92 0.067 9.34 0.96 

Amoxicillin 500 5 0.0024 0.24 0.98 0.071 140 0.95 0.647 8.81 0.91 

Ciprofloxacin 500 5 0.0016 0.21 0.98 0.051 125 0.90 0.046 5.59 0.94 

Estrone 500 5 0.0013 0.18 0.98 0.042 106 0.93 0.039 3.96 0.93 

β-estradiol 500 5 0.0011 0.12 0.96 0.035 72 0.95 0.034 2.23 0.90 
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Table 6-2. Bohart-Adams model parameter with respect to drugs feed flow rate and 

concentration 

Drug Name  KBA 

(m3mg-

1s-1) 

qe 

(mg/g) 

C0 

(µg/L) 

Q 

(l/h) 

R2 % 

Error 

BTtime 

(minutes) 

Exhausttime 

(minutes) 

Ibuprofen 0.0027 0.62 500 5 0.93 5.94 112.5 172.5 

 0.0032 0.58 500 10 0.98 2.31 52.5 120 

 0.0034 0.55 500 15 0.96 3.09 37.5 97.5 

 0.0041 0.50 500 20 0.95 3.86 37.5 67.5 

 0.0025 0.66 1000 5 0.91 7.18 60 150 

 0.0020 0.69 1500 5 0.93 9.42 37.5 135 

Diclofenac 0.0024 0.61 500 5 0.93 5.45 105 172.5 

Amoxicillin 0.0024 0.50 500 5 0.94 5.03 105 172.5 

Ciprofloxacin 0.0015 0.46 500 5 0.93 5.52 67.5 165 

Estrone 0.0013 0.27 500 5 0.99 1.33 37.5 157 

β-estradiol 0.0011 0.13 500 5 0.98 2.19 37.5 142 

R2=1-(SSE/SSTO) where, SSR=Regression sum of squares, SSE=Error sum of squares and SSTO=Total 

sum of square (i.e. SSR+SSE), Error = 
(Experimental value−Theoretical value)

Theoretical Value
 

6.4.6. Membrane fouling resistance  

Membrane fouling resistance to synthetic greywater solution was studied through normal 

filtration and backwash cycle employing uncoated, and sericin coated HFMF membrane. 

Fouling behavior was evaluated in terms of flux decline and changes in permeate 

turbidity. The single HFMF membrane was used throughout the process in each case.  

6.4.6.1. Filtration of greywater 

The performance of uncoated and sericin coated membrane was evaluated and compared 

by filtering synthetic greywater under the same initial permeate flux of 28 l/m2h. Figure 

6.9a shows the time-dependent normalized flux of uncoated and sericin coated membrane 

during 500 liters of greywater filtration in 10 cycles with a 2-minute backwash after each 

50-liter cycle. A partial recovery of membrane flux is seen immediately after each 

backwashing step. As expected, calcium influences the rate of flux decline and the 

reversibility of fouling after backwashing. As the operation cycle is increased, flux 

recovery after backwashing is reduced, which indicates the formation of more cohesive 
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gel layers on the membrane surface, and irreversible fouling is observed. Also, the 

observed flux decline can be attributed to the fact that aggregates may form a cake on the 

membrane surface with relatively high permeability. 

It was found that the sericin coated membrane had comparatively 15% less fouling than 

the uncoated membrane indicating the sericin coated membrane can mitigate the surface 

deposition of foulants (Ca2+ and detergent additives) and thereby improving the fouling 

resistance. The sericin coated membrane surface exhibited a positive surface zeta 

potential of 5.72 mV at pH 7 and +1.54 mV at pH 9.5. While the uncoated polypropylene 

membrane was neutral and had a surface zeta potential of +0.44 mV to -0.22 mV. The 

amine groups (NH2) present on the sericin coated membrane surface exist in the 

protonated form (NH3
+) at neutral pH when it is exposed to water [298]. However, the 

surface charge reduced to +1.54 mV at pH 9. This must have happened because the major 

amino acids (serine, glycine, aspartic acid, threonine, and alanine) [299] that contribute 

to sericin have pKa (carboxyl) in the range of (2-2.63); and pKb (amino) in the range of 

(9.15-10.43) [300]. Hence at pH 9.5, a portion of mole fraction (≈50%) of these amino 

acids still exist as zwitterion and hence acid form (≈25% in NH3
+ state) while the rest 

exist in conjugate base (NH2) neutral form (≈50%) [301]. Therefore, the positive charge 

reduced (by almost ≈73%) on the membrane surface as pH increases. The presence of 

positively charged amine groups on the membrane surface must have assisted in repelling 

divalent calcium ion (2.25mM) and deposition (zeta potential of greywater foulant 

particles +7.95mV) of foulants. The higher rate of flux decline indicates that 

comparatively sever fouling has happened with the uncoated membrane. The mitigation 

of membrane fouling is mainly due to the improved surface hydrophilicity, modified 

surface morphology. Permeate turbidity was decreased by more than 80%, and hence, 

better removal capacity was observed for sericin coated MF membrane, though there was 

not a very noticeable change in TDS after filtration. The reduced turbidity is observed 

mainly due to reduced pore size with sericin coating (Figure 5.12), and hence the sericin 

coated membrane was able to remove turbidity more efficiently and improve separation. 

Figure 6.9b clearly shows the advantage of the sericin coated membrane by producing 

more volume (around 30 liters) of treated greywater than the uncoated membrane at the 

same interval of time. Moreover, the rate of flux decline was also comparatively less in 

sericin coated membrane due to the mitigation of foulant deposition on the membrane 
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surface. The further detailed analysis is performed based on reversible and irreversible 

fouling percentage. 

0 1

0

J J
Irreversible fouling

J

−
=  (6.2) 

1 2

0

J J
Reversible fouling

J

−
=  (6.3) 

Where J0 is pure water flux of new membrane, J1 is pure water flux after each backwash, 

and J2 is pure water flux of the fouled membrane at the end of each cycle. 

The cleaning results in Figure 6.9c shows that the membrane fouling was reversible and 

can be cleaned by a physical method. The reversible and irreversible fouling for 

greywater filtration was found to reduce by 30% and 83% for sericin coated membrane 

in comparison to the uncoated membrane. After 500 liters of the filtration cycle, the 

fouled membrane was subjected to chemical cleaning with 0.01M NaOH solution. 

Sodium hydroxide reacts with calcium chloride to form solid calcium hydroxide 

precipitate and soluble sodium chloride (which was quickly washed away by flushing 

with pure water). Flux recovery with chemical cleaning for sericin coated and the 

uncoated membrane was 99.5% and 97%, respectively. Sodium hydroxide was found to 

be very effective at cleaning of greywater fouled sericin coated PP HFMF membrane. 

Both physical and chemical cleaning methods provided better flux recovery with sericin 

coated membrane than the uncoated membrane, showing the antifouling effect of 

hydrophilic sericin coating on the membrane.  
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Figure 6.9. Life cycle study of sericin coated filter for greywater filtration (a) Permeate 

flux and turbidity (error on normalized flux is ±1.04%) (b) Volume filtered (c) Reversible 

and Irreversible fouling for sericin coated and uncoated HFMF membrane. 

(a) 

(b) 

(c) 
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6.4.6.2. Filtration of produced water 

Once the sericin coated membrane exhibited satisfactory performance with greywater, 

the membrane was then tested with produced water (PW) to assess its ability to address 

the different natures of foulants. Figure 6.10 shows the performance of the sericin coated 

HFMF membrane with PW. The sericin coated membrane was found to be very effective 

in treating PW with respect to the uncoated membrane. The permeate water 

characteristics (Table 6-3) were well below the range specified for treated water reuse by 

governing authorities [302]: pH (7.0), Conductivity (<250 ppm), COD (< 43 mg/l), BOD, 

(< 6.8 mg/l), SS (completely removed), TDS (< 112 ppm), turbidity (< 5 NTU), and oil 

content (<0.044 mg/l).  

Table 6-3. Characteristics of produced water after membrane treatment 

Sl. No. Parameters Uncoated Sericin coated 

1. Conductivity 378 µS/cm 217 µS/cm 

2. TDS 195 ppm 112 ppm 

3. Turbidity 5-26 NTU <5 NTU 

4. COD 60-73 ppm  32-43 ppm 

5. BOD 9.3 ppm 6.8 ppm 

6. pH 7.3 7.0 

7. Oil content (HEM) 0.438 mg/l 0.044 mg/l 

The fouling studies show that during 350 liters of filtration in seven cycles, the sericin 

coated membrane exhibited 10.5% less fouling than the uncoated membrane. The 

response of the sericin-coated membrane towards pure water backwash was more 

effective, and the flux recovery was more than the uncoated membrane. Figure 6.10b 

shows that around 17 liters of more volume was filtered with sericin coated membrane 

during the same interval of time. Figure 6.10c shows the irreversible and irreversible 

fouling during PW filtration. In comparison to the uncoated membrane, the irreversible 

and reversible fouling reduced by 66% and 21%, respectively, for the sericin coated 

membrane.  
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Figure 6.10. Life cycle study of sericin coated filter using produced water filtration (a) 

permeate flux and turbidity (error on normalized flux is ±1.40%) (b) Volume filtered (c) 

Reversible and Irreversible fouling for sericin coated and uncoated HFMF membrane. 

(a) 

(b) 

(c) 
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After 350 liters of the filtration cycle, the membrane was cleaned with 0.1 M solution of 

sodium hydroxide with 96% and 98.4% flux recovery for uncoated and sericin coated 

membranes. The irreversible fouling in the case of produced water was more on the 

uncoated membrane because of the permanent deposition of foulants on the hydrophobic 

membrane surface. While the hygroscopic nature of the sericin coated membrane 

prevented deposition of oil-based foulants on the membrane and hence exhibited 

comparatively better flux throughout the operation.       

6.5. Conclusion 

In this study, the modified PP-HFMF membrane was assessed for its potential to remove 

drug-based micropollutants from a single and multi-component aqueous solution. It was 

found that the adsorption of drug particles on to active protein layer plays the main role 

in the removal of drugs. Complete removal was noticed at lower concentrations (100 

µg/l); however, the removal efficiency reduced with an increase in drug concentration. 

The adsorption behavior was studied using the Bohart-Adams model to predict the 

dynamic behavior of the HFMF membrane module fitted in housing. The desorption 

study revealed that the protein layer could be regenerated for reuse of membrane using a 

cold alkaline solution. Membrane re-usability was tested for five cycles with six different 

drugs, and the membrane was found to be effective for multiple cycles. The interaction 

effect of background salt and mixed drug scenario was studied. The adsorption 

mechanism was highly influenced by charged based interaction and hydrogen bonding 

resulting in less removal of uncharged drugs compared to anionic drugs. In a multidrug 

mixture, the removal efficiency for different selected drugs follows the sequence; 

Ibuoprofen>Diclofenac>Amoxicillin>Ciprofloxacin>Estrone>β-estradiol. The study 

reveals that the sericin-coated membrane can be used for target-specific removal of drug-

based micropollutants. 

During fouling resistance experiments, 15% less fouling was noticed for the sericin 

coated membrane, and more than 90% turbidity removal was observed for the greywater 

purification application. While with produced water, the sericin coated membrane 

exhibited 10.5% less fouling, and more than 65% turbidity was removed during filtration. 

The pure water backwash was quite effective in mitigating reversible fouling for sericin 

coated membrane and hence filtered more volume of water than the uncoated membrane 

in the same timeframe. Flux recovery for both physical and chemical cleaning methods 
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shows a better result with sericin coated membrane. Hence, considering the obtained 

results, it is conclusive that sericin coated membrane is quite promising for mitigating 

membrane fouling by imparting hydrophilicity together with excellent separation 

efficiency for greywater purification application. 
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Parts of this Chapter are published as research articles: 

• V.K. Verma, S. Subbiah, S.H. Kota, Sericin-coated polyester-based air-filter for 

removal of particulate matter and volatile organic compounds (BTEX) from 

indoor air, Chemosphere. 237 (2019). doi:10.1016/j.chemosphere.2019.124462. 
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7.1. Theoretical Consideration  

The most often used material for air filtration includes woven/nonwoven fibers, Polyester 

pleated filters, nano-fibers, and fiberglass [166,303,304]. The HEPA and ULPA filters 

are made of thin glass fiber woven into a paper-like material that is pleated to achieve 

high surface area per unit volume of the filter module [305]. Due to dense packing, the 

HEPA filter requires a higher power blower to get sufficient airflow through the filter, 

and since HEPA filters are not washable and not recommended to reuse [305]. Recently 

hybrid fabrics like bi-component, nano-fiber, melt-blown media, etc., have been used for 

fabricating air-filters as they provide better strength than HEPA filters and offer high air 

permeability for the lowest pressure drop [306]. A bi-component polyester has multiple 

types of polymer with different desired characteristics, which can be further modified via 

surface modification. The use of polyester for fabricating air filter offers specific merits 

like required permeability, better particulate matter (PM) collection efficiency, low-

pressure drop, cost-efficient, stiffness to get optimal pleat, and are easy to modify the 

surface properties  [307,308]. Polyester fabric is widely used in the air-filtration process 

due to its maximum working temperature and very high abrasion resistance, complicated 

structure, and thickness [304]. Air filter cleaning and its reuse may enable low-cost green 

technology in the air purification sector. However, the cleaning and filter regeneration is 

not recommended for the HEPA filter. Because such activity may lead to permanent 

damage to the HEPA filter surface. The hydrophilicity has been related with antifouling 

character of the filter, the possibility of rendering hydrophilicity on the polyester surface 

may resist foulant deposition and impart easy cleaning possibility.  

sericin is a hydrophilic biopolymer [108,309], and they provide the additional benefit of 

antimicrobial and antifouling properties [105]. Sarovart et al. (2003) [165] used sericin 

for the coating of nylon and polyester fiber for providing antibacterial and antifungal 

properties.  Purwar et al. (2016) [166] used a blend of sericin/Polyvinyl alcohol (PVA)/ 

to make nano-fibrous mats through electrospinning technique. The antimicrobial air 

filtration mask worked well for filtration (i.e., filtered concentration 0.725 mg/m3/s) of 

particulate matter of size ~1 micron and had antimicrobial properties. The affinity of 

sericin towards drug-based organic compounds phenolic groups have been established in 

earlier chapters, and hence it is discernible to assume they may have an affinity towards 

other similar aromatic compounds as well. Hence this study, a simple dip-coating method, 

has been used to coat sericin on a bi-component hybrid polyester mesh fabric, which can 
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facilitate the adsorption of volatile organic compounds together with the size-based 

exclusion of particulate matter. 

7.2. Hypothesis 

The polyester-based filter can be used in air purification application, and it can be washed 

with cleaning agents for regeneration. But the separation efficiency of the standalone 

polyester-based filter is observed to be very low. Therefore, the surface modification of 

filter fabric can improve removal efficiency, provide easy washing, and subsequently 

enhance the performance of the filter. Moreover, the presence of multi-functional groups 

in sericin can be harnessed to capture volatile gases like BTEX. 

7.3. Result and Discussion 

7.3.1. Sericin coated Air-filter Characterization 

7.3.1.1.FESEM Analysis 

FESEM analysis of polyester sheet before sericin coating and post-coating was analyzed 

to ascertain coating and study morphological changes imparted. Figure 7.1b and Figure 

7.1d clearly shows the sericin deposition on coated polyester fabric. Moreover, after 

sericin deposition, the fiber diameter has increased (see Figure 7.1a-d). The average 

width of each fiber (denoted as “Pa” in FESEM images) before coating as shown in 

Figure 7.1a (i.e., Pa1=14.32, Pa2=14.48, Pa3=14.26, Pa4=14.38, Pa5=13.99, Pa6=13.83, 

Pa7=14.48, Pa8=14.17) is 14.23 microns. Which evidently increased to 15.73 microns 

after sericin coating as visible in Figure 7.1b (i.e., Pa1=15.03, Pa2=15.99, Pa3=16.15, 

Pa4=15.52, Pa5=16.50, Pa6=15.61, Pa7=15.46, Pa8=15.61). The FESEM morphology 

analysis shows warp and weft-knitting patterns in sericin coated bi-component polyester 

sheet. The sheet was pleated, and the dual-layer was placed in the filter module. The 

sericin coating on each fiber of bi-component material further assists in easy washing of 

deposited foulants otherwise not possible in case of HEPA filter. The HEPA-filter has a 

dense overlapped woven structure (see Figure 7.1e and Figure 7.1f) which assists in 

quick removal of PM but at the same time attracts more pollutants deposition, which 

cannot be cleaned easily and he HEPA filter manufacturer recommends not to clean with 

liquids instead replace the filter once choked. 
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Figure 7.1. FESEM analysis of (a) uncoated polyester sheet at 300X (b) sericin-coated 

polyester sheet at 300X (c) uncoated polyester sheet at 5KX (d) sericin-coated polyester 

sheet at 5KX (e) HEPA filter at 300X (f) HEPA filter at 5KX. 

(a) (b) 

(c) 

(e) (f) 

(d) 
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7.3.1.2.FTIR Analysis 

Absorption bands in the FTIR spectrum of the uncoated polyester sheet (see Figure 7.2c) 

were noticed between 3100–2800 cm−1 attributed to C-H stretch, at 2264 cm-1 (O-H and 

C=O stretch), at 1711 cm-1 to stretching band of the ester carbonyl group. The band at 

1248 cm-1 presents C-C  vibration, 1096 cm-1 (methylene and ester C-O bond vibration), 

at 850 cm-1, and 709 cm-1  to polar ester groups and aromatic ring [310,311]. 

Additional functional groups were noticed on the polyester sheet after sericin coating on 

the FTIR spectrum of the sericin-coated polyester sheet (see Figure 7.2b). New FTIR 

peaks originated at position 3614 cm-1, 3680 cm-1 (representing amide NH stretch), at 

2358 cm-1, 2330 cm-1 (for stretching of C=N bonds), 1701 cm-1, 1652 cm-1 (for stretching 

of C–N and bending of –NH2 vibrations). Peaks for amide-type I, II, and III appeared at 

1701, 1524, and 1237 cm-1 (attributing to sericin coating). Absorption peaks at 1423 cm-

1 indicate CH3 stretch, C-OH stretching, at 1088 cm-1  for CN symmetric stretching [109]. 

The FTIR peaks after BTEX adsorption on sericin-coated polyester sheet (see Figure 

7.2a) appeared at 3017 cm-1(aromatic CH-stretch), 2955 cm-1 (toluene alkyl group), 2923 

cm-1, 2861 cm-1,  1460 cm-1 (ring modes), 1516 cm-1 (C-C stretch aromatics), 1019 cm-1, 

1090 cm-1, (in-plane CH-bending), 874 cm-1, peaks at 729 cm-1, 697 cm-1 attribute to ring 

bends and CH-wag (adsorbed BTEX gases) of aromatics [312]. 

7.3.1.3.XRD Analysis 

Figure 7.3 shows the XRD pattern of the uncoated polyester sheet and sericin-coated 

polyester sheet. In the uncoated polyester sheet, three diffraction peaks were observed at 

17.67°, 22.78°, and 25.80°. A similar kind of diffraction pattern was noticed for 

polyethylene terephthalate in earlier studies involving the aminolysis of PET fabric [313]. 

The XRD profile of the sericin-coated polyester sheet conserved the main diffraction 

peaks of polyester and found to be almost similar. However, the amorphous nature of 

sericin reduced the intensity of the three main diffraction peaks post-coating in the 

polyester sheet.  
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Figure 7.2. FTIR-analysis for (a) BTEX-adsorbed sericin-coated polyester sheet (b) 

sericin-coated polyester sheet (c) uncoated polyester sheet. 
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Figure 7.3. XRD-profile for uncoated polyester sheet and sericin-coated polyester sheet. 

7.3.2. Air filtration using Sericin coated Air-Filter 

7.3.2.1.PM removal through Sericin coated Air-Filter 

The particulate matter generated using incenses stick in the closed chamber was filtered 

using sericin-coated air–filter. Filtration was performed at a different flow rate, and 

comparative analysis was performed to evaluate its performance with uncoated and 

HEPA filter. At a low flow rate (145 m3/h), the filter was more efficient than at a higher 

flow rate (445 m3/h). This could be due to a high-pressure drop at an increased flow rate, 

which leads to a decreased time of contact between PM and air-filter. Also, a high flow 

rate results in a turbulent condition that may cause decreases in removal efficiency. For 

complete removal, the sericin-coated air-filter took 26.80, 45.91, 50.88, and 61.8 minutes 

at 145, 300, 375, and 445 m3/h of flow rate, respectively (see Figure 7.4a). Figure 7.4b 

shows the removal efficiency of sericin coated, uncoated, and HEPA filter.  
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Figure 7.4. PM removal using sericin-coated air filter (a) at a different flow rate (b) 

comparative performance analysis of sericin-coated air-filter with uncoated and HEPA 

filter at a fixed flow rate of 145 m3/h, error = ±2.8% (c) BTEX removal at a varying initial 

concentration (100, 500, 750 and 1000 µg/m3) and flow rate of 145 m3/h (error = 3.65%). 

(a) 

(b) 

(c) 
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The HEPA filter was able to remove both PM2.5 and PM10 in 8.5 minutes at 145 m3/h 

flow rate, while sericin coated and uncoated air filter took 26.80 minutes and 37.23 

minutes, respectively for complete removal. The HEPA filter is found to be highly 

efficient in comparison to the fabricated filter in terms of time taken for the complete 

removal of particulate matter. 

7.3.2.2.BTEX removal through Sericin coated Air-Filter 

The fabricated sericin-coated air-filter was also tested for the removal of VOCs (BTEX) 

generated using gasoline in the closed chamber. Figure 7.4c shows the time-based 

percentage removal of BTEX gases using fabricated air-filter. The comparative removal 

of BTEX follows the order Xylene> Ethyl Benzene> Toluene> Benzene (see Table 6.1a-

b). It may be a result of a comparative Octanol-air partition (log Koa) coefficient of BTEX 

gases in air (Xylene>Ethylbenzene>Toluene>Benzene) and low molecular weight, 

Benzene being the smallest (see appendix Table A1). The filter was found to be very 

effective at a lower concentration of VOCs (100-1000 µg/m3), and complete removal was 

noticed up to 1000 µg/m3 for all the selected VOCs (BTEX). The sericin-coated air-filter 

was regenerated after each experiment via washing with pure water, followed by 

exposure to heat treatment at 50 °C for 3 hours. The regenerated air-filter was reused in 

the same condition and was found to retain more than 99% efficiency. For comparison 

purposes, the performance of the HEPA filter for VOC removal is also experimentally 

studied, and results conclude that HEPA is not capable of removing VOC. 

7.3.3. Adsorption Isotherm and kinetics 

Three classic adsorption models, Langmuir, Freundlich, and Sips, using non-linear 

regression, were employed to evaluate adsorption of selected VOCs on sericin-coated air-

filter to describe adsorption equilibrium. The Langmuir model relates to monolayer 

adsorption on the adsorbent surface containing a finite number of identical binding sites 

with the assumption of the homogeneous surface without interaction between adjacent 

adsorbed particles [314]. The Freundlich isotherm refers to multilayer adsorption on 

heterogeneous surface assuming binding depends on whether or not the adjacent sites are 

already occupied [315]. The Sips isotherm is a combination of both isotherms, which is 

used for protein-ligand interaction [316]. This model provides a better explanation with 

a system involving a heterogeneous surface with adsorption cooperativity. The value of 

ns provides the extent of cooperativity involved in the binding interaction [316]. The non-
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interacting purely independent sites exhibit a value of ns=1. Positive cooperativity is 

expected when ns>1 and when 0<ns<1 negative cooperativity is proposed in binding. The 

adsorption isotherm parameters obtained for all three applied models are presented in 

Table 7-1a. All three models depicted different fittings for the adsorption data of VOCs 

on the membrane surface (Figure 7.5). The Sips model provided the best fit based on R2 

and χ2 values for all cases. Also, the obtained Qm is closer to experimental data with the 

Sips model. Figure 7.5 shows the non-linear fits to the Sips model for the drug adsorption 

isotherms on the sericin coated membrane. For the Sips model, the Qm (mg/g) values 

were 6.978, 5.688, 5.357 and 4.780 for Xylene, Ethyl Benzene, Toluene and Benzene, 

respectively. For all the cases, the value of ns is found to be positive and lies between 1-

2, implying positive cooperativity and heterogeneous adsorption. Cooperativity during 

adsorption arises from multi-functional groups resulting in multiple interactions. Both the 

sericin coated air-filter surface, as well as gasoline particle, have multi-functional groups 

(carboxyl, hydroxyl, amine etc.) leading to multiple interactions.  
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Figure 7.5. Isotherm and kinetics involved with BTEX adsorption on fabricated sericin-

coated air filter (a) Xylene (b) Ethyl Benzene (c) Toluene (d) Benzene (e) combined 

isotherm (f) Kinetics (at initial conc. of 2 mg/m3) involved with BTEX adsorption.

(a) (b) 

(c) (d) 

(e) (f) 
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Table 7-1. (a) Results obtained from Langmuir, Freundlich and Sips model fitting to adsorption data of BTEX on sericin-coated air filter (b) 

Results obtained from the kinetic model fitting for BTEX adsorption on fabricated sericin-coated air filter 

(a) 

Aromatic 

Compounds 

Langmuir Model Freundlich Model Sips Model 

 Qmax  KL R2 χ2 KF nF R2 χ2 Qmax KS ns R2 χ2 

Xylene 11.921 0.867 0.987 0.026 5.930 1.330 0.974 0.0889 6.97 2.905 1.362 0.990 0.020 

Ethyl 

Benzene 

11.956 0.531 0.975 0.050 4.132 1.314 0.956 0.0529 5.68 2.823 1.702 0.995 0.010 

Toluene 10.706 0.384 0.972 0.046 2.890 1.332 0.951 0.0809 5.35 1.407 1.643 0.989 0.017 

Benzene 10.605 0.277 0.975 0.035 2.239 1.293 0.957 0.0608 4.78 1.038 1.755 0.998 0.002 

(b) 

Aromatic 

Compounds 

Pseudo First Order Pseudo Second Order 

 Qe K1 χ2 R2 Qe K2 χ2 R2 

Xylene 0.9665 0.0157 3.53E-4 0.992 1.123 0.0180 0.0012 0.974 

Ethyl 

Benzene 

0.9092 0.0144 1.92E-4 0.995 1.072 0.0164 8.07E-4 0.982 

Toluene 0.8772 0.0139 2.16E-4 0.995 1.044 0.0157 3.45E-4 0.992 

Benzene 0.8228 0.0127 1.98E-4 0.995 0.989 0.0149 5.04E-4 0.987 
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The adsorption kinetics of selected VOCs on sericin-coated air-filter were analyzed for 

the pseudo-first-order and second-order kinetics. The obtained data of adsorption kinetics 

for BTEX gases on air-filter are shown in Figure 7.5f, and kinetic parameters are 

summarized in Table 7-1b. Figure 7.5f shows non-linear fitting for the pseudo-first-order 

kinetic model for BTEX gases adsorbed on the air-filter surface. The pseudo-first-order 

model is based on the hypothesis that initially, there is no adsorbate (VOCs) on the 

adsorbent surface (sericin layer of air-filter), while with time, the VOCs occupy the 

binding sites on the air-filter surface. The adsorption rate correlates with the number of 

free adsorption sites in direct proportion via physio-sorption.  Figure 7.5f shows non-

linear fitting for the pseudo-second-order kinetic model for BTEX gases adsorbed on the 

air-filter surface. If the adsorption system follows pseudo-second-order kinetics, then the 

rate-limiting step is chemical adsorption involving chemical bonding between the 

adsorbent and adsorbate. As in the present case binding of VOCs on the filter surface 

mainly involves intermolecular forces, i.e., hydrophobic and electrostatic interaction and 

hence the experimental data provide the better fitting with a pseudo-first-order kinetic 

model with a high correlation coefficient (R2=0.99) value and low chi-square values 

(Table 7-1b and Figure 7.5f). The easy desorption of VOCs during air-filter regeneration 

seconds involvement of weak binding forces in adsorption. The Qe values estimated 

through the pseudo-first-order model (Table 6.1b) are also closer to experimentally 

calculated values. These results imply that the adsorption system studied follows the 

pseudo-first-order kinetic model. 

7.3.4. Lifetime study for Sericin coated Air-filter  

Continuous removal for multiple cycles and ease of regeneration are crucial factors to 

assess the performance of an air filter. The sericin-coated air-filter was operated for 2160 

cycles (from a 1000 µgm-3 level to 5 µgm-3 in a 6.28 m3 chamber). Figure 7.6 shows the 

performance of the fabricated air-filter for 2160 cycles with intermittent washing after 

every 180 cycles. Pure water was used to wash the air-filter, followed by air-drying at 

room temperature. The Air-filter was capable of removing the PM2.5 and PM10 completely 

and efficiently for the tested duration. The Air-filter regained its efficiency after each 

wash with a <95% recovery. A very low decline in the performance of air filter was 

noticed in terms of time taken (increased from 26.8 to 27.30 minutes) for complete 

removal of PM when performed for 2160 cycles. The commercially available HEPA 
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filters are not washable and cannot remove VOCs, and hence generally used together with 

an activated carbon filter for air-filtration [317,318]. The comparative analysis shows that 

the HEPA filter is very effective initially and requires only 8-9 minutes for complete 

removal of PM2.5 and PM10, but gradually after continuous use for one month and three 

months, the time required for a removal for PM increased to 35.06 and 47.05 minutes, 

respectively.  The sericin-coated air filter comparatively takes longer duration for PM 

filtration, but the removal efficiency is consistent for a longer period, is a washable filter, 

and works adequately for a longer duration. Besides, the sericin-coated air-filter could 

provide VOC removal as well. Hence, the sericin-coated air filter may provide a better 

solution for the treatment of indoor air in the longer run. 

 

Figure 7.6. Performance of sericin-coated air-filter for 2160 cycles with intermittent 

washing after every 180 cycles (error = ±2.8%). 

7.4. Conclusion 

In this study, a sericin-coated air-filter was fabricated using a very facile and novel 

method. The fabricated air-filter was assessed for its capacity to remove particulate matter 

as well as VOCs from indoor air. Experiments were conducted in a closed chamber 

saturated with PM generated from incense stick and gasoline (for VOCs). The air filter 
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completely removed the particulate matter (PM10 and PM2.5) in 27 minutes. BTEX gases 

were efficiently captured at lower concentrations (100-1000 ppb), while adsorption 

capacity gradually decreased with increasing concentration. The pseudo-first-order 

kinetic model and Sips adsorption isotherm provided the best fit to the adsorption data. 

The desorption study revealed that the protein layer could be regenerated for reuse of air-

filter by washing with pure water. The sericin-coated air-filter proved was capable of 

removing PM with the same potency for around 2160 cycles and exhibited more than 

95% recovery after each washing. The study reveals that sericin-coated air-filter can be 

used for efficient removal of PM as well as VOCs from indoor air. 
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8.1. Summary 

This study involved investigations on the potential of sericin as an adsorbent and coating 

material for enhancement of surface properties of microfiltration (MF) polypropylene 

hollow fiber membrane for the removal of drug-based micropollutants in water. At the 

earlier stage, the adsorptive properties of sericin were identified by studying its 

interaction pattern with one model drug Ibuprofen, frequently found in water sources. 

The study was performed using an integrated adsorption-cum-membrane filtration setup. 

Sericin physicochemical properties relative to adsorption was studied. The study revealed 

sericin as non-porous material with low surface area prone to conformational change with 

physical stimuli like pH and temperature. Its adsorption ability was analyzed at different 

operating conditions (concentration, temperature, and pH). High pH and increasing 

temperature were found to assist in better adsorption of Ibuprofen. Ibuprofen interaction 

with sericin was found to be endothermic in nature but dependent on protein unfolding. 

Ibuprofen binding was related to the sericin transition to a random coil structure.  

Once a detailed knowledge was gained on its binding and interaction patterns, the sericin 

was used further for membrane modification. A flow-through coating through physical 

and chemical adsorption was carried out as a facile surface modification technique. 

Physical adsorption of hydrophilic sericin followed by chemical linking and thermal 

fixation as a suitable way to enhance surface characteristics of the PPMF membrane has 

been demonstrated. The high molecular weight globular sericin protein was uniformly 

coated on the membrane surface. The coating materials dually impacted the membrane 

surface properties by enhancing its hydrophilicity and providing it with multi-functional 

groups for pollutant entrapment via adsorption. The obtained results from different 

analytical techniques revealed uniform deposition of sericin on the modified membrane 

surface, inside pores, and walls of the membrane. The pore size compaction post-coating 

resulted in decreased pure water permeability by 19.10% compared to that of the pristine 

membrane. The sericin coated PP-HFMF membrane exhibited increased hydrophilicity, 

reduced contact angle (38°), high water content (64.87%) with the presence of multi-

functional groups on the membrane surface. The sericin enhanced hydrophilic 

membranes was then tested for its antifouling and adsorptive properties for charge-based 

separation of pollutants from water. 
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The modified PP-HFMF membrane was used to remove drug-based micropollutants from 

a single and multi-component system. Complete removal via adsorption of drugs on to 

the membrane surface was noticed for low-concentration (~20 µg) systems. The 

adsorption behavior was studied using different fixed bed models, with the best predictive 

model being the Bohart-Adams model. The model predicted the dynamic behavior of the 

HFMF membrane module fitted in housing with minimum error. The protein layer could 

be regenerated very easily with stimulation by using a cold alkaline solution. Membrane 

re-usability was tested for five cycles with six different drugs, and the membrane was 

found to be effective for multiple cycles. The interaction effect of background salt and 

mixed drug scenarios exhibited negligible influence. The adsorption mechanism was 

highly influenced by charged based interaction and hydrogen bonding resulting in less 

removal of uncharged drugs compared to anionic drugs. In a multidrug mixture, the 

removal efficiency for different selected drugs follows the sequence; 

Ibuoprofen>Diclofenac>Amoxicillin>Ciprofloxacin>Estrone>β-estradiol. The 

membrane was found to be effective for the anionic drug rather than uncharged drugs. 

Subsequently, the modified membrane was tested for its antifouling properties. The 

fouling resistance experiments revealed 15% less fouling for sericin coated membrane 

with >90% turbidity removal for the greywater purification application. With the 

produced water, the sericin coated membrane exhibited 10.5% less fouling, and >65% 

turbidity was removed during the filtration process. The pure water backwash was quite 

effective in mitigating reversible fouling for sericin coated membrane and flux recovery 

was high for both physical and chemical cleaning methods.  

Based on sericin's ability to interact with pollutants and its easy incorporation with other 

polymers, it was used to coat a polyester-based air-filter via a very facile and novel 

method. The bi-component polyester fabric used for air filter was dip-coated and 

crosslinked using glutaraldehyde followed by heat curing. The fabricated air-filter 

removed the particulate matter (PM10 and PM2.5) in a short time of 27 minutes. Then 

subsequently, air-filter was also tested for its capability to remove VOC gases from 

indoor air. BTEX gases were efficiently captured at lower concentrations (100-1000 ppb), 

while adsorption capacity gradually decreased with increasing concentration. The 

adsorption isotherm and kinetics were studied for BTEX adsorption using classic 

Langmuir, Freundlich, and Sips model. The adsorption of gases followed the pseudo-
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first-order kinetic model and Sips adsorption isotherm. The air-filter could be easily 

generated by washing with pure water. The sericin-coated air-filter proved capable of 

removing PM with the same potency for around 2160 cycles and exhibited more than 

95% recovery after each washing. The study reveals that Sericin-coated air-filter is quite 

efficient in the removal of PM as well as VOCs from indoor air. 

Overall, it is demonstrated that membrane modification with sericin coating is a simple 

and efficient way to modify the surface properties of polymeric membranes for water and 

air filtration application. The improved performance of the coated membrane was 

evident, and increased membrane life and operational performance.  

8.2. Recommendation for future research 

Further investigations into the use of other coating materials with adsorbing properties to 

address the problem of fouling alongside drug-based micropollutant removal are 

recommended, as well as the use of other types of membrane material (i.e., ceramic) and 

module configuration (such as flat sheet). Natural or synthetic non-toxic materials with 

high hydrophilicity and anti-fouling property which can cross-link/bind and achieve firm 

anchorage to the base membrane material surface will be very useful to provide a barrier 

adsorbing structure for organic pollutants removal while limiting the fouling effects via 

hydrophilicity. The examples of such materials may include natural and synthetic 

hydrophilic polymers like chitosan, cyclodextrin, polydopamine, etc. Also, the blending 

of such potent materials with the base membrane polymer material at the earlier 

production stage may be a good option to improve the permeate water flux, which can 

impart high anti-fouling properties on the membrane surface as well as pores and walls 

of the produced membrane. 

An investigation into pore size distribution control by manipulating physical properties 

(pH, temperature, thermal fixation, etc.) while fabricating the adsorptive membrane can 

be an interesting topic for better application. Fabrication of adsorptive membrane with 

anti-fouling properties with flux recovery capabilities without compromising water 

permeability, which can show specificity towards selective removal of other organic 

pollutants (like heavy metals, herbicides, pesticides, etc.) will be interesting for future 

studies.  
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Further investigation on the use of sericin for coating of different membrane modules can 

be taken as a future study. The use of more robust characterization techniques for the 

modified membrane on a holistic approach rather than a representative approach is 

recommended. The advanced characterization techniques can specifically identify the 

binding amino acid groups present in sericin responsible for the removal of pollutants. 

Characterization methods such as; liquid chromatography-mass spectroscopy (LC-MS), 

Electrospray ionization mass spectroscopy (ESI-MS), matrix-assisted laser 

desorption/ionization mass spectroscopy (MALDI-MS), X-ray Photoelectron 

Spectroscopy, high-resolution Atomic Force Microscopy, Transmission Electron 

Microscopy in addition to the Field Emission Scanning Electron Microscopy; can provide 

relevant information on the surface characteristics and microstructure of the membrane. 

The in-depth detailed characterization may demand multi-disciplinary expertise and 

collaboration.  

Continuous operation coated membrane to investigate the durability of the coated layer, 

and the effects of other dissolved pollutants on removal are also recommended. The 

coated membrane can also be tested with other foulants to check its applicability in other 

water matrices. In this study, site-based produced water and synthetic greywater water 

were used, which contains limited organic pollutants at a time. Although the investigation 

into the problems of membrane fouling related to wastewater was not within the scope of 

this study, future studies may include fouling mitigation in real municipal wastewater 

containing a cocktail of pollutants. A thorough operation optimization and membrane 

material functionalization are also recommended
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Appendix: 

 

Figure A. 1 Calibration plot for (a) Ibuprofen (b) Diclofenac (c) Amoxicillin (d) 

Ciprofloxacin (e) Estrone and (f) β-estradiol. 

 

(a

) 

(b) 

(c

) 

(d) 

(e

) 
(f) 
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Figure A 2. Pure water flux (Jw) for RO-sheet membrane (ΔP; 10-90 psi). 
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Figure A 3. Proposed schematic illustration of polypropylene hydroxylation reaction. 
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Figure A 4. Sericin binding to hydroxylated PP fibre surface of HFMF membrane via 

hydrogen bonding using two possible hydroxyl ends. 
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Figure A 5. Sericin cross-linking via glutaraldehyde using amine (structure a and c) and 

hydroxyl end (structure b). 
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Figure A 6. Detail mechanism for the cross-linking reaction of sericin by glutaraldehyde 

via hemiacetal formation. 
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Figure A 7. Detail mechanism for the cross-linking reaction of sericin by glutaraldehyde 

via Schiff base formation.  
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The sericin rejection profile at different initial feed concentration of sericin show that the 

HFMF membrane exhibited ~13%, ~15% and ~20% rejection at 10 g/l, 20 g/l, and 30 g/l 

of sericin initial feed concentration, respectively. The rejection of sericin by HFMF 

membrane slightly increases (4-5%) with time during recirculation, and it reaches an 

asymptotic value (due to deposition of sericin layer and concentration polarization near 

membrane surface). 

 

Figure A 8. Rejection profile at different sericin feed concentration using sericin coated 

HFMF membrane. 

TH-2174_146107021



 Appendix 

215 
 

 

Figure A9. Molecular structure and physiochemical properties (pKa, log P and log D 

values) of selected drugs in this study; a[189]. 
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Table A 1. Analysis of air quality in major Indian cities* – (from 1-Jan 2018 to 31 Dec 2018) 

Major 

Cities 

Monitoring Stations PM10  

(µg/m3) 

PM2.5 

(µg/m3) 

Benzene 

(µg/m3) 

Toluene 

(µg/m3) 

Ethyl 

benzene 

(µg/m3) 

Xylene 

(µg/m3) 

New Delhi 

Alipur, Delhi - DPCC 347.56 229.42 5.28 49.41 - 2.72 

Anand Vihar, Delhi - DPCC 349.90 162.24 11.12 40.62 - 29.44 

Ashok Vihar, Delhi - DPCC 264.26 120.23 5.40 35.77 - 22.86 

Aya Nagar, Delhi - IMD 187.81 94.85 - - - - 

Bawana, Delhi - DPCC 262..39 118.47 1.13 104.85  15450 

Burari Crossing, Delhi - IMD 222.57 131.47 - - - - 

CRRI Mathura Road, Delhi - IMD 253.98 124.34 - - 1.22 - 

DTU, Delhi - CPCB 266.30 129.15 5.988 72.19 7.53 - 

Dr. Karni Singh Shooting Range, Delhi - DPCC 200.99 73.83 2.60 19.48 - 13.02 

Dwarka-Sector 8, Delhi - DPCC  292.61 107.91 2.89 24.80  22.58 

East Arjun Nagar - - 5.62 106.38 - - 

IGI Airport (T3), Delhi - IMD 193.6 85.15 - - - - 

IHBAS, Dilshad Garden, Delhi - CPCB - 104.84 - - - - 

ITO, Delhi - CPCB 196.58 119.19 1.14 6.75 1.38 - 

Jahangirpuri, Delhi - DPCC 303.13 144.94 3.14 20.48 - 12.82 

Jawaharlal Nehru Stadium, Delhi - DPCC 235.83 105.54 3.04 31.60 - 17.03 

Lodhi Road, Delhi - IMD 198.16 90.15 0.14 0.59  0.90 

Major Dhyan Chand National Stadium, Delhi - 

DPCC 

238.35 102.38 3.37 24.46 - 14.22 

Mandir Marg, Delhi - DPCC 202.33 110.16 4.16 18.19 - 6.05 

Mundka, Delhi - DPCC 313.91 144.74 6.22 109.55 - 121.31 

NSIT Dwarka, Delhi - CPCB - 118.63 3.43 8.91 1.72 - 

Najafgarh, Delhi - DPCC 198.71 87.204 1.53 13.55 - 2.14 

Narela, Delhi - DPCC 259.22 121.16 2.84 44.23 - 6.39 

Nehru Nagar, Delhi - DPCC 234.57 122.57 3.15 25.05 - 26.81 
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North Campus, DU, Delhi - IMD 242.72 111 0.72 1.27 - 0.37 

Okhla Phase-2, Delhi - DPCC 251.11 104.61 3.67 28.94 - 15.83 

Patparganj, Delhi - DPCC 211.55 100.78 0.98 - 6.11 160.63 

Punjabi Bagh, Delhi - DPCC 246.73 131.42 4.56 - 37.03 21.30 

Pusa, Delhi - DPCC 169.47 82.76 0.09 - 0.58 1.40 

Pusa, Delhi - IMD 247.56 124.2 11.09 - 23.97 4.70 

R K Puram, Delhi - DPCC 248.4 124.84 11.09 23.97 - 4.70 

Rohini, Delhi - DPCC 291.6 128.53 3.59 32.39 - 4782.8 

Shadipur, Delhi - CPCB - 113.52 4.59 16.39 3.46 - 

Sirifort, Delhi - CPCB 269.23 105.24 7.54 46.11 7.90 - 

Sonia Vihar, Delhi - DPCC 242.32 117.17 3.51 61.71 - 25.64 

Sri Aurobindo Marg, Delhi - DPCC 168.51 93.88 5.27 62.35 - 1836.1 

Vivek Vihar, Delhi - DPCC 253.11 110.37 2.61 24.53 - 7.48 

Wazirpur, Delhi - DPCC 317.55 137.48 4.50 60.18 - 196.02 

Bengaluru 

BTM Layout, Bengaluru - CPCB - 34.08 0.55 0.99 0.24 - 

BWSSB Kadabesanahalli, Bengaluru - CPCB - 26.38 0.62 1.55 0.28 - 

Bapuji Nagar, Bengaluru - KSPCB 82.66 38.70 0.10 0.59 - - 

City Railway Station, Bengaluru - KSPCB 81.04 - - - - - 

Hebbal, Bengaluru - KSPCB 51.84 24.27 0.33 2.21 - - 

Hombegowda Nagar, Bengaluru - KSPCB 59.41 26.74 0.27 4.01 - - 

Jayanagar 5th Block, Bengaluru - KSPCB 81.20 38.10 0.73 6.18 - - 

Peenya, Bengaluru - CPCB - 28.84 - - - - 

Sanegurava Halli, Bengaluru - KSPCB 58.15 - - - - - 

Silk Board, Bengaluru - KSPCB 101.89 37.45 1.34 4.66 - - 

Mumbai Bandra Mumbai-MPCB 62.22 24.50 0.76 0.10 1.37 0.056 

Navi 

Mumbai Airoli, Navi Mumbai - MPCB 
91.28 - - - - - 

Kolkata 
Rabindra Bharati University, Kolkata - WBPCB 17.18 29.41  - 337.73 200.58 

Victoria, Kolkata - WBPCB 4.53 8.91 3.18 - 85.01 51.86 
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Howrah 
Ghusuri, Howrah - WBPCB 6.17 9.20 1.60 - 133.60 59.60 

Padmapukur, Howrah - WBPCB 7.71 23.78 7.15 - 129.28 72.08 

Chennai 

Alandur Bus Depot, Chennai - CPCB - 61.02 0.61 0.63 0.93 - 

Manali, Chennai - CPCB - 61.40 - - - - 

Velachery Res. Area, Chennai - CPCB  39.80 0.41 3.53 0.34 - 

Hyderabad 

Bollaram Industrial Area, Hyderabad - TSPCB 102.30 45.47 0.25 4.84 - 0.20 

Central University, Hyderabad - TSPCB 91.07 38.25 4.92 13.00 - 5.05 

ICRISAT Patancheru, Hyderabad - TSPCB 93.16 39.74 0.052 0.66 - 0.14 

IDA Pashamylaram, Hyderabad - TSPCB 93.53 41.75 3.94 40.20 - 12.85 

Sanathnagar, Hyderabad - TSPCB - 47.28 0.97 11.90 - 0.83 

Zoo Park, Hyderabad - TSPCB 100.67 48.50 1.91 17.25 - 2.71 

Pune Karve Road, Pune - MPCB 39.43 22.18 0.29 0.11 - 42.81 

Ahmedabad Maninagar, Ahmedabad - GPCB - 160.84 8.11 37.56 1.15 6.01 

Lucknow 

Central School, Lucknow - CPCB - 61.41 0.23 1.54 29.30 - 

Lalbagh, Lucknow - CPCB - 84.14 0.629 1.21 0.72 - 

Nishant Ganj, Lucknow - UPPCB - 110.74 0.99 1.16 - 14.55 

 
Talkatora District Industries Center, Lucknow - 

CPCB 

 139.80     

*Data taken from Central Pollution Control Board, India (https://app.cpcbccr.com/ccr/#/caaqm-dashboard-all/caaqm-landing) 
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Table A 2. Physiochemical properties of BTEX gases 

Parameters Benzene  Toluene Ethylbenzene Xylene References 

Molecular 

Formula 
C6H6 C6H5CH3 C6H5CH2 CH3 C6H4(CH3)2 

 

[319], [320] 

Molecular 

weight        

(gm mole-1) 

78.11 92.14 106.17 106.16 

Density      

(gm ml-1) 
0.8765 0.8669 0.8670 0.8685 

Polarity 
Non-

polar 

Non-

polar 
Non-polar Non-polar 

Solubility    

(mg L-1) 
1780 500 150 150 

Boiling Point 

(°C) 
80.1 110.8 136.2 140.6 

Vapour 

Pressure (Pa)  
12672.2 3769.3 1276.7 1074.0 

Partition coefficient* 

alog Koc
 1.99 2.25 2.94 3.15 [321] 

blog Koa 2.78 3.31 3.74 3.82 [322] 

clog Kow 2.13 2.69 2.84 3.15 [323] 

dKh 0.221 0.325 0.422 0.357 [324] 

Water-air 4.35 3.76 3.02 3.61 [320]  

Soil-air 47.7 150.8 315.7 332.6 

Suspended 

particles-air 
473.5 1591.86 4699.6 5586.4 

Vegetation-

air 
6.0 12.4 23.2 27.4 
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Acceptable limits  

Water (ppb) 10 700 300 500 [325] 

Air (ppb) 3 100 NA 200 [326]  

Half-Life (h) 

Water 267.6 312.0 156.0 420.0 [325]  

Air 141.8 57.1 47.0 23.3 [326] 

aOctanol-carbon partition coefficient (Koc), bOctanol-air partition coefficient (Koa), 
cOctanol-water partition coefficient (Kow), dDimensionless Henry’s law constant (Kh) 
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