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ABSTRACT

In this present era of preservation and recycling of water, membranes have acquired a distinct place
in research to tackle the demand and production ratio of drinkable water. Membrane processes
effectively remove a variety of impurities, including particles, proteins, microbes, viruses, bacteria,
ions, and other contaminants, to obtain pure water. However, existing membrane-based filtration
technologies face considerable challenges, including elevated energy consumption, reduced flow
rates, compromised separation efficiency, and improved affinity to fouling. Numerous
technologies have been developed to prevent or mitigate the fouling process. Pre-modifications of
the membrane, such as coating, blending, or grafting of antifouling components, are the most
preferred approach in real-time applications due to their potential to extend the membrane's
lifespan and improve performance by making them more resistant to fouling, scaling, or biological
growth. Nanostructured membranes (NSMs) have recently emerged as a highly promising
technology for advancing water purification. These membranes are specifically engineered to
possess distinctive attributes and capabilities owing to their finely crafted nanoscale structure. This
nanoscale design empowers NSMs to effectively eliminate contaminants from water, resulting in
superior purification performance. These membranes are designed to have unique architecture,
properties, and functionalities from conventional modified membranes or composite membranes
due to their nanoscale structure (nanoparticles, nanofibers, nanotubes, or other nanoscale
components), which enables them to achieve superior performance in removing impurities from
water. Microgels have garnered much attention among various nanostructures due to their
extraordinary properties. These 3D cross-linked polymeric particles swelled in a solvent, exhibit a
tunable nature due to which their size, shape, and response to environmental triggers can be
adjusted, making them fascinating for a wide array of applications. Despite the huge potential and
diverse range of options delivered by microgel systems, their capabilities in membrane application

remain predominantly unexplored.

Henceforth, this research aims to investigate the capabilities of microgels to obtain NSMs and
mitigate fouling and bio-fouling issues with membrane technology and other processes related to
water purification. The first chapter of this thesis provides the broader context of water scarcity,
different treatment options, and membranes. In the second chapter, an anti(bio)-fouling membrane

using antibacterial thermo-responsive zwitterionically functionalized core-shell microgels for a



well-controlled water purification application was developed. The synthesis of the zwitterionic
poly(N-isopropylacrylamide)-polyethyleneimine-propane sultone ((PNIPAm-PEI)-PS) core-shell
microgel comprised a dual-step method involving a method of grafting copolymerization of
NIPAm, PEI, and MBA, followed by a subsequent post-modification using 1,3-propane sultone.
Cross-linkable moieties on microgel’s surface facilitate the construction of a thin and stable
separation layer with tunable solute transportation characteristics. Additionally, the zwitterionic
sulfobetaine groups on the polymeric chain of microgels imparted strong antibacterial and
antifouling properties in the membranes. The pure water permeability and solute retention of
membranes were strongly influenced by the microgel layer’s thickness, trans-membrane pressure,
and feed temperature. Most importantly, the microgel layer maintains its integrity during the long-

term performance and delivers excellent separation results.

In Chapter 3, attempts were made to fabricate smart gating membranes with both antimicrobial
and biocatalytic properties by utilizing unique core-shell microgels as building units. The
microgels are prepared through grafting the short-chain poly(ethylenimine) (PEI) on the surface
of poly((N-isopropyl acrylamide)-co-glycidyl methacrylate)) (P(NIPAm-co-GMA)) core
microgel, followed by stabilizing silver nanoparticles (AgNPs) in the microgel matrix through an
in-situ process. The AgNP-immobilized microgels were suction-filtered over support to fabricate
a nanostructured microgel membrane. Subsequently, the laccase enzyme was immobilized on the
microgel’s surface covalently with aldehyde groups that were developed during the microgel
cross-linking step in the membrane fabrication process. The incorporation of enzymes into
membranes offers a beneficial approach to improve their real-time applicability by reducing the
environmental impact of various water treatment and purification processes. The enzyme-
immobilized membrane demonstrated promising bio-catalytic activity in terms of efficiency,
stability, and reusability compared to the free form without compromising the membrane
properties like thermo-regulated water flux and solute retention. The unique fusion of AgNPs and
laccase in a membrane system led to the development of unique smart self-cleaning membranes

with outstanding antibacterial and foulant degradation abilities for green membrane technology.

Contaminants like hazardous metal ions are also a pressing concern in drinking water today.
Mercury, particularly in its organic forms, poses a significant threat to human health by causing

damage to the kidneys, nerves, and other body systems. Thus, the detection and screening of

Vi



mercury is crucial for human health. Chapter 4 focused on developing a polymeric fluorescent
microprobe with the “turn-off” sensing ability of mercury ions (Hg>"). The fluorescent microgel
was synthesized by emulsion co-polymerization of NIPAm and GMA monomers with MBA and
SDS as a cross-linker and surfactant, respectively, followed by modification with 2-amino-4-(4-
pyridyl) thiazole epoxy unit of PGMA. Under the irradiation process at 365 nm, the thiazole-based
microgel emitted greenish-yellow fluorescence at 525 nm generated in the presence of aromatic
heterocyclic pyridine and thiazole units. In presence of different metal ions, this microprobe only
shows excellent sensitivity towards Hg?* ions within 30 s through the quenching of fluorescence
intensity, mainly from the interaction of metal ions and the heterocyclic thiazole group. With the
rapid and precise Hg?" ion detection abilities, the polymeric probe is anticipated to provide distinct

platforms by integrating the sensing properties of microgel.

Finally, we describe the fabrication of a unique zwitterionic microgel-based anti-fouling
membrane  consisting  of  poly(N-isopropylacrylamide-co-N-(Acryloyloxy)succinimide)
(P(NIPAm-co-NAS)) microgels, stabled by cross-linking with zwitterionic N, N, N-tris(2-
aminoethyl)-3-sulfo-1-propanaminium salt (TRIPS). The cross-linker provides stability to the
microgel layer and simultaneously imparts zwitterionic character via the NHS ester-amine reaction
mechanism. This modification can reduce time and resource consumption, making the process
more efficient than previous works. The microgel was synthesized by a surfactant-assisted
precipitation copolymerization of NIPAm and NAS monomer. The prepared P(NIPAm-co-NAS))
microgel-based nanostructured microgel membranes displayed outstanding water permeation
along with smart-gating properties due to the excellent water absorptivity and stimuli-
responsiveness of the microgel. The nano-sized pores of cross-linked microgel layer enabled high
rejection of dyes and proteins. Additionally, the pore size regulation by external stimuli offered
the ability of the membrane to separate different-sized solutes in a stepwise manner. Overall, the
microgel-based nanostructured membrane holds significant capability with combined membrane

properties for applications in various environmental separation and water filtration processes.
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