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Chapter 1

Introduction

1.1 Overview

A broad spectrum of radioactive waste is generated at various stages of nuclear
fuel processing [1]. Hence, safe and effective management of radioactive waste is
of utmost importance [2, 3]. Various methods have been established to treat and
manage radioactive wastes. These processes typically include chemical treatment,
adsorption, filtration, evaporation, ion exchange, extraction, etc. However, these
processes have limitations in terms of their efficiency in eliminating all contami-

nants, high operating cost and/or production of secondary solid wastes [4].

Membrane technology has been demonstrated for successful removal of radioactive
substances with significant advantages over the above-mentioned conventional pro-
cesses [5]. As a unit operation, membranes can be used independently, or in com-
bination with conventional technologies, for treatment of complex waste streams
[6]. These hybrid technologies provide excellent capability for treating radioactive
waste by improving the efficiency and effectiveness of conventional processes. In-
organic (ceramic) membranes have been found to have excellent stability against
the radioactive environment [7], but their application is limited owing to the dif-
ficulty in their fabrication, inherent brittleness, and more importantly, limitation

in fine-tuning pore sizes.
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Polymeric membranes have gained attention due to their higher flexibility, pro-
cessability, simple pore formation mechanism, tailorable properties, low cost and
negligible secondary waste generation [8]. Also, properties of polymeric membranes
can be altered for specific application by functionalization and/or modification in
its internal structure (pores/porosity, internal network, etc.), with enhanced ther-
mal, chemical, and mechanical stability [9]. However, application of polymeric
membranes is limited in radioactive domain, owing to their low radiation stability
[10]. Hence, there is an extensive interest in establishing new systems that are
resistant to radiation and can enhance performance of membrane in vy-radiation

environment.

Since nanomaterials have unique properties such as high surface area, tunability,
low density, high porosity, etc. [11], they offer unprecedented opportunities to
tailor-make membranes with desirable attributes keeping into account the targeted
applications [12]. In polymer nanocomposites, larger surface-to-volume ratio of
nanofillers results in a significant increase in the volume of interphase between
nanomaterial and polymer, which makes the properties of the composite different

from that of bulk polymer.

Nanocomposite membranes are established by incorporating nanomaterials into
polymeric membrane matrix . Distinctive properties of nanomaterials helps im-
prove membrane matrix in terms of their permeate flux, salt rejection, anti(bio)-
fouling properties, and increasing mechanical, chemical, and thermal stability [13].
However, studies have not been focused on enhancement of radiation resistant
properties of membranes to improve stability of polymeric membrane in radiation

environment.

In this Chapter, radioactive efluent and requirement of their treatment, impor-
tance of membrane technology and their application in nuclear industries, poly-
meric membranes and effect of radiation on them, nanotechnology to overcome
the drawbacks of polymeric membranes, and nanomaterials studied in this re-
search work to enhance the radiation resistance of polymer are described in brief.

The chapter ends with the motivation and objectives of this thesis.

1.2 Radioactive efHuent

A broad spectrum of radioactive waste (low, intermediate, and high level) is gener-
ated at various stages of nuclear fuel processing (uranium ore mining and milling,

fuel fabrication, reactor operation, and spent fuel reprocessing)[1].
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Hazardous level of nuclear waste depends upon its radioactivity, which diminishes
with time unlike other industrial wastes. Radionuclides containing alpha and beta
emitters tend to have long half-lives, which makes their handling easier. However,
more penetrating 7-rays emitters tend to have short half-lives. All radioactive
nuclides decay into non-radioacive elements, while the highly radioactive isotope

decays faster [14].

Radioactive waste management is determined by the radioactivity level of mate-
rial. Radioactive wastes are classified into four broad categories, based on the

radioactivity level as given below.

1.2.1 Exempt waste & very low level waste (VLLW)

Radioactive materials in exempt waste and very low level waste (VLLW) are not
toxic to people or environment. This type of waste is generated through recov-
ering or dismantling operations in nuclear industry or from industries like food
processing, chemical, steel, etc. It mainly consists of dismantled materials, like
concrete, plaster, bricks, metal, piping, etc. and disposed of with domestic refuse
[15, 16].

1.2.2 Low-level waste (LLW)

Low-level waste (LLW) consists only 1% of the radioactivity of all radioactive waste
and ~ 90% of the volume. It is generated from nuclear industry, hospitals, and
other industries [16, 17]. It contains small amounts of mostly short-lived radioac-
tive mterials like, papers, rags, tools, clothing, filters, etc., which are compacted

or incinerated before disposal.

1.2.3 Intermediate-level waste (ILW)

Intermediate-level waste (ILW) contains 4% of radioactivity of all radioactive waste
and 7% of the volume. Sometimes, it requires shielding due to higher amounts
of radioactivity (radioactive decay generates heat of less than about 2 kW/m?),
while non-solids may be solidified in concrete or bitumen for disposal. It gener-
ally consists of resins, chemical sludges, metal fuel cladding, and contaminated

materials from reactor [16-18].
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1.2.4 High-level waste (HLW)

High-level waste (HLW) is generated in nuclear reactor from burning of uranium
fuel [19] and consists of fission products and transuranic elements. It is hot (ther-
mal power above ~ 2 kW/m?) due to decay heat and hence requires cooling and
shielding due to high radioactivity. HLW contains > 95% of total radioactiv-
ity generated in nuclear reactor; it is either a used fuel or seperated waste from

reprocessing of a used fuel.

Management of radioactive waste is essential to protect human and environment.
This implies that the rate or concentration of any radionuclides should be reduced
by isolating or diluting the waste so that it become harmless. Hence, safe and

effective management of radioactive waste is of utmost importance [2, 3].

1.3 Conventional methods to manage liquid ra-

dioactive waste

Various methods have been established to treat and manage radioactive wastes.
These processes typically include chemical treatment [20], adsorption [21], filtra-
tion [22], evaporation, ion exchange [23], extraction [24], etc. However, these
processes have limitations in terms of efficiency of eliminating all contaminants,

high operating cost and/or production of secondary solid wastes [4].

Many nuclear power plants have generally used evaporation, conventional filtra-
tion, ion exchange, or a combination of these methods for treatment of low level
liquid waste [25]. Limitation of these processes are: generation of significant quan-
tities of radioactive solid waste; product efluent is not pure enough for environ-
mental discharge or recycling; high operating cost with high energy consumption
in case of evaporation; and conventional filtration and ion exchange techniques
have not been able to seperate colloidal particles containing **/°Co, * Mg, 5 Fe,
and 2°Sb, etc. [26].

1.4 Membrane technology

Membrane is a selective barrier, which separates things by restricting transport

of some things while allowing the others; these things can be molecules, ions,
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or other small particles [27]. A membrane can be homogenous or heterogeneous
with symmetric or asymmetric structure in the form of solid or liquid, and can
carry a charge of positive, negative, neutral, or bipolar. Transport phenomenon
by a membrane can be through convection or diffusion of individual molecules,
induced by one of the driving forces (e.g., electric field, concentration, pressure, and
temperature gradient). A membrane technique separates inlet feed stream into two
outlet streams known as permeate (passed through membrane) and concentrate

(rejected by membrane).

Various types of membrane separation processes have been developed for specific
industrial applications [28]. Some of the widely used processes are reverse osmosis
(RO), nanofiltration (NF), ultrafiltration (UF), microfiltration (MF), electrodial-
ysis (ED), membrane electrolysis, diffusion dialysis, gas seperation, vapour per-
meation, pervaporation, forward osmosis, membrane distilation, membrane con-
tactors, and carrier mediated processes, etc. Selection of a membrane should be
determined by the specific application objective like particulate or dissolved solids
removal, hardness reduction or ultra pure water production, removal of specific

gases/chemicals, etc. [29].

Several membrane technologies have been established for purification of water as
well as waste liquors [30, 31]. Moreover, membrane technology has been demon-
strated for successful removal of radioactive substances with many advantages over
conventional processes [5, 32, 33|, such as high removal capacity, flexibility of oper-
ation, cost effectiveness, less energy requirement, and easy synthesis of membrane
materials. Hence, membrane technology has been accepted by nuclear industry as
a feasible alternative for treatment of radioactive wastes [34]. Membrane technol-
ogy can be practiced as an independent unit, or in combination with conventional
technologies for complex waste treatments. These combined technologies provide
excellent capability for treating radioactive wastes by improving efficiency and

effectiveness of conventional processes.

Inorganic (ceramic) membranes have been found to have excellent stability against
radioactive environment [7], but their application is limited due to difficulty in
their fabrication, inherent brittleness, and more importantly limitation to fine-
tune pore sizes. On the other hand, polymeric membranes have received extensive
attention due to higher flexibility, processability, simple pore formation mecha-
nism, tailorable properties, low cost, as well as low possibilities of secondary waste
generation [35-37]. Also, polymeric membranes can be altered for specific appli-
cation by functionalisation, uncomplicated modification in its internal structure

(pores/porosity, internal network, etc.) and moderate stability (thermal, chemical,
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and/or mechanical stability), etc. [38-41]. However, due to low radiation stability
of polymeric membranes, the application of such membranes in radioactive domain
is limited [42-44].

1.4.1 Membrane technology in nuclear industry

The motivation behind using membrane technologies in nuclear industries are

mainly as follows:

1. Radioactivity reduction for discharge to environment.
2. Solid waste removal from effluents.

3. Recovery of valuable products.

Application of membrane technology is distinctive due to specific local conditions,
and different processing objectives, etc. and the choice of membrane systems is
made based on their applications. Few applications of membrane technology in

nuclear industries are mentioned below:

1.4.1.1 Reverse osmosis

Reverse osmosis is a well developed technology and applied for separation, prod-
uct stream concentration, and wastewater treatment, as well as for removal of
radionuclides from low level liquid wastes such as waste streams at nuclear power
plants. Since reverse osmosis is capable of rejecting almost all contaminants from
a solution (except dissolved gases and tritium), and hence the high purity perme-
ate water can be recycled or discharged (generally the activity is low). Reverse
osmosis systems are capable to replace or combine with existing evaporation and
ion exchange technology. In nuclear industry, usually reverse osmosis is a part of
liquid waste treatment system [33]. Atomic Energy of Canada Ltd’s Chalk River
Laboratories, Canada has tested cellulose acetate reverse osmosis membranes to
recover boric acid from radioactive waste streams, which can be recycled to the
plant [45].
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1.4.1.2 Reverse osmosis with conventional pretreatment

A ‘zero-liquid’ discharge philosophy is adhered in nuclear power plant, which re-
quires to recycle all liquid radioactive waste generated. The liquid radioactive
waste has been divided into two major streams; one is clean waste with high pu-
rity from equipment, and other is floor drain waste with low purity from floor
drains. Reverse osmosis technology reduces solid waste from effluent, reduces dis-
posal costs, maximizes effluent storage capacity, reduces maintenance costs, and
improves water chemistry [46]. In one of the nuclear power plant, reverse osmosis
was combined with existing system to get processing of both clean and floor drain
waste [46].

1.4.1.3 Reverse osmosis with ultrafiltration pretreatment

To acquire the most efficient, cost effective, reliable system in one of nuclear plant,
a complete ZERO system was installed, which consisted of a tubular ultrafiltra-
tion unit, spiral reverse osmosis unit, followed by concentrates drum dryer unit
and demineralizer system. This system was used to treat the floor drains, reac-
tor outage wastes, spent resin sluice water, and other miscellaneous streams of
plant wastes [46]. The Bruce nuclear power plant (Canada) established ultrafiltra-
tion and two stage reverse osmosis, for treatment of aqueous wastes arising from

chemical cleaning of steam generators and heat exchangers [47].

1.4.1.4 Reverse osmosis with microfiltration pretreatment

Many soluble and sparingly soluble salts with predominant component as sodium
nitrate generally contained in effluent, and reduction of concentrated waste volume
are the goals of the efluent treatment facility. Major individual treatment steps
in the overall process are: pH adjustment, microfiltration, mercury specific ion
exchange, activated carbon for organic removal, reverse osmosis, polishing ion

exchange, and evaporation [48].

1.4.1.5 Ultrafiltration

Ultrafiltration is utilized to remove colloids and other particulate foulants from
streams. It is commonly used for alpha activity and actinide (generally in colloidal

or pseudo-colloidal form) removal from radioactive waste stream. If metal ions are
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pretreated to form solid particles, hydroxo complexes or other less soluble chemical
species, then ultrafiltration can be utilized to remove them from dilute aqueous

solutions.

Ultrafiltration is used in treatment storage waters of fuel pond, solvent wash
liquors, plutonium evaporator overheads, and aqueous effluents from plutonium
fuel fabrication plants. To yield high decontamination factors for specific ions,
ultrafiltration is combined with complexing agents [49]. Inorganic ultrafiltration
membranes (zirconium, carbon, etc.) have shown potential in treatment of ra-

dioactive waste [50].

At Bhabha Atomic Research Centre, India, ultrafiltration enhanced by complexa-
tion with polyethylenimine was applied for radioactive cerium removal [51]. Poly-
ethylenimine was employed to complex U(VI) and enhance removal of this isotope
from contaminated environmental waters by ultrafiltration [52]. It was demon-
strated that ultrafiltration without applying any additional processes and in com-
bination with complexation, is effective for removal of uranium from contaminated

water.

A combined system was proposed to treat laundary wastes, which contains ultra-
filtration system whose objective is to recover the laundry solution in the permeate
while removing the suspended particles followed by reverse osmosis system to re-
move the dissolve solids. This system is capable to recover the laundry solution

and remove suspended particles, fibers, and biological matter [53].

1.4.1.6 Microfiltration

Microfiltration is used for particle separation in wastewaters generated by light
water reactor (LWR) power plants. Precipitation processes can be merged with
microfiltration, as long as the size of precipitated particles is suitably big for
microfiltration process [6]. Depending on characteristics of the effluent, either
organic or inorganic microfiltration membranes can be used. However, due to
the material’s radiation stability, inorganic microfilters have been used in nuclear

industry for high activity wastewaters.

Radionuclides from soils and groundwaters can be removed by microfiltration.
The AECL Chalk River Laboratory, Canada utilized a hollow fibre microfiltra-
tion system (pore size of 0.2 um) for groundwater remediation [54]. Rocky Flats
(USA) installed tubular microfiltration (pore size of 0.1 pum) system for process-

ing groundwater and wastewater contaminated with isotopes of uranium, heavy
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metals, and organic toxic materials. This system was placed for pretreatment of

effluent and reported removal of uranium isotopes was in excess of 99.9% [55].

1.5 Polysulfone-based membranes

Polymeric membranes have a wide range of applications including water and waste
water treatment [56, 57], fuel cell application [58], gas separation [59], haemodialy-
sis [60], sensors [61], industrial effluent treatment [62], etc. They have received ex-
tensive attention due to their reproducible properties, such as mechanical strength,
flexibility, thermal stability, negligible secondary waste generation, as well as low

cost availability [27].

In nuclear industry, during various stages of nuclear fuel cycle, high amount of
radioactive effluent is generated and there is a need for safe and effective manage-
ment of these effluents [63]. Materials used for such treatments should be stable
in radioactive environments. Polysulfone (Psf) stands out to be a remarkable
polymer, among other thermoplastic polymers, by virtue of its usability at high
temperature and pressure, as well as chemical inertness [64]. Psf has reasonably
high strength (tensile strength: 94.4 - 104 MPa) and high glass transition temper-
ature (190 - 230 °C') due its aromatic backbone [65], while being resistant towards
radiation to some extent, as compare to other polymers [66]. Hence, it is the most

preferred choice to work in the challenging radioactive environment [67].

1.5.1 Radiation effect on polysulfone

Polysulfone (Psf) is a commonly used polymer for membrane fabrication [68], but
it undergos radiolysis in y-radiation environment. Also, free radicals induced by
v-ray leads to chain scissioning and/or cross-linking, and hence leads to change
in crosslink density of polymer matrix [42, 69]. This causes degradation in per-
formance of the membranes [70]. Acidic efluent environment, in which the mem-
branes are operated, is subject to radiolysis of water leading to transient reactive
species like e, OH®, H*, HO3, H0s, HsO0%, OH~, Hy, and complex free radi-
cals [71]. These free radicals cause further degradation of polymeric host matrix

above and beyond the ones caused by direct v-ray impingement.

Irradiation of Psf leads to generation of SOs, as a main volatile product. Radi-

olysis consists of C-S main-chain scission followed by adjacent C-S bond scission,
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resulting in liberation of SO, from phenylene sulfonyl radical either directly or via
phenylene sulfonic acid [72, 73]. Mechanism of C-S bond scissioning and libration
of SOy is described by Equation (1.1) to (1.4).

— Ar — SOy — Ar — —Ar — SO3 + *Ar— (1.1)
— Ar — SO3 — —Ar®* + SO, (1.2)

—Ar —S0O35 + H* — —Ar — SO,H (1.3)
—Ar—SOH — —Ar — H + SO, (1.4)

Scission and cross-linking in Psf leads to linkage of isopropylidene [74]. Possible

reaction sequences are shown in Equation (1.5) to (1.9).

CH; CH;
—Ar—C—Ar— -Ar—C—Ar + H* (1.5)
CHjs CH,
CHj CH;
——Ar—C—Ar — ~Ar—C-Ar + °*CH;4 (1.6)
CHj
CHj CH;
——Ar—C—Ar — ~Ar—C* + "Ar— (1.7)
CHj CH;
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CH; CHs
Ar—C* — —Ar—C——H (1.8)
CH; CH3
CHj; CH3
Ar—(C* — —Ar—C (1.9)
CHj CH,

In main chain C-O scission in Psf, the expected phenomenon is given in Equation
(1.10).

—Ar—0—Ar— — —Ar—-0°* + *Ar— (1.10)

However, main-chain C-S scission is a primary reaction followed by scission of

adjacent C-S bond and liberation of SOs, given in Equation (1.11) and (1.12).

Ar — SO, — Ar —s Ar — SO} + *Ar (1.11)

*H + Ar — SOy — Ar — Ar——S0, (1.12)

H

The source of H atom in Equation (1.12) might be from C-H scission in aromatic

ring.

1.6 Nanomaterials

Nanomaterials can be zero, one, or two dimensional, having 0, 1, or 2 dimensions
larger than nanoscale, respectively. Since nanomaterials have unique properties

such as high surface area, tunability, low density, high porosity, etc. [11], they
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offer unprecedented opportunities to tailor-make the properties of material with

desirable attributes keeping into account the targeted applications [12].

Studies show that the behaviour of small material is quite different from its bulk
due to large number of surface atoms and less number of atoms inside the bulk
[75].  Size of nanomaterial is one of the important parameters, as nature and
extent of interaction of nanomatrial with host matrix depends on fraction of atoms
at the surface of nanoparticle [76]. Also, number of particles dispersed in host
matrix at a particular loading will vary with size of nanomaterial. Atoms inside
particles are highly coordinated with other atoms through strong bonding between
them and have higher coordination number. On the other hand, atoms at the
surface of particles are least saturated, that provides affinity to form bonds and
interact with host matrix [77]. Attribute to variation in fraction of saturated
and unsaturated atoms, due of varying size of nanoparticles, helps in exploiting
different properties of nanomaterial, like mechanical, physio-chemical, and thermal
properties. However, dispersion of nanomaterial in composite system, which is the
most important factor in realizing desired objectives, is influenced by size [76, 78].
As size of nanomaterial decreases, attraction forces between particles increase,

which leads to aggregation of particles and loss of unique properties [79].

In polymer nanocomposites, larger surface to volume ratio of nano-fillers results in
significant increase in the volume of interphase between nanomaterial and polymer,
which makes the properties of the polymer nanocomposite different from that of
bulk polymer [80].

Several nanoparticles with surface modification were utilized as additives in poly-
mer matrix to enhance properties of membranes, like performance [81], mechan-
ical properties [82], thermal properties [83], anti(bio)-fauling [84], antibacterial
properties [85], etc. However, membrane matrix suffers from a major problem of
agglomeration due to strong attraction forces between nanoparticles [86, 87]. This
tendency of aggregation causes non-uniform distribution of nanoparticles in host

membrane matrix and degrades its performance.

The idea of using nanomaterials in membrane matrix has been instrumental in
synthesis of membranes with desired structure and unique properties [88-90].
Structure-property correlation and its effect on membrane host matrix depends
solely upon interaction between the nanomaterial and the polymer [91-93]. These
surface/bulk modified mixed-matrix membranes (MMMSs) offer not only enhanced

separation features but also novel material properties [94, 95].
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1.7 Polymer nanocomposite membranes

Polymeric membranes assume significance owing to high removal capacity, flexibil-
ity of operation, ability to fictionalization, and cost effectiveness [8, 9]. However,
it suffers from inorganic fouling, bio-fouling, low stability at high temperature,
trade-off between flux and selectivity, and limited radiation stability [10]. Essen-
tial application of nanomaterials has been realized in membrane technology to
improve the performance of membrane material and enhance membrane proper-
ties and life span. As a result, numerous nanocomposite membranes have emerged
with improved hydrophilic, anti-fouling, self-cleaning, photocatalytic, and photo
degradation properties [13, 57].

Polymer nanocomposite is a material consisting of a polymer matrix and filler
nanomaterials, which have at least one dimension in nanoscale range (less than
100 nm) and can be organic or inorganic [80]. Polymer reinforcement has been one
of the first and most obvious application to avail the properties of nanoparticles
which emerged in early 1990s. Researchers have developed a number of polymer
nanocomposite membranes including organic, inorganic as well as hybrid nano-
materials. Inorganic nanomaterials constitute 770y, SiOs, AlyO3, Si, Ag, ZnO,
ZrOq, Mg(OH)y, CaCOs3, TiSiOy, etc. Organic nanomaterial consists graphene,
graphene oxide (GO), carbon nanotubes, etc., while hybrid nanomaterials include
GO — SiO9, GO — TiO4, Si09 — T10O9, Ag — SiOs, etc. Essentially metal, metal
oxide, and carbonaceous nanomaterials are used to improve the performance of
membrane in terms of improving permeate flux, increase salt rejection, and en-

hance mechanical, chemical, and thermal properties.

1.7.1 Metal and metal-oxide nanomaterials

Extensive research has been done for the application of T%0Oy nanoparticles due
to their admirable photocatalytic effect in decomposing organic foulants and mi-
crobes, which has been described by Miyauchi et al. [96] as well as Madaeni and
Ghaemi [97]. They observed two phenomena on illuminating 79Oy nanoparticles
with ultraviolet (UV) light: (1) electron-hole pairs are generated that react with
oxygen producing super oxide radicals, which decompose foulants on membrane
surface, and (2) empty sites of Oy-radical adsorbs OH-groups from water molecules,

thereby inducing ultra-hydrophilicity.
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Studies on self cleaning property of 770y embedded polymer nanocomposite mem-
brane have been done. Madaeni and Ghaemi [97] investigated the effect on thin-
film nanocomposite membranes. On the other hand, Damodar et al. [12] ob-
served the performance of mixed-matrix nanocomposite membranes. These stud-
ies showed that membrane surface remains hydrated due to affinity of metal oxide
towards water through hydrogen bonding, concurrently removing contaminants.
This is an excellent example of photo-catalysis on membrane surface in presence
of UV light.

Yang and Wang [98] investigated the performance of UF membrane of polysulfone-
T1O5 metal oxide nanocomposite membrane synthesized by sol-gel technique. Ad-
dition of TiOy in polysulfone matrix leads to increase in hydrophilicity of the
membrane, leading to decreased contact angle (hydrophilicity) and increased per-
meability. Furthermore, the porosity and thermal stability are enhanced by 7905
impregnation. Likewise, anti-fouling performance of emulsion poly(vinylchloride)-
Ti0, nanocomposite ultrafiltration membranes is reported by Rabiee et al.[99],

which showed improvement in pure water flux and hydrophilicity of membrane.

Yu et al. [100] prepared SiOy-poly(vinyl chloride) nanocomposite UF membrane
and observed increased hydrophobicity of membrane surface, which repels protein
foulants, BSA molecule, leading to enhanced anti-fouling ability and higher flux
recovery in membrane. Liang et al. [101] analysed anti-fouling property of ZnO-
blended polyvinylidene fluoride membrane. ZnO nanoparticles offered reduction
in surface contact angle and showed the ability to reach around 100% flux recovery
ratio. Miyauchi et al. [96] investigated and confirmed that ZnO nanoparticles hold
antibacterial property and are quite cheaper than the SiO; nanoparticles, while

hydrophilic and photocatalytic properties of ZnO nanoparticles are commensurable

with S70,.

Daraei et al. [102] incorporated iron oxide (Fe30,4) nanoparticles in the polyether-
sulfone mixed-matrix membrane to improve the removal of Cu(Il) from water by
the adsorption separation mechanism. Likewise, polysulfone surface modified with
Fes04 by Homayoonfal et al. [103]. In which, comparison study of three different
processes of synthesis (iron oxide blending with the polymeric matrix, deposition
by photopolymerization and deposition by interfacial polymerization) has been
done. As the concentration of FezO, increases, the contact angle decreases due to

the hydrophilic nature of Fe304 nanoparticles.
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Polymer-metal nanocomposite membranes are not that widely studied because
metal oxides nanoparticles with special properties like photocatalysis, hydrophilic-
ity, antibacterial, etc. [104] dominate over bare metal nanoparticles. However, one
of the metal nanoparticles extensively investigated is silver nanoparticles, due to

their excellent anti-bacterial property and hydrophilicity.

Silver nanoparticles immobilized on the surface of poly(vinylidene fluoride) by
Li et al. [105] showed superior antifouling and biofouling properties as well
as improvement in hydrophilicity. Basri et al. [106] described that silver ions
helped to provide anti-organic fouling resistance and antibacterial performance of
polyethersulfone-silver composite membrane. Cellulose acetate hollow fiber mem-
brane was incorporated with silver ions by Chou et al. [107] and obtained superior

antifouling performance.

Also, copper and selenium nanoparticles were utilized for their antimicrobial func-
tionality. Dasari et al. [108] achived boicidal activity of polylactic acid (PLA)
membrane containing functionalized sepiolite fibrillar particles by embedded sil-
ver and copper nanoparticles on the fiber surface. Kar et al. [109] improved
the anti-biofuling properties of polysulfone membrane by impregnating silver and
copper nanoparticles. Akar et al. [110] investigated the biofouling properties
of polyethersulfone (PES) membrane by incoporating selenium (Se) and copper
(Cu) nanoparticles into membrane matrix. Due to the antioxidant activity of Se
and Cu, PES-Cu blend membrane improves protein rejection, while PES-Se blend

membrane improves antifouling properties.

Combination of different techniques and different metal/metal oxide nanoparticles
with different properties are continuously being researched for the common purpose

of making anti-fouling or self-cleaning membrane.

1.7.2 Carbon-based nanomaterials

Among different nanofillers, carbonaceous nanoparticles such as gra-phene (2D),
carbon nanotubes (1D), and nanodiamond (0D) are very promising due to their
unique and highly tailorable combination of properties, such as mechanical strength,
chemical stability, electrical conductivity, aspect ratio, etc. In this section, a brief
discussion on carbon nanotube (CNT) and graphene impregnated composites is
made, which the discussion on nanodiamond based system is discussed in latter

section.
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In polymer nanocomposites, larger surface-to-volume ratio of nano-fillers results in
dramatic increase in volume of the interphase between nanomaerial and polymer,
so that their properties are influenced by nanoparticle and are different from bulk
polymer. When nanofillers are smaller than normal coil size or radius of gyration
of the polymer, good dispersion is achievable even in cases when the particle and

matrix might have been considered incompatible.

Exclusive properties of carbon-based nanomaterials acquire consideration in vari-
ous applications with their different forms such as: single-walled carbon nanotube
(SWNT) or multi-walled (MWNT); graphene altered in the form of graphene ox-
ide, which is hydrophilic contrary to graphene (hydrophopic); other graphene-
based nanomaterials comprising of nano platelets, nanoribbens, reduced form of
graphene oxide (rGO), etc. [111, 112].

Graphene nanosheets depicts material consisting of thinnest cross-section achiev-
able with excellent mechanical properties (extremely high in-plane tensile stiffness
and highest tensile strength) [113]. Due to these distinct properties of graphene,
it is impermeable to even smallest molecules. Therefore, to improve permeability
and tune selectivity, nanopores of various diameters, geometry, edge quality and

density must be realized in graphene nano-sheets [114, 115].

A number of studies have shown that graphene membranes with artificial nanopores
have great promise for nano-filtration and reverse osmosis seawater desalination
[116], gas separation [117] and selective ion passage [118]. However, several key
technological issues still remain when creating nanopores for improved flux and
selective filtering, including (i) ability to reliably create pores that have the ap-
propriate attributes such as size, shape and density; (ii) ability to create pores
with minimum plastic deformation around pores in order to preserve mechanical

properties; and (iii) ability to create nanopores on large area nanosheets.

Graphene is highly hydrophobic in nature, graphene oxide (GO) overcomes this
issue as GO itself is extremely hydrophilic. For example, despite triply charged
nature of AsOj~, the ion permeates across the membrane at the same rate of
single charged Na* or Cl1~. On the other hand, Hu and Mi [119] indicate that
permeation through GO nanosheets is greatly dependent on particle charge Debye
lengths, or electrostatic repulsion between ions and membrane charge. Therefore,
charges of ions contribute to separation mechanism of GO membranes [120]. This
difference in salt rejection trends with respect to ion charge by these two studies
requires further investigation [121]. Sun et al. [120] has demonstrated selective

ion penetration and water purification properties of free standing GO membranes.
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Sodium salts quickly permeate through GO membranes, whereas heavy-metal salts
infiltrate much slower. CuSO, and organic molecules, such as rhodamineB, were
blocked entirely because of their strong interactions with GO membranes. Several
approaches have been used to incorporate GO into polymer casting solutions,
either during membrane fabrication or post-coating of prefabricated membrane,
in order to improve antimicrobial properties, increase permeability, and enhance

mechanical strength [122-126].

Asymmetrically located oxygen functional groups in GO membranes maintain dis-
tance during dropcasting process, creating void spaces between nonoxidized regions
which form a series of nano capillaries within the film, increasing water flux when

potentially utilized in desalination processes [127].

A promising approach in applying graphenes in desalination membranes is by in-
corporating GO nanosheets in polymer matrix rather than surface coating. These
hybrid materials present significant performance enhancements, not usually at-
tained by typical nanocomposites or pristine polymers [128-130]. Hu and Mi
[119] prepared a water filtration membrane with layered GO nanosheets on poly-
dopamine coated polysulfone support with 1,3,5-benzene tricarbonyl trichloride
as crosslinkers. They did not observe any decline of water flux with increas-
ing GO layers. Ionic flux of sulfonated polyethersulfone membrane can be im-
proved by 19% by incorporation of 10% GO as compared to unmodified mem-
brane. Strong interfacial interactions due to reinforcement of GO nanofillers into
sulfonated polyethersulfone matrix improve thermal and mechanical properties of

nanocomposite membranes [131].

Considering strong affinity to aggregation of graphene platelets and carbon nan-
otubes, ultrafiltration membrane modification with these materials could be re-
stricted [132, 133]. This results in deterioration of internal structure of the mem-
brane as well as decline in mechanical properties due to weak interaction between
graphene and polymer matrix [123, 134]. GO provides the reactive sites for cova-
lent functionalization due to the presence of functional groups like epoxy, hydroxyl,
and carboxyl [134]. Functionalization decreases van der Waals forces between GO
and prevents it from aggregation, resulting in homogeneous dispersion and strong

interaction with polymeric matrix [135].

Zhao et al. [136] studied the performance of membrane by adding GO and MWNTs
to PVDF matrix and observed change in internal structure of membrane with ad-
dition of graphitic carbon material. This change in morphology of membrane is
attributed to the surface properties of GO and MWNTs, that is surface charge,
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functional groups, and active site availability. Resultant membrane showed in-

crease in the membrane roughness and porosity.

Likewise, mixed-matrix polyethersulfone membrane has been prepared by immers-
ing GO nanoplatelets to revamp the performance and antifouling characteristics
of membrane [137]. Higher dye rejection was obtained in mixed-matrix membrane
in comparison to pure polyethersulfone owing to the presence of electrostatic re-
pulsive forces on the surface of membrane. GO modified polyvinylidene fluoride
ultrafiltration membrane received superlative flux recovery rate and antifouling
performance with respect to pure polyvinylidene fluoride membranes on the ground
that GO was well dispersed in membrane pore channel, which caused the attached
contaminants to be easily washed away from pores [138]. Furthermore, Liu et al.
[139] developed graphene-polypyrol and GO-polypyrol nanocomposite membranes,
these served as cathode membranes along with high conductivity and antifouling

properties for wastewater treatment.

Choi et al. [140] utilized surface modified MWNTSs as a additive to prepare
polysulfone-MWNTs blend membrane. The MWNT was found to be a good mod-
ifier for the formation of functional microporous and increasing hydrophilicity of
polysulfone membranes. Liu et al. [141] reinforced CNTs in nafion composite
membrane for developing H,/O5 fuel cell. These membranes showed the decrease
in dimensional change and improved the mechanical strength. Zhijiang et al.[142]
improved antifouling of nanofiltration membrane against oil and protein for the
application in dye removal. Nanofiltration membranes were prepared by coating
calcium alginate hydrogel on polyhydroxybutyrate-carbon nanotubes composite
membrane. Verma et al. [143] blended carbon nanotubes into the polyethersulfone
to prepare composite hollow fiber membranes with improved biocompatibility for
bioartificial liver. Polyethersulfone-carbon nanotube composite membrane found
to be promising, because they simultaneously provide tunable hydrophilicity along

with selective permeability.

Indeed, graphene-based membranes showed very promising antifouling properties.
Antimicrobial activity of graphene and GO was attributed to synergy of both
chemical and physical effects. Most of the above findings are attributed to the
antibacterial activity of GO and reduced GO to cellular membrane stress induced
by sharp edges of graphene nanosheets, which may result in physical damage of
cell membranes, and loss of bacterial membrane integrity. On the other hand,
high hydrophilicity induced by functional groups at basal plane and terminals
of GO sheets and CNTs should also have contributed to high water permeation

and antifouling, owing to low interfacial energy between the membrane surface
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and water. Nevertheless, physicochemical properties of graphene-based materials,
such as density of functional groups, size, and conductivity, can be tailored to

increase their antimicrobial potentials.

1.8 Radiation resistant nanomaterials

It is rare to get nanomaterials with radiation resistant attributes. Two unique
materials, namely nanodiamond and cerium oxide nano-particles were found in
literature that have radiation resistant properties. A brief description of the same

is given below.

1.8.1 Nanodiamond

Nanodiamond (ND) is a zero-dimensional carbon nanomaterial. Crystal struc-
ture of ND is a polyhedra consisting of sp® hybridized carbon in the core, which
is partially coated by sp? hybridized carbons terminated with functional groups
[144]. ND are synthesized by various techniques like detonation technique [145],
laser ablation [146], high-energy ball milling of high-pressure and high-temperature
diamond microcrystals [147], plasma-assisted chemical vapour deposition [148], au-
toclave synthesis from supercritical fluids [149], chlorination of carbides [150], ion
irradiation of graphite [151], electron irradiation of carbon onions [152], ultrasound

cavitation [153], etc.

Properties of ND can be modified through surface doping [154], interior doping
[155], introduction of functional groups [156], etc. ND surface modification can be
performed to a large extent and variety [156], i.e., hundreds of functional groups of
the same or different types can be formed on the surface of ND particle without any
detrimental effect on its structure, in a big contrast to CNTs and graphene, where
excessive attachment of functional groups disrupts aromatic sp? carbon structure,
resulting in degradation of properties. Due to rich chemistry of carbon and sp?
hybridization, ND is superior in surface chemistry among all nanofillers in terms
of variety of possible chemistries, as well as number of surface functional groups

per particle.

These unique properties, structure, and stability of ND provide them utility in
wide range of potential applications [144] such as electrolytic and electroless metal

plating, chemical vapour deposition of diamond films, magnetic resonance imaging,
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chromatography, proteomics and mass spectrometry, tribology, drug delivery, bio
imaging, tissue engineering, protein mimics, radiation detector and filler material

for nanocomposites.

Major advantages of ND particles over their essential properties for nanocomposite
materials are: (i) Superior Young’s modulus, hardness, high thermal conductivity
and electrical resistivity, low coefficient of friction, chemical stability, and biocom-
patibility indulged by diamond structure [157]. (ii) Quantum confinement and
uniformity in size, provides compatibility for utilization, while eliminating the ne-
cessity of costly fractionation procedures [158]. (iii) Stable and approximately
spherical shape of ND particles [159]. (iv) High external surface area, offer ex-
cessive interaction with polymer matrix [160]. (v) Superabundant and adjustable
surface chemistry [161] contributes in wise application of nanocomposite. (vi)

Radiation resistant attributes.

Confined size of ND (in all dimensions; zero-dimensional) is favorable in terms of
larger loading of particles in the polymeric host matrix relative to other materials
(which have at least one larger dimension; one-dimensional or two-dimensional).
Hence, it provides greater interface volume in polymer-nanomaterial composite
matrix. Furthermore, due to its spherical shape, ND particles do not stack to-
gether and do not create bundles (theoretically) [160]. ND provides better disper-
sion as compared to one-dimensional or two-dimensional nanomaterials [162]. ND
has promises to deliver, owing to its prosperous surface chemistry, which offers
diverse viable chemistries and varity of surface functional groups on it, and hence

pronounced as a potential nano-filler material [163].

Several research studies confirm the thermodynamic compatibility of ND with
different polymers [164], as well as Psf [165], in terms of strong mixed-matrix
interaction through homogeneous dispersion. ND is an optimal candidate for re-
inforcing polymer matrices, where it can act through changing the properties of
the interphase as well as forming a strong covalent interface with the matrix. ND
can be thought of as a universal building block for polymer-nano composite design
since its surface can be modified to virtually any extent in order to create desirable
interfaces and influence the interphase with almost any polymer matrix without
compromising the properties of the diamond core [166, 167]. Homogeneous dis-

persion and strong affinity of ND in Psf matrix was reported [168].

In studies, various polymers were embedded with ND to observe its effect on

mechanical, thermal, tribiological, optical and rheological properties, as well as
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biocompatibility of polymers. These effects on properties were identified by in-
fluence of morphology, polymer/ND interface, functionality, and processing con-
ditions. Ayatollahi et al., investigated mechanical and tribiological properties of
Epoxy/ND composite [169]. Rheological characterstics of PDMS influenced by
ND was reported by Gavrilov and Voznyakovskii [170]. Effect of ND on thermal
properties of crosslinked high density poly-ethylene was stablished by Roumeli
et al [171]. The wear performance of PTFE film was enhanced by incorporation
of ND [172]. High refractive index materials were attained by incorporating ND
into polymer matrices [173]. Biocompatibility of poly-L-lactide (PLLA)/ND-ODA
composites was observed by Zhang et al. [174]. However, radiation resistant prop-

erty of polymer-ND composite has not been explored in the literature.

Radiolysis of water, present in operating environment, results in production of
highly reactive species, e.g., € 4, HO®, H*, HO3, HyOy, H;O%, OH~, and H,
[71]. Along with the most stable structure in harsh environment and radiation
resistant property, carboxyl and hydroxyl groups present on the surface of ND
could interact with these free radicals and protect polymer membrane matrix from
radiation-induced damages caused by radiolysed products of water. Possible mech-
anism of interaction of free radicals with carboxyl and hydroxyl group is given in
Equation (1.13) to (1.16).

I I
ND——C——OH + HO* — ND——C—0°* + H,0 (1.13)
ND——OH + HO* — ND-0° + H,0 (1.14)
0 OH
ND——C——CH; + H* — ND—C*——CH, (1.15)
ND—OH + H* — ND* + H,O (1.16)

In this thesis, unique radiation-resistant property of ND has been exploited to
develop Psf-ND mixed-matrix membranes (MMMs) with improved v-radiation

resistant behavior.
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1.8.2 Cerium oxide (Ceria) nanoparticles

Rapid technological and industrial development has brought attention towards
rare earth materials, also known as ‘industrial vitamins’ and a ‘treasury’ of new
materials [175]. Rare earth elements have a different chemistry from other main
group elements and transition metals due to the nature of their 4f orbitals. The
4f orbitals are shielded from the atom’s environment by 4d and 5p electrons [175,
176] as they are enfolded inside the atom. Rare earth materials have unique
catalytic, magnetic and electronic properties due to these 4f orbitals. These unique
properties have been utilized to accomplish newer applications in various high-
technology industries such as information and biotechnology [176], which were not

feasible with the transition and main group metals.

Cerium (Ce), first element in the lanthanide group, has significant application
potential in the areas of physics, chemistry, biology, and material science. Ce
along with oxygen can develop nanoparticles in the form of cerium oxide (ceria),
carrying a fluorite crystalline structure, which came out as a thought-provoking

material to researchers [177].

Ceria possesses a fluorite crystalline structure, which has emerged as an outstand-
ing material [177] having promising applications in several domains, such as high-
temperature oxidation protection materials [178], catalytic materials [179], solid-
oxide fuel cells [180], solar cells [181], potential pharmacological agents [182], gas
sensor [183], and optical glass polishing [184]. The Ce atom acquires 4f shell for
electron sharing and bonding, and hence, it can undergo conversion between Ce*t
and Ce3t [185, 186]. In sync with Ce atom, an oxygen vacancy also gets created,
transferred and eliminated [187]. This property can be exploited for absorption
of reactive oxygen radicals [188, 189] as well as electron transfer [190]. Moreover,

ceria can also act as radiation absorber [191, 192].

The lanthanide series elements generally exist in trivalent (43) state. Interestingly,
due to the presence of two partially occupied subshells of electron, Ce atoms
exhibit either fully reduced (+3) state or fully oxidized (+4) state. Therefore,
oxide of cerium (cerium oxide or ceria) play a dual character as reducing as well as
oxidizing component. These phenomena occur due to feasible swapping between
Ce'™ and Ce3" [193-195]. Along with Ce atom, an oxygen vacancy also gets
created, transferred, and eliminated [187]. This property improves adsorption
of reactive oxygen radicals [188, 189, 196] and promotes electron transfer [190].
When Ce*t is reduced to Ce?t, oxygen vacancies are generated, represented by

the following Kroger-Vinknotation [197] as given in Equation (1.17).
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;1
OF +20e¥, — Vi +2Ce,, + 50 (1.17)

Where, OF is a neutral oxygen and Ce, is a neutral cerium on a neutral cerium
. . / . . . o . .
site, Vg5 is a +2 oxygen vacancy and Ceg, is a Ce®*T atom in a Ce’' site giving it

a net negative charge of -1.

Ceria acts as oxygen buffer to either store or supply oxygen. This is due to a
defect in its structure, which is dynamic in nature, as it may change in response
to size and external parameters such as oxidizing or reducing environment. When
the particle size is less than 15 nm [198], the fraction of oxygen vacancy and
Ce3t concentration increases. This phenomenon at nanoscale has been utilized
in various areas of applications including biology [199], energy [200] and catalysis
[201]. The antioxidant property of ceria nanoparticles provides protection against

radiation induced damage [202].

The valence switching ability between Ce3t and Ce?* provides reactive oxygen
species (ROS) scavenging capability as well as catalytic activity of ceria nanopar-
ticles. Hydroxyl free radial (OH®) is a highly reactive one that could be scavenged
by ceria nanoparticles through conversion from Ce** to Ce*t, as shown in Equa-

tion (1.18) [138].

06203 +20H"® +— 20602 + HQO (118)

It can be regenerated as shown in Equation (1.19).

HE, 1
20602 — 06203 + 502 (119)

Peroxidase are capable to catalyze the reduction of peroxide in presence of certain

co-factors, as shown in Equation (1.20) [203].

ROOR' + 2¢,, +2H* —s ROH + ROH (1.20)

Several nanomaterials are found to have peroxidase-like activity similar to the
mechanism of Fenton reaction. Ce ion can also perform peroxidase-like activity,
as shown in Equation (1.21) to (1.23).
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Ce*™ + HyOy + H — Ce*t + OH® + H,0 (1.21)
Ce*™ + HO; — Oy +C*T + HT (1.23)

These distinctive properties of ceria nanoparticles are utilized to enhance radiation
stability of polymeric membranes in the present study for application in treatment
of radioactive effluent. Impregnation of ceria in Psf membrane matrix helps to
protect the matrix by scavenging ROS (OH*, e, HyO,, *H, Hy, H30™) produced

by water radiolysis under v-radiation.

The ceria nanoparticles can be synthesized using different techniques including hy-
drothermal [204], precipitation [205], combustion [206], solvothermal [207], aque-
ous precipitation [208], reversed micelles [209], thermal decomposition [210] and
flame spray [211] method. Though these techniques are efficient in fabricating pure
ceria nanoparticles with narrow size distribution, achieving desired characteristics
of nanoparticles is a critical step that depends on appropriate solution chemistry
during fabrication process [212]. During the fabrication of ceria nanoparticles, it is
essential that the sintering temperature is lower than the temperature at which ox-
idation state of cerium starts changing (Ce*t — Ce3") [213]. Among all available
chemical routes, gel-combustion technique is capable of producing nanoparticles
at higher reaction rate and lower calcination temperature with improved powder

characteristics and at a lower cost [214].

Several studies have been published concerning the properties (mechanical, an-
tifouling, thermal, electrical, etc.) of various polymers by using ceria nanoparticle
as a filler material. Furthermore, ceria found to be stable and homogeneously dis-
persed in the polysulfone matrix [215, 216]. Ushakov et al., has stabilized cerium
oxide nanoparticle in the matrix of linear density polyethylene, and suggested
that homogeneous dispersion of nanoparticles exhibits dielectric properties [217].
Mithlas et al., improved durability and performance of membrane fuel cell by
cerium oxide decorated polymer nanofibers [218]. Lakhotia et al., have discussed
improvement on anti-fouling properties of thin film nanocomposite nanofiltration
membrane using cerium oxide nanoparticles for water treatment [85]. Thermody-

namics between polymer matrix and cerium oxide nanoparticles, through intrinsic
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and extrinsic interfacial regions, plays a vital role in ensuring homogeneous dis-
persion of cerium oxide nanoparticles in the host, and thus can lead to enhanced-

performance composite with synergistic effects [219].

As part of this thesis, ceria nanoparticles were fabricated by gel combustion route
using citric acid (CeHsO7.H50) as a fuel and cerium nitrate (C'e(NO3)3.6 H30) as
an oxidizer. Participation of ceria nanoparticles were observed by incorporating

in Psf membrane matrix.

1.9 Motivation and objectives of the work

The research work presented in this thesis attempts to enhance the radiation resis-
tant property of polymeric membranes for their sustainable application in radioac-
tive effluent treatment. To achieve the desired objectives, unique properties of ND
and ceria nanoparticles were explored and utilized for protection of Psf membrane
matrix from consequences of radiation damage and attack of free radicals. Mixed-
matrix membranes with enhanced radiation resistance attributes were fabricated

and characterized. Following investigations were carried out in this thesis.

1. Effect of reinforcement of ND particles on radiation resistant behaviour of

Psf membrane and life-span analysis in radioactive environment.

2. Effect of carboxylated ND and comparison as to how it is superior than ND

particles in offering enhanced radiation resistant feature to Psf membrane.

3. Effect of ND size on radiation resistant property of membrane, and finding

an optimum size.

4. Effect of ceria nanoparticles on radiation resistant property of Psf membrane

and assessment of life-span in radiation environment.

5. Combined effect of reinforcement of both ND and ceria nanoparticles on the

radiation resistant property of membrane.

These objectives helped in understanding the role and influence of nanomateri-
als (ND and ceria) towards enhancing the life of polymeric membrane matrix in

radiation environment.
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1.10 Overview of Dissertation

Chapter 1 desribes the current scenerio of membrane technology and treatment

of radiactive effluent. It offers the motivation and objectives of this research work.

Chapter 2 provides details of all experimental methods used in this work, along

with a brief description of instrumental techniques used.

Chapter 3 presents development of Psf-ND mixed-matrix membrane (MMM) by
incorporating ND into Psf membrane matrix. Effect of ND particles on structural,
chemical, physical, and mechanical properties, as well as performance of MMM is

discussed.

In Chapter 4, studies on effect of carboxyl functionalization of ND on properties
on MMM is described.

The work presented in Chapter 5 describes the influence of ND particle size on

internal structure, properties, and performance of Psf-ND MMM.

In Chapter 6, the role and influence of ceria nanoparticles is investigated, along
with mechanistic evaluation of protection of Psf-ceria MMMSs in radiation envi-

ronment.

Chapter 7 describes the combined effect of ND and ceria nanoparticles on the

stability of Psf-(ND+Ce) hybrid membranes in radiation environment.

At the end, Chapter 8 summarizes key contributions of this research in the field
of polymer-nanocomposite membranes for application in treatment of radioactive
effluent. Few recommendations for future work have also been made, based on the

research carried out in this thesis.
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Experimental methodologies

2.1 Materials

2.1.1 Nanomaterials

1. Nanodiamond powder (NDjq, particle size: <10 nm, assay > 97%, MW:
12.01 g/mol, density: 3.5 g/ml) was procured from Sigma-Aldrich.

2. Monodispersed carboxylated nanodiamond particles (CND, 5 nm, 10 mg ml~*
in N-methyl-2-pyrrolidone, carboxylated) was procured from Sigma-Aldrich.

3. Nanodiamond powder (NDqsg, Average particle size: 250 nm) were procured

from Microdiamant.

4. Nanodiamond powder (NDjgo, Average particle size: 500 nm ) were procured

from Microdiamant.

2.1.2 Materials for the synthesis of cerium oxide nanopar-

ticle

1. Cerium nitrate (Ce(NOs)s - 6H20) AR-grade with purity > 99.9% was ob-

tained from Indian Rare Earth Limited, India.

2. Citric acid (CgHgO7- HyO) of purity > 99% was procured from Merck, India.
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2.1.3 DMaterials for membrane synthesis

1. Polysulfone (Psf, My, ~ 60 kDa) was purchased from Solvay Specialties
India Pvt. Ltd, India.

2. N-methyl-2-pyrrolidone (NMP) assay > 99.5%) was purchased from SRL
Pvt. Ltd, Mumbai, India.

3. Polyvinyl pyrrolidone (PVP) (K-30; molecular weight: 40 kDa) of AR grade
was purchased from SRL Pvt. Ltd, Mumbai, India.

2.1.4 Materials for membrane characterization

1. Polyethylene oxide (PEO, molecular weight: 100 kDa) was purchased from
Sigma-Aldrich.

2. Malachite green (MG) was procured from Sigma-Aldrich.
3. Ferrous sulfate (F'eSO4.7TH>0) was procured from Sigma-Aldrich.

4. Hydrogen peroxide solution (Hy02, 30% (w/w) in HyO) was procured from
Merck, India.

5. Tetrahydrofuran (THF, anhydrous, > 99.9%) was purchased from S. D. Fine

Chemicals Limited, India.

6. PTFE syringe filter (0.22 pum pore size and 25 mm diameter) was obtained

from Axiva Sichem Biotech, India.

7. ‘Porefil’ solution (v = 16 dyne/cm, vapour pressure: 3 mm Hg at 298 K)

was supplied by Benelux Scientific, Belgium.

2.2 Synthesis of ceria nanoparticles

Gel-combustion method was employed to synthesize nano-ceria powder using cerium
nitrate as oxidant and citric acid as fuel. Calculated amounts of C'e(NOs)3.6 H,O
and CgHgO7.H>O were dissolved in deionized water to obtain a clear solution.
The ratio of nitrate to citric acid was calculated based on propellant chemistry
and the same is represented by Equation (2.1). Upon drying the solution on a hot
plate at ~ 120 °C, the dehydration of solution leads to formation of a gel, termed

as precursor. On further increasing the temperature to ~ 200 °C, auto ignition
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of the gel takes place with evolution of large amount of gaseous product. After
combustion, a voluminous and fluffy mass is produced. The nature of ignition de-
pends on fuel-to-oxidant ratio, pH of the solution and temperature. Fuel-deficient
precursor was found to be more violent compared to fuel-rich composition. As
the combustion process continues for a small duration (typically ~ 5 s), residual
carbonaceous products are expected. Fabricated powder was then calcined at 700
°C for 1 h to remove carbonaceous products and pure powder phase was formed.

The reaction scheme of synthesis of ceria is given in Equation (2.1).

) 1
CG(NOg)g.GHQO + 606H807.H20 + Z_JLOQ —

1
CeO, + ;NQ + 500, + %H20 2.1)

2.3 Synthesis of membranes

Psf-nanomaterial MMMs were fabricated by non-solvent induced phase inversion
technique as shown in Figure 2.1. To prepare the dope solution, different weight
fractions of nanomaterial were taken as filler material and dispersed separately in
100 mL NMP solvent by ultra-sonication for 30 minutes. Control Psf membrane
was prepared without addition of any nanomaterial. Each of these solutions was
then mixed with 25 gm of Psf (base polymer) and 7.5 gm PVP (additive). The
dope solutions were then kept for continuous stirring up to 24 hrs. Membranes
with a thickness of 200 ym were prepared by phase inversion technique from these
homogeneous dope solutions with the help of an automatic table-top membrane
casting machine at ambient temperature, followed by instantaneous relocation into

de-ionized water for gelling.

In Chapter 3, nanodiamond (ND) was taken as a filler material to synthesize Psf-
ND MMMs. Different weight fractions of ND (0.1-ND, 0.5-ND, 1-ND, and 2-ND:

wt% of Psf) was introduced in individual dope solutions.

In Chapter 4, carboxylated nanodiamond (CND) was taken as a filler material to
synthesize Pst-CND MMMs. Different weight fractions of CND (0.1-CND, 0.5-
CND, and 1-CND: wt% of Psf) was introduced in individual dope solutions.

In Chapter 5, nanodimonds with particle size of 10 (N D), 250 (N Dasq), and 500
nm (N Djsgg) were taken as a filler material to synthesize Psf-ND MMMs. Different
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FIGURE 2.1: Schematic representation for synthesis of control Psf and mixed-
matrix membranes by phase inversion technique.

weight fractions of each ND (0.1-ND, 0.5-ND, 1-ND, and 2-ND: wt% of Psf) was

introduced in individual dope solutions.

In Chapter 6, cerium oxide (ceria) nanoparticles were taken as a filler material
to synthesize Psf-ceria MMMs. Different weight fractions of ceria (0.1-Ce, 0.5-Ce,

1-Ce, and 2-Ce: wt% of Psf) was introduced in individual dope solutions.

In Chapter 7, combination of ND and ceria nanoparticles were taken as a filler
material to synthesize Psf-(ND+Ce) hybrid MMMs. Composition and label of

different membranes are given in Table 2.1.

TABLE 2.1: Compositions of dope solution for the membrane synthesis.

Type of | Membrane Psf NMP | PVP ND Ceria
membrane label (g) (ml) | (g) (%/Pst)| (%/Psf)
Control Psf | Psf 25 100 7.5 0 0
0.25ND-0.25Ce | 25 100 7.5 0.25 0.25
Psf-(ND+Ce)| 0.25ND-0.5Ce | 25 100 7.5 0.25 0.5
0.5ND-0.25Ce | 25 100 7.5 0.5 0.25
0.5ND-0.5Ce 25 100 7.5 0.5 0.5

2.4 Irradiation of membranes

Individual membranes immersed in de-mineralized water were sealed in the zip-

lock polyethylene bags for irradiation. The %°Co source gamma chamber GC-5000
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(Board of Radiation & Isotope Technology, BRIT, India) was utilized for irradia-
tion of membranes by keeping the prepared zip-lock bags containing membranes

in gamma chamber with a dose rate of about 1 kGy h~! (Fricke dosimetry).

In Chapter 3, Psf and Psf-ND composite membranes were exposed to 100 (Psf-
100, 0.1-ND-100, 0.5-ND-100, 1-ND-100, 2-ND-100), 500 (Psf-500, 0.1-ND-500,
0.5-ND-500, 1-ND-500, 2-ND-500), and 1000 kGy (Psf-1000, 0.1-ND-1000, 0.5-
ND-1000, 1-ND-1000, 2-ND-1000) of radiation dose.

In Chapter 4, Psf and Psf-CND MMDMs were exposed to different v-radiation
dose of 100 (Psf-100, 0.1-CND-100, 0.5-CND-100, and 1-CND-100), 500 (Psf-500,
0.1-CND-500, 0.5-CND-500, and 1-CND-500), and 1000 kGy (Psf-1000, 0.1-CND-
1000, 0.5-CND-1000, and 1-CND-1000).

In Chapter 5, Psf and Pst-ND MMMs were exposed to the ~v-radiation dose
of 100 kGy (Psf-100, 0.1-NDy(-100, 0.5-ND;¢-100, 1-ND14-100, 2-ND;4-100, 0.1-
NDg50-100, 0.5-NDg50-100, 1-NDo95p-100, 2-NDy50-100, 0.1-ND509-100, 0.5-NDs500-
100, 1-ND300-100, 2-ND3(0-100), 500 kGy (Psf-500, 0.1-ND;4-500, 0.5-ND1,-500, 1-
NDy0-500, 2-NDy¢-500, 0.1-NDg50-500, 0.5-NDg50-500, 1-NDo5p-500, 2-NDos50-500,
0.1-ND500-500, 0.5-ND500-500, 1-ND500-500, 2-NDj500-500), and 1000 kGy (Psf-
1000, 0.1-ND14-1000, 0.5-ND1¢-1000, 1-ND14-1000, 2-ND14-1000, 0.1-NDy50-1000,
0.5-ND250-1000, 1-NDg50-1000, 2-NDg50-1000, 0.1-ND3500-1000, 0.5-ND500-1000, 1-
ND500-1000, 2-NDj500-1000).

In Chapter 6, Psf and Psf-ceria MMMs were exposed to 100 (Psf-100, 0.1-Ce-100,
0.5-Ce-100, 1-Ce-100, and 2-Ce-100), 500 (Psf-500, 0.1-Ce-500, 0.5-Ce-500, 1-Ce-
500, and 2-Ce-500), and 1000 kGy (Psf-1000, 0.1-Ce-1000, 0.5-Ce-1000, 1-Ce-1000,
and 2-Ce-1000) of radiation dose.

In Chapter 7, Psf and Psf-(ND+Ce) hybrid membranes were exposed to 100
(0.25ND-0.25Ce-100, 0.25ND-0.5Ce-100, 0.5ND-0.25Ce-100, and 0.5ND-0.5Ce-100),
500 (0.25ND-0.25Ce-500, 0.25ND-0.5Ce-500, 0.5ND-0.25Ce-500, and 0.5ND-0.5Ce-
500) and 1000 kGy (0.25ND-0.25Ce-1000, 0.25ND-0.5Ce-1000, 0.5ND-0.25Ce-1000,
and 0.5ND-0.5Ce-1000) of radiation dose.
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2.5 Viscosity measurement of membrane dope

solution

Viscosity of dope solutions with different loading of nanomaterials were determined
at room temperature using rotary rheometer (MCR 302, Anton Paar GmbH) by

keeping 1 mm gap for the sample between parallel plate arrangement.

2.6 Morphological characterization by field emis-

sion scanning electron microscope (FESEM)

Surface and cross-sectional morphology of membranes were observed using FESEM
(AURIGA 4553) at 20 and 5 kV operating voltages, respectively. To observe the
cross-sectional morphology, membranes were freeze dried and cracked in the liquid
nitrogen. For analysis, membrane pieces were made electrically conducting by a

sputter coater with gold-palladium alloy target at a current of 15 mA for 100 s.

2.7 Elemental composition analysis using energy

dispersive X-ray spectrometer (EDS)

Quantitative elemental analysis of selected membrane surfaces was carried out us-
ing an energy dispersive X-ray spectrometer (EDS, INCA, Oxford Instruments,
UK), coupled with FESEM and a micro analysis system. In EDS analysis, accel-
eration voltage of 20 kV and magnification of 4000X were used. The spectra were
acquired for elements of interest, i.e., Ce and O for ceria nanoparticles, while Ce,
C, S, and O for Psf-ceria MMMs.
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2.8 Structural morphology of nanomaterials by
transmission electron microscope (TEM) and

selected area electron diffraction (SAED)

Transmission electron microscopy (TEM) and selected area electron diffraction
(SAED) analysis of nanomaterials (ND, CND, ND-250, ND-500, and ceria nanopar-
ticles) were carried out using a JEOL 2000FX-200KV TEM. Prior to examination,
sample was prepared by dispersing nanomaterials into methanol with the help of
5 min bath sonication. Individually dispersed nanomaterials were deposited on to
the surface of 300 mesh size 3 mm copper TEM specimen grid having a carbon

support film and dried in ambient condition.

2.9 Size distribution analysis of nanomaterials

by dynamic light scattering (DLS) technique

Dynamic light scattering (DLS) analyses were carried out to obtain hydrodynamic
diameter of the particles using autosizer 4800 (Malvern, 7132 digital correlator).
For analysis, sample was prepared by adding nanomaterials or polyethylene oxide
(PEO) into de-ionized water and sonicated using bath sonicator for 30 minutes to

get dispersed solution.

2.10 Average pore size of the membrane using

porometer

Average pore size of membranes was determined using porometer (Porolux 1000
model, Benelux Scientific, Belgium). Data acquisition and analysis was carried
out using LabView software for 25 mm diameter of membrane sample. ‘Porefil’
solution was used as wetting liquid for capillary flow porometry, as it is a non-
toxic, inert fluorocarbon wetting fluid having zero contact angle in membrane, i.e.,

Cos 0 =1.
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2.11 Topography analysis by atomic force micro-

scope (AFM)

Topography of membrane surface was analyzed using atomic force microscope
(AFM, Model: SOLVER next, NT-MDT, Russia). A small (1 cm?) dry membrane
piece was taken for AFM analysis and pasted onto metal substrate. AFM images
were acquired in tapping mode with the aid of a silicon cantilever NSG 10 (NT-
MDT, Russia) with spring constant of 11.8 N/m and resonating frequency of 240
kHz. Imaging was carried out at room temperature and ambient pressure, and
root mean square (RMS) surface roughness of these membranes was obtained
by NOVA-P9 software. The effect of nanomaterial loading and radiation dose on

surface roughness of the membrane was examined within a scan range 3um x 3um.

2.12 Membrane surface water contact angle mea-

surements by drop shape analyzer (DSA)

Water contact angle at membrane surface was measured through KRUSS Advance
drop shape analyzer (DSA100, Germany) under ambient conditions. In order to
measure contact angle, a small membrane piece was placed on glass slide and water
drop was located onto the surface of the membrane using a syringe. The drop was
illuminated from one side and a camera at the opposite side records an image of
drop. The drop image was analyzed using KRUSS Advance software. Contact
angles in three different regions on each membrane sample were measured and

averaged.

2.13 Functional group characterization by atten-
uated total reflectance Fourier-transform in-

frared spectroscopy (ATR-FTIR)

Vibrational spectra of nanomaterials and membranes were observed through at-
tenuated total reflectance Fourier-transform infrared spectroscopy (ATR-FTIR;
IR Affinity-1 spectrometer, Shimadzu, Japan) at single reflectance ATR mode.
Result was evaluated and substantiated by taking 50 scans with a 4 cm™! spec-

tral resolution. Nanomaterial or surface of membrane was kept in contact with
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ATR crystal element and slight pressure was applied using a high pressure clamp
(MIRacle) with torque-limited press. The infrared spectrum was recorded in ab-

1

sorbance mode in the range from 400 to 4000 cm™" at room temperature with

radiation penetration depth of 2 mm.

2.14 Elemental Composition determination by

X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) measurements of nanomaterials and air-
dried membranes were accomplished using Mg-K,, (1253.6 eV) source and DESA-
150 electron analyzer (Staib Instruments, Germany). Calibration of binding-
energy scale was carried out to Au-4f; 5 line of 84.0 eV. The analyzer was operated
at 40 eV pass energy. Pressure in the chamber during analysis was ~ 7 x 1079 torr.
Surface composition (C;) and percentage of elements were calculated by binding

energy value obtained from XPS spectrum, using Equation (2.2) [220, 221].

I./S.
Cz_ Z/SZ

- X(1;/5)) (22

Where, i and j are elements C, S, O and Ce. Here I; is intensity of the C-1s, S-2p,
O-1s, and Ce-3d peaks determined by total area under the core level peak (by
least-squares fitting of Gaussian curve). S; represents the atomic sensitivity factor
with values 0.296, 0.666, 0.711 and 8.808 for C-1s, S-2p, O-1s, and Ce-3d peaks,

respectively.

2.15 Phase analysis by X-ray diffraction (XRD)

X-ray diffraction (XRD) pattern of nanomaterials and membranes was analyzed
through Cu-K,, radiation by Philips X-ray diffractometer (Model PW 1927) at 40
kV and 30 mA. Diffraction patterns were taken at the interval of 0.2° with 1 min

scanning time per interval in the range from 20 to 90°.
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2.16 UV-Vis spectra of nanomaterial

UV spectra of nanomaterial were recorded using UV-Vis spectrometer (JASCO
V-630 spectrophotometer). Nanomaterial was dispersed in de-mineralised water

and poured into a quartz cuvette (1 cm x 1 cm) for analysis.

2.17 Raman spectra of nanomaterial

Raman spectra of nanomaterials was recorded using a confocal Raman microscope
(Alpha300R, WITec, Germany). Nanomaterial was kept on a glass substrate for
analysis. A laser of wavelength 600 nm and beam spot-size of ~ 3 pum during

analysis.

2.18 Average molecular weight determination by

gel permeation chromatography (GPC)

Average molecular weight of membrane samples were determined using gel perme-
ation chromatography (GPC) system (Malvern 270 dual detector, UK) equipped
with refractive index detector and light scattering detector (A: 670 nm, consist-
ing of two scattering angles: 7° and 90°) along with general mixed organic column
T6000M (300x8 mm, Viscotek, Malvern, UK). The detector and column were kept
at 22° C temperature. Mobile phase consisted of tetrahydrofuran at a flow rate of
0.5 mL/min. Samples were filtered through a PTFE syringe filter with 0.22 pm
pore size and 25 mm diameter. Sample volume injected was 100 pL.. Both detec-
tors were calibrated with polystyrene standards having narrow molecular-weight

distribution. Data was analyzed using Viscotek OmniSEC 5.12 software.

2.19 Free volume estimation by positron annihi-

lation lifetime spectroscopy (PALS)

Positron annihilation lifetime (PAL) in membrane was determined at room tem-
perature using two scintillation detectors (BaFs) connected to fast-fast coinci-

dence system. The ??Na (~10 uC'i) wrapped in a thin Kapton foil (~8 pum thick)
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was used as positron source which was sandwiched between stacks of membrane.
Source-sample assembly was kept between two BaFy detectors. Time resolution
of spectrometer measured with a °Co prompt gamma source in ??Na window set-
ting was 250 ps. Time calibration was fixed at 25 ps per channel. Spectrum with
approximately 5x10° counts was acquired for each measurement. The positron

lifetime histogram is a multi-exponential decay curve as given in Equation (2.3).

F(t) = —e i (2.3)

Here, F(t) is the number of counts at time t, k represents the number of expo-
nential decays, 7; and I; are the corresponding lifetime and intensity of the 5"
component respectively. Lifetime spectra was fitted to four discrete components

with minimum y? using PALSfit analysis program [222].

Third lifetime component within the range of 1.8-1.9 ns corresponds to spin-triplet
ortho-positronium (o-Ps) pick-off annihilation with an electron from the inner sur-
face of free volume. Fourth component with lifetime in the range of 10 - 30 ns
corresponds to o-Ps annihilation in intergranular region. Intensity of the third
lifetime component is within the range of 14 - 17%, whereas intensity of the fourth
component is very small (< 0.6%). So we have not considered this fourth compo-
nent in further discussion. Third lifetime component was converted into average
radius (R) of spherical free volume using the following empirical relation from
well-known Tao-Eldrup model (Equation (2.4)) [223, 224].

1 R 1  2xR]!

(2.4)

Here, 73 is third lifetime component and Ry = R + 0.166 nm. Relative fractional

free volume (f) was calculated by Equation (2.5).

4
fzgﬂ?xg (2.5)

Here, I3 is relative intensity (in %) of third lifetime component (73).
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2.20 Membrane molecular structure interpreta-

tion by small angle X-ray scattering (SAXS)

Small angle X-ray scattering (SAXS) measurements were performed using a laboratory-
based SAXS instrument with Cu-Ka (A=1.54 A) as probing radiation. Radial
averaged scattering intensity (I(q)) was obtained within a wave vector transfer (q
= 4nsin(0) /A, where X is the wavelength and 26 is the scattering angle) range
from ~ 0.1 to 2.5 nm~!. The sample to detector distance was nearly 1 m. It was
found that three cumulative power law scattering contribution could explain fairly
well the scattering profile of Psf membrane. Thus, for Psf membrane, the model

shown in Equation (2.6) was used.

Ipes(q) = Crg " + Cog™ + Csq™" + C4 (2.6)

Here Cy, Cs, C3, and C4 are q independent constant parameters, and were es-
timated by fitting this model to scattering data using non-linear least square

method.

Scattering data from ND and ceria impregnated membranes were analyzed by

adding an extra scattering term as shown in Equation (2.7) and (2.8).

]total(q) = IPsf(Q) + ]ND/cem'a(Q) (27)

Inbeeriald) = Co / " Plg, 1) D(r)S g, r)dr (2.8)

Here, P(q,r) represents form factor of a spherical particle of radius r. D(r) is
particle size distribution and S(q,r) represents the structure factor of particles.
A fractal like structure factor [225] was considered for present data. D(r) was
estimated from scattering profile of ND particles and ceria nanoparticles, for re-
spective membranes. (), is a g-independent constant and is proportional to the
product of number density of the particle and respective scattering contrast. Par-
ticle size distribution of ND particles and ceria nanoparticles were calculated from
virgin ND particles and synthesized ceria nanoparticles, respectively. Size distri-
bution of ND and ceria obtained from SAXS was used during the fitting of SAXS
curve for Psf-ND and Psf-ceria MMMs, respectively.
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2.21 Membrane oxidative degradation analysis

by differential scanning calorimetry (DSC)

Thermograms of membranes were recorded in differential scanning calorimeter
(DSC 1 STARe system, Mettler-Toledo AG (MTANA), Switzerland) over tempera-
ture range of 40 to 600 °C' in flowing oxygen atmosphere (flow rate: 40 mL min™').
For DSC measurements, a small piece of each membrane was sealed into 40 pL

aluminium pan by covering lid with a small hole in it.

2.22 Mechanical properties evaluation by uni-

versal testing machine (UTM)

Universal testing machine (UTM, Hemetek Techno Instrument, model LRX Plus,
India) was used to measure the mechanical properties of membranes at room
temperature and 40-50% relative humidity. Dumbbell shaped specimens of mem-
branes each of 5 cm length and 0.6 cm width were prepared for analysis. During
the analysis, a constant deformation rate of 100 mm/min was applied. NEXYGEN
plus software was used to calculate tensile strength and percentage elongation at

maximum force for the membrane.

2.23 Permeability measurement of membrane

Pure water permeability measurements of membranes were carried out in an ultra-
filtration test skid (membrane cross-section area A = 14.5 cm?) at room temper-
ature and 1 bar trans-membrane pressure. Steady state pure water permeability
(PWP) was determined by measurement of permeate flow in terms of liters per
square meter per hour (LMH). The PWP (LMH) through the membrane area
A (m?) was measured by volume V (L) collected during time period T (h) and
illustrated by Equation (2.9).

v

PWP =
W AxT

(2.9)

To achieve stabilized performance, membranes were initially placed for compaction

for 1 h in water under standard ultrafiltration test conditions.
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2.24 Solute rejection study of membrane

Membrane samples were placed in an ultrafiltration test skid for cross-flow perme-
ation measurement, with an effective membrane cross-flow area of 14.5 cm?. PEO
of molecular weight: 100 kDa was used as a solute for rejection measurement.
PEO solution (200 ppm) was prepared in distilled water by dissolving pre-weighed
amounts of PEO. Solute rejection studies were carried out at room temperature
and 1 bar transmembrane pressure. Concentration of PEO was determined by
measuring total organic carbon (TOC) content of the samples (in both feed and
permeate stream) using TOC analyzer (ANATOC, SGE analytical science, Aus-
tralia). Percentage rejection of PEO (% Rpgro) was calculated using Equation
(2.10).

Cf _Cp

%Rppo = c,

x 100 (2.10)

Here, C is concentration in the feed and C, is concentration in the permeate

stream.

2.25 Pulse radiolysis studies for evaluation of ¢,

scavenging capability

Pulse radiolysis experiments were carried out with high-energy electron pulses
(7 MeV, 500 ns) obtained from a linear electron accelerator. Transient species
formed by pulse radiolysis were detected by optical absorption method. Aerated
aqueous solution of KSCN (1x1072 M) was used for determining the dose delivered
per pulse, monitoring the transient (SCN)3~ at 475 nm, using Ge (475 nm) =
2.59 x 107" m?2/J. Here, G denotes radiation chemical yield in mol J~! and €
denotes molar extinction coefficient in m?mol~!. The dose per pulse was close to
10-12 Gy/ pulse (1 Gy = 1 J .kg™'). Radiolysis of N,-saturated neutral aqueous

solution leads to radiolysis of water as given in Equation (2.11)

HO — H.7 OH., 6;(1, Hg, HQOQ, Ifg()+ (211)
In studies, the ability of nanomaterial to scavenge e,, was investigated using dif-
ferent concentration in de-mineralized water, and compared with de-mineralized

water without adding any nanomaterial in it. The ability of MMMs to scavenge e,
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was investigated using membrane coupons of 3 x 1 em? immersed in de-mineralized
water, and compared with control Psf membrane. Among the radicals generated,
yield of hydroxyl (OH*®) and hydrated electron (e, ) are relatively high at neu-
tral pH. The OH* radicals and e,, are strongly oxidizing and reducing in nature,
respectively. Therefore, in order to investigate the reaction of polymer composite
with e, , 1 M tert-butanol was added to the aqueous solution to scavenge OH*

radicals, giving a total radiation chemical yield (G value) of 0.27 pmol/J under

N, saturated condition.

2.26 Hydroxyl radical scavenging studies

Scavenging activity of nanomaterials was evaluated by performing competition
kinetics using MG as reference solute. Hydroxyl (OH*®) radical was generated by
Fenton reaction, where Fe*" ion is oxidized by hydrogen peroxide as shown in
Equation (2.12) [226].

Fe*™ + HyOy — Fe*t +OH™ + OH* (2.12)

MG is a triphenyl methane dye which is intense green in colour having absorption
peak at 615 nm. The OH* radicals formed reacts instantly with MG and oxidizes
it, as shown in Equation (2.13). This results in decolourization of the dye. De-
cay of absorbance at 615 nm was monitored in absence and presence of different

concentrations of nanomaterials (ND or ceria) as an independent scavenger.

Final composition of reaction mixture contains 12 pM MG, 0.15 mM FeSO, and
varying concentration of nanomaterial (ND or ceria), as well as different loading
of nanomaterial (ND or ceria) in MMMs (3 cm x 1 ¢cm membrane area). The
reaction was initiated by adding 1 M hydrogen peroxide. Absorbance-time plot
in absence and presence of different scavengers was fitted with first order kinet-
ics. These studies were performed using UV-Vis spectrometer (JASCO V-630

spectrophotometer) in a quartz cuvette (1 cm x 1 cm).
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2.27 Peroxidase activity analysis

Peroxidase-like activity of nanomaterials (ND and ceria) and MMMs (Psf-ND and
Psf-ceria) was investigated by using MG and hydrogen peroxide as substrates.
Oxidation of MG by nanomaterial (ND or ceria) and hydrogen peroxide can be

written as shown in Equation (2.14).

MG + H202 — MGox + ZHQO + 02 (214)

Reaction mixture containing 12 uM MG, 1 M hydrogen peroxide, and varying con-
centration of nanomaterial (ND or ceria) was taken up for evaluation of activity.
Variation in absorbance value of different concentration of nanoparticles (ND or
ceria) was determined at the wavelength of 615 nm in UV-Vis spectrometer. Cat-
alytic kinetics of the material was evaluated by employing Linweaver-Burk plot,

using the relation shown in Equation (2.15) [138].

1 Km[l 1] (2.15)

V" Vo [C 7 K
Here, two different sets were used. In the first set, to evaluate affinity between
nanoparticles (ND or ceria) and MG, reaction was monitored by following oxida-
tion of MG in presence of fixed concentration of nanoparticles, HoO, and vary-
ing the concentration of MG. Resulting linear portion of absorption-time plot
at 615 nm was fitted and the slope was divided by extinction coefficient of MG
(1.4 x 10° M ~tem™!) to obtain initial velocity (V, M/s). Double reciprocal plot of
initial velocity against concentration of MG was plotted and the linear fit gave the
slope and intercept from where Michaelis-Menten constant (K,,) and maximum
initial velocity (V,,q.) were calculated. Similarly, affinity of nanomaterials towards
H50, was evaluated by performing oxidation of MG in presence of fixed concen-
tration of MG, nanomaterial and varying the concentration of H,O,. Similarly,
this set was evaluated for estimating the kinetic parameter, K,, and V,,... These
parameters were not evaluated for MMMs due to the limitation of adsorption of

MG on Psf membrane.
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2.28 Monte Carlo simulation studies for life-span
assessment of membrane in radioactive en-

vironment

Radiation dose absorbed by membrane in intermediate level radioactive waste en-
vironment was calculated using Monte Carlo simulations. Monte Carlo method
involves actual mathematical simulation of transport of particles through the
medium using random sampling techniques with the help of high speed computers.
This method is considered to be the most accurate method of solving radiation
transport problems, which takes care of complicated and heterogeneous geome-
tries and source emission. Various information such as, energy imparted, fluence,
and energy distribution of the radiation can be scored during the transport. A
validated Fluka ((FLUKA2011.2x-3) [227, 228] code was used for this purpose.
FLUKA code can simulate the propagation and interaction of photons of ener-
gies from 1 keV to thousands of TeV in very complex geometries, modeled using

Combinatorial Geometry (CG) package.

Membrane

Activity in

aqueous
medium \’

FIGURE 2.2: Monte Carlo simulated geometry for membrane performance in
liquid radioactive waste environment.

A Psf membrane of cross sectional area 1 m? with thickness 150 um and density
1.02 gm/cm? was dipped in a radioactive efluent cylindrical column. The mod-
eled geometry is shown in Figure 2.2. As a close approximation to reality, it is
assumed that radioactive effluent contains 50% of Cs-137 and Sr/Y-90 radionu-
clides each. Emission particulars of these radionuclides are shown in Table 2.2.
Length of effluent column used for simulations is 100 cm and 2 cm for gamma and
beta radiations, respectively. The beta spectrum used for calculations is taken
from RAdiation Dose Assessment Resource (RADAR). Energy absorbed by the
membrane was scored when radiation was emitting uniformly from the cylindri-
cal volume of effluent isotropically. Dose absorbed by the membrane enclosed by

liquid radioactive effluent is obtained using USRBIN region based scoring.
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TABLE 2.2: The energy emission from radionuclides.

Radionuclide | Emission | Energy (MeV) | Yield%
Cs-137 Gamma 0.662 85.1
Sr/Y-90 Beta 0.546 (Max) 100

Beta 2.284 (Max) 100

2.29 Mathematical modeling of solute transport

across the membrane

Various models based on different approaches are reported to describe and predict
the solute passage through the membrane [229-231]. Kedem-Katchalskys irre-
versible thermodynamics approach has been considered in the present work, as
the mechanisms of molecular transport within the membrane are not fully under-
stood. The basic equations for the solute flux and the solvent flux [232] are given

in Equation (2.16) and (2.17), respectively.

Jy = L, [Ap — o Ar] (2.16)

Js = (Cs)in(1 — 0)J, + wAT (2.17)
Cm—C,

Coin = ———= 2.18

Cn= 219

Here, J, and J; represent solvent and solute flux, respectively, L, is the filtration
coefficient, Ap is pressure drop across the membrane, o is reflection coefficient, w is
the solute permeability and A is the osmotic pressure difference between the fluid
on membrane surface and product stream, (Cy);, is logarithmic concentration, C,,
is concentration of solute on membrane surface and C), the concentration of solute

in product stream.

In essence, o indicates the solute rejection property of the membrane and w in-
dicates the solute permeability through the membrane. Since o is dependent on
membrane, there needs to have an appropriate correction factor for o reflecting
the membrane nature. Similarly, w requires modification as it refers to the per-

meability of solute species having a size distribution.
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2.29.1 Incorporation of pore theory in rejection model

Pappenheimer [232] and Verinory [233] incorporated pore theory for trans-capillary
transport. According to this theory, the membrane structure can be estimated by
the parameters o and w. Nakao-Kimura et.al. [234] has described the structural
implications of the ultrafiltration membrane using the ‘pore theory’. They have
assumed that cylindrical membrane pore has a constant radius r, and length AX
and that the spherical solutes have a radius r,. ¢ and w can be written in terms

of pore theory as in Equation (2.19) and (2.20).

o =1- g(q)Sr (2.19)
w=D.f(q)Sp {f—)’f(] (2.20)

D is diffusivity of solute. Aj is the ratio of total cross-sectional pore area to
the effective membrane area. q is ratio of solute radius to pore radius (Equation
(2.21)).

g=- (2.21)

Sp and Sp are the steric hindrance factors for diffusion and filtration flow, respec-
tively, and are defined as in Equation (2.22) and (2.23).

Sp = (1-q)? (2.22)

Sp=2(1-¢)*—(1-¢)* (2.23)

f(q) and g(q) are the correction factors for the effects of a cylinder wall and are
calculated as shown in Equation (2.24) and (2.25).

1—-21¢+21¢° — 1.7¢° + 0.73¢°
N 1 —0.76¢°

fa) (2.24)

~ 1-0.6667¢* — 0.2¢°
N 1 —0.76¢5
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Equation (2.17) can be rewritten as:

Ty = (C)in(1 = 0)(Ly(Ap — 0AT)) + wiAn (2.26)

T, = (Conloa)Sr) (L(Ap — o &) + Df(@)Sp 3 An (221)
hu=tp = 2] [ 2] (2.98)

§_§( - L;f“ (2.29)

Ay is constant for a specific membrane and can be expressed in terms of pure
water flux using Hagen Poiseuille equation and J,, is pure water permeability, u is
solvent viscosity. J; is the solute flux. L,, C), and Ap were measured during the
experiments. The 7, was estimated by the pore size distribution of the membranes
using BET analysis. Solute flux was calculated using Equation (2.27). Ap was
taken equal to the operating pressure as the pressure drop along the length of the
membrane was negligible. As the experiments were conducted at very low con-
centrations, A7 is not significant. Therefore, values could be estimated based on
the molar concentration. D and p were obtained from literature. ry was obtained
from the particle size distribution of solute (PEO, 100 kDa) using dynamic light
scattering (DLS) analysis.

2.29.2 Experimental used for mathematical modeling

Mathematical model for transport phenomena of membranes was determined by
utilizing the experimental values of membranes. Pure water permeability and
solute rejection for PEO (100 kDa) were measured as mentioned in the earlier
section. Particle size distribution of PEO solute was acquired using dynamic light
scattering (DLS) analysis. Pore size distribution of membranes were determined
with the help of nitrogen adsorption-desorption isotherm using BET technique

(Soptomatic 1990 Instrument).
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Polysulfone-nanodiamond

mixed-matrix membranes

(Ps-ND MMDMs)

3.1 Overview

The question this Chapter sets out to address is whether incorporation of nanodi-
amond (ND) in Psf membrane matrix would result in enhanced radiation resistant
property of membrane. The major considerations in building such kind of system
are: (a) interaction of ND particles with Psf matrix, (b) dispersion of ND particles
in Psf membrane matrix, (c) role of ND during synthesis of Pst-ND MMMs, (d)
effect of ND on membrane morphology and topography, (e) effect of ND on mem-
brane hydrophilicity /hydrophobicity, (f) effect of ND on membrane mechanical
properties, (g) effect of ND on membrane performance, (h) effect of y-radiation
on the performance of Psf-ND MMMs, and (i) Underlying mechanism of how ND
would protect the Psf-ND MMDMs against direct impingment of v-ray energy, as

well as radiolysed products of water.

In this Chapter, the unique radiation-resistant property of ND has been exploited
to develop Pst-ND MMMs with improved 7-radiation resistant behavior. ND par-
ticles were characterized by TEM (to observe the morphology), XRD and Raman
(to determine the structure), SAXS (to obtained the size of particle), XPS and
ATR-FTIR (to observe the bonding and functional groups of ND), scavenging ac-
tivity (to determine the capability of ND to scavenge free radicals generated by

radiolysis of water), and peroxidase activity (to determine peroxidase-like activity

47



Chapter 3. Psf~-ND MMMs

of ND). Psf-ND MMMs were synthesized using phase inversion technique by in-
corporating ND particles in Psf matrix. Pst-ND MMDMs were characterized using
FESEM, to observe the effect of ND loading and 7-radiation dose on membrane
morphology; AFM, to analyse surface topography of membrane at different loading
of ND and at different ~-radiation dose; membrane surface water contact angle,
to determine membrane surface hydrophilicity /hydrophobicity and the effect of
ND loading and ~v-radiation dose; ATR-FTIR and XPS, to obtain variation in
chemical structure in presence of ND and radiation dose; GPC, to see the effect of
~-radiation on molecular weight of the membrane; PALS, to determine the alter-
ation in free volume of Psf membrane matrix due to ND loading and v-radiation
dose; SAXS, to evaluate structural parameter in presence of ND and different ra-
diation dose; UTM, to analyse the effect on mechanical properties of membrane
by incorporating ND and v-radiation dose; flux and solute rejection, to observe
the performance of Psf-ND membranes in radiation environment; scavenging and
peroxidase activity, to analyse the mechanism of protection of membrane in -
radiation environment due to scavenging of highly reactive species by ND present
in the membrane matrix; Monte Carlo simulation study, for life-span analysis of

membrane.

3.2 Results and discussion

3.2.1 Characterization of nanodiamond particles
3.2.1.1 TEM images of nanodiamond particles

Figure 3.1 shows TEM image of crystalline ND. The strong attraction forces be-
tween particles, due to small size of ND particles, brings them together and are

seen in an agglomarated form.

3.2.1.2 XRD pattern of nanodiamond particles

X-ray differection (XRD) pattern (Figure 3.2) of ND particles shows differaction
peaks of 20 at 43° and 75°, corresponding to (111) and (220) planes of the diamond,
respectively [235], demonstrating the cubic structure of crystalline phase in ND

particles.
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Ficure 3.1: TEM image of ND particles.
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FiGure 3.2: XRD pattern of ND particles.

3.2.1.3 Raman spectra of nanodiamond particles
Raman spectra of ND particles (Figure 3.3) shows signature peak of diamond at

1318 and 1594 cm™!, attributed to diamond-like sp® bonded and polycrystalline
graphite-like sp? bonded crystals, respectively [236].

3.2.1.4 Nanodiamond particle size distribution by SAXS

Figure 3.4 shows the particle size distribution of ND obtained from SAXS. Average

diameter of ND particles acquired is ~ 4.9 nm.
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FiGure 3.3: Raman spectra of ND particles.
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FI1GURE 3.4: Size distribution of ND particles obtained by SAXS analysis.
3.2.1.5 XPS analysis of the nanodiamond particles

Figure 3.5(a) shows XPS spectra for C-1s peak of ND particles. XPS spectra
exhibits binding energy peak for C-H bond at 283.8 ¢V, C-C bond at 285 eV,
and C-O bond at 286.5 eV. Figure 3.5(b) shows XPS spectra for O-1s peak of ND
particles. XPS spectra exhibits binding energy peak for oxide bond 530 eV, -COO-
bond at 531.2 eV, and C-O bond at 532.3 eV. XPS spectra for C-1s and O-1s peak

confirm the presence of carboxyl and hydroxyl functional groups on surface of ND

particles [237].
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FIGURE 3.5: XPS spectra of ND particles: (a) C-1s peak and (b) O-1s peak.
3.2.1.6 ATR-FTIR spectra of the nanodiamond particles

The FTIR spectra of ND particles in Figure 3.6 shows major absorption bands
at about 3410 em™' (OH stretching vibration), 1647 ¢cm™ (C=0 stretching of
carboxyl groups), and 1100 ¢cm ™! (C-O stretching vibration of -COOH groups).

This validates presence of carboxyl and hydroxyl functional groups on surface of

ND particles [238].
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FiGURE 3.6: ATR-FTIR spectra of ND particles.
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3.2.1.7 e, scavenging capability of nanodiamond particles

The characteristic absorption spectrum of e,, has a broad, structureless band
with a maximum around 700 nm in aqueous system. In general, reactivity of e_ is
investigated by monitoring time absorption plot at 700 nm in presence of different
concentration of ND particles. Scavenging of e, radical by ND particles was
confirmed by monitoring their reaction with varying concentration of ND particles
(Figure 3.7). Results showed that increasing ND concentration leads to rapid
decay of hydrated electron, which confirms that ND is responsible for scavenging

the radiolysed product (e, ) of water.
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FIGURE 3.7: Absorption-time plot of hydrated electron of water at 700 nm in

presence of varying concentration of ND particles suspended in aqueous solution

containing 1 M t-butanol at pH 7 under Ns saturated condition. Here plot

corresponds ND concentration at (a) = 1.65 pg/ml, (b) = 4.12 ug/mi, (c) =

8.25 ug/ml, (d) = 16.5 pg/ml, (e) = 33 pg/mi, (f) = 49.5 pug/ml, (g) = 66

wng/ml. Inset shows the plot of observed rate of hydrated electron as a function
of ND particles concentration at pH 7.

3.2.1.8 Hydroxyl radical scavenging capability of nanodiamond parti-

cles

Maximum absorption peak of MG is at 615 nm. To understand participation of

ND particles in the reaction, oxidation of MG was performed by OH* radical in
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presence of different concentration of ND particles. Figure 3.8 shows degradation
of MG in presence of different concentration of ND. As shown in inset of Figure 3.8,
with increase in the concentration of ND, degradation rate of MG decreases. This
indicates scavenging of O H*® radical by ND particles. The O H*® radical scavenging

phenomenon of ND particles can be expressed as in Equation (3.1).

ND+OH.—|—H+—>NDox+HQO (3.1)

Decrease in degradation rate of MG (kus) with concentration of ND depicts in-

crease in O H® radical scavenging activity of ND.

0.98

—— Blank MG
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0.91 - — 20 pg/ml

0.15

— 30 pg/ml

< \ —— 50 pg/ml

o —— 60 pg/ml
0.84 -2 —— 81 pg/ml
% 0.134
¥

0 10 20 30 0 50
[ND] (llgll ml) |

0 200 400 600
Time (s)

Normalized absorbance (Arb. unit)

0.77

FiGure 3.8: Hydroxyl radical scavenging by ND particles. Inset shows inhibi-
tion of absorbance of MG due to OH*® radical induced degradation in presence
of different concentration of ND particles (5 - 81 pug/ml).

3.2.1.9 Peroxidase activity of nanodiamond particles

Peroxidase-like activity of ND particles was analyzed by using MG and hydrogen
peroxide as substrate. Inset of Figure 3.9 shows time dependent peroxidase-like
activity of ND particles. Peroxidase-like activity increases with increasing con-
centration of ND particles (Figure 3.9). To understand the affinity of MG with
ND particles, steady state kinetics was studied by varying the concentration of

MG with fixed concentration of ND particles and hydrogen peroxide, as shown in
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Figure 3.10. The steady state kinetic parameters were found using Linewear-Burk
method. The value of K, was estimated ~ 40.075 M and V4, ~ 1.195 M/s.
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FIGURE 3.9: Peroxidase activity exhibited by different concentration of ND
particles. Inset shows time dependent peroxidase-like activity for different con-
centration (0 — 25 pug/ml) of ND particles.
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FIGURE 3.10: Double reciprocal plot of initial velocity for decay of MG by
H504 catalyzed by ND particles as a function of MG concentration.
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3.2.2 Membrane morphology study using FESEM

Surface and cross-section morphology of membranes are shown in Figure 3.12
and 3.13, respectively, for different ND concentrations and irradiation doses. Top
surface morphology of control Psf and Psf-ND MMMs is indistinguishable, except
for the presence of ND in Psf matrix, as shown in Figure 3.12. ND particles are
homogeneously distributed on the surface of MMMs. However, with increased
loading of ND, the proportion of ND particles has increased on top surface of
the membrane, leading to agglomeration at 1% ND loading (Figure 3.12(c), (f)
and (i)). Fingering has been observed in all the membranes, as clearly seen in
Figure 3.13, which is a characteristic of membranes synthesized by nonsolvent-
induced phase inversion technique [239]. Cross-sectional images of MMMs show
the presence of ND in bulk of the membrane matrix, offering mechanical strength
to the membrane [57], as discussed later in the section of mechanical properties
of the membranes. FESEM images (insets of Figure 3.13(a), (b) & (c)) reveal
that an increase in ND loading results in decrease in pore density and increase in
pore size. This can be explained by delay in exchange between solvent and water
during phase inversion due to the increased viscosity of dope solution by added
ND nanoparticles [95]. The viscosity of dope solution increases with the loading

of ND, as shown in Figure 3.11.
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FIGURE 3.11: Viscosity of dope solution with different loading of ND in mem-
brane.

With radiation exposure, different phenomena like pore closure, pore merger and

pore splitting [240] are observed because of cross-linking and chain scissioning
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[241], as seen in Figure 3.13. With increase in radiation dose, the Psf membranes
showed significant pore closure, leading to reduction in pore density, as shown in
Figure 3.13(a), (d), & (g). However, on exposure to radiation, for the MMMs,
0.5-ND and 1-ND, pore splitting and pore merger phenomena occur statistically,
but simultaneously, leading to an overall reduction in pore density of membranes,
as shown in Figure 3.13(e), (f), & (i). Similar finding has been observed in SAXS
studies as shown in Figure 3.20. The reduced pore density of MMMs resulted in
reduced permeability, as disscussed in later section (Figure 3.22). Interestingly,
membrane 0.5-ND shows comparatively less changes with radiation in porosity.
FESEM images study clearly indicate that presence of ND has got a profound and
positive implication on the structure and morphology of MMMs, and the effects

are more so pronounced in presence of vy-radiation.

Psf 0.5-ND 1-ND

500 kGy

1000 kGy

FI1GURE 3.12: FESEM images of top surface of the membrane with and without

ND: (a) to (c): Unirradiated (UR) membranes, (a) Psf, (b) 0.5-ND, and (c) 1-

ND; (d) to (f): Exposure to 500 kGy radiation dose, (d) Psf-500, (e) 0.5-ND-500,

and (f) 1-ND-500; (g) to (i): Exposure to 1000 kGy radiation dose, (g) Psf-1000,
(h) 0.5-ND-1000, and (i) 1-ND-1000.

3.2.3 Membrane surface topography study using AFM

Root mean square (RMS) roughness of the membranes, obtained from AFM stud-

ies, is shown in Figure 3.14. The RMS roughness of control Psf membrane was
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Psf 0.5-ND 1-ND

FiGURE 3.13: FESEM images of cross-section of membrane with and without

ND: (a) to (c): Unirradiated (UR) membranes, (a) Psf, (b) 0.5-ND, and (c)

1-ND; (d) to (f): Exposure to 500 kGy radiation dose, (d) Psf-500, (e) 0.5-ND-

500, and (f) 1-ND-500; (g) to (i): Exposure to 1000 kGy radiation dose, (g)

Psf-1000, (h) 0.5-ND, and (i) 1-ND-1000. Inset in the images shows pores in
respective membranes.

found to be 2.02 nm. Surface roughness is increasing with ND loading and RMS
roughness value of 3.20 nm is obtained for 2% loading. This is due to interfacial
defects created between ND and Psf matrix (as observed by PALS analysis shown
in Figure 3.19). The surface roughness of membranes increases with radiation
dose due to deterioration of membrane structure, which results in a rough topog-
raphy. Psf membrane undergoes chain scissioning and cross-linking phenomena
and increases the surface roughness even at 100 kGy radiation dose. For Psf-ND
MMMs, change in roughness is not significant up to 100 kGy of radiation dose,
while appreciable change was observed for radiation dose of 500 and 1000 kGy,
which leads to increase in surface roughness up to 4.6 nm (2-ND-500) and 5.2 nm
(2-ND-1000). Up to a radiation dose of 100 kGy, presence of ND prevents Psf mem-
brane matrix from the effect of y-radiation. On the other hand, beyond 500 kGy
radiation dose, chain scissioning and cross-linking phenomenon deteriorate the Psf
membrane matrix, which is evident from surface roughness values (maximum of
76.2% increase for 0.5-ND-1000). The findings indicate that least deterioration of
membrane structure has occurred at 2% loading, with 60.3% increase in roughness
value (2-ND-1000). AFM results demostrate that control Psf membrane surface
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starts deteriorating even at 100 kGy radiation dose, while Psf-ND MMMs showed

significant changes in surface roughness only after 500 kGy radiation dose.
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FIGURE 3.14: Variation of RMS roughness of membranes at different loadings
of ND and radiation dose.

3.2.4 Membrane surface water contact angle studies using
DSA

Water contact angle studies were carried out to determine hydrophilicity /hy-
drophobicity of membrane, as shown in Figure 3.15. The water contact angle
of control Psf membrane was found to be 80°, which decreases with loading of
ND (74.2° for 0.1-ND and 70.2° for 0.5-ND) because of the enhanced surface
hydrophilicity in presence of hydrophilic (hydroxyl and carboxyl) groups of ND
(observed in FTIR spectra Figure 7.7) [242]. However, beyond 0.5% loading, the
contact angle increases (75.4° for 1-ND and 76.1° for 2-ND), which could be the
result of less physical interaction of ND with Psf matrix due to aggregation. The
contact angle values of membranes irradiated up to 1000 kGy remained almost
similar, and in line with the trend observed for unirradiated membranes, with 2%
loaded one being an exception. At 100 kGy radiation dose, significant change
of contact angle has been observed only in the case of control Psf membrane
due to enhancement of hydrophilicity because of increase in surface roughness (as

reflected in surface roughness values Figure 3.14). At 500 kGy radiation dose,
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contact angle decreases, which is due to pore splitting, that increases pore den-
sity and thus increase in hydrophilicity. Almost similar values of contact angles,
72°,71.2°, and 76.2° in case of 0.1-ND-1000, 0.5-ND-1000, and 1-ND-1000 mem-
branes, respectively, with their unirradiated counter parts (70.2° and 75.4°), is one
important observation to be made here. However, dip in contact angle value of
irradiated membranes at 2% ND loading is due to agglomeration of ND at high
concentration. Less interaction between ND and polymer at 2% loading could be
responsible for having a similar trend in contact angle values of 2-ND membranes
with that of control Psf membrane.
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FIGURE 3.15: Variation of membrane surface water contact angle with loading
of ND in membrane matrix, before and after irradiation.

3.2.5 Functional group studies of membrane surface using

ATR-FTIR

FTIR spectra, as shown in Fig. 3.16, exhibits significant absorption band around
834 cm™! (C-H stretching of aromatic ring of Psf), 1014 cm ™! (symmetric O=S=0
stretching of sulfone group), 1080 and 1105 cm™! (aromatic ring vibration), 1149
ecm™! (symmetric O=S=0 stretching of sulfone group), 1168 cm™! (asymmetric
O=S=0 stretching of sulfone group), 1238 cm™! (asymmetric C-O-C stretching
of aryl ether group), 1293 & 1322 cm™! (asymmetric O=S=O0 stretching of sul-
fone group), 1364 cm™! (symmetric C-H bending deformation of methyl group),
1411 em™! (asymmetric C-H bending deformation of methyl group), 1487 & 1586
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cm~! (aromatic C=C stretching), 2873 & 2968 cm™! (asymmetric and symmetric
C-H stretching vibration include complete methyl group), and 3440 cm~! (O-H
stretching vibration). FTIR spectra of pure ND powder shows major absorption
bands around 3410 cm ™! (O-H stretching vibration), 2359 cm™~! (absorption vibra-
tion of the CO,), 1647 cm~! (C=0 stretching of the carboxyl groups), and 1100
ecm~! (C-O stretching vibration of the -COOH groups). This validates presence
of carboxyl and hydroxyl functional groups on the surface of ND. The hydroxyl
and carboxyl groups present over ND are responsible for scavenging secondary
free radicals generated during radiolysis of water, which in turn protects MMMs
leading to an enhanced life-span in radioactive environment. This finding has also
been corroborated with our in-house data on radiation stability of MMMs with
carboxyl-functionalised ND [243]. No-shifting in characteristic absorption bands
of Pst-ND MMDMs indicates the fact that impregnation of ND in control Psf matrix
does not affect internal molecular structure of membrane. Characteristic band of
ND at 2359 cm~! shows physical presence of ND, whose intensity increases with

loading of ND, as seen in Figure 3.16.
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FIGURE 3.16: ATR-FTIR spectra of unirradiated control Psf and Psf-ND
MMMs.

3.2.6 Studies on nature of bonding in membrane matrix

using XPS

XPS spectra of C-1s peak of membranes, as shown in Figure 3.17, exhibits binding
energy peak for C-C bond around 284.9 eV, C-OH bond around 286.3 eV, and C=0
bond around 287.5 eV. XPS spectra of S-2p and O-1s peaks of membranes. No
shift in XPS peaks of bonds confirms that there is no chemical interaction between
ND and Psf, even at increased loading of ND, confirming only physical entrapment

of ND in membrane matrix.
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FIGURE 3.17: XPS spectra of unirradiated membranes: (a) Psf, (b) 0.1-ND,
(c) 0.5-ND, (d) 1-ND, and (e) 2-ND.

As seen in Table 3.1, the atom ratio of carbon to sulfur (C/S) was found to
be increasing with loading of ND, owing to increase in concentration of carbon
contributed from ND addition. Also, the ratio of C/S was found to be increasing
with radiation dose for both control Psf and MMMs, which is mainly attributable
to the elimination of sulfone group with irradiation due to chain scissioning [42,
239]. It is interesting to see that the increase in C/S ratio from 20.9 for 0.5-ND
to 26.5 for 0.5-ND-1000 was minimal in case of membrane with 0.5% loading of
ND, confirming this membrane to be the most radiation resistant amongst all
MMDMs. Results indicate that a better interaction of polymeric chain with ND
exists at an optimum loading of ND, which is 0.5%. At loadings lower than 0.5%,
concentration of ND in polymeric host matrix is not reasonable enough to bring
about significant interfacial interactions, whereas, at loadings beyond 0.5% (that
is for 1-ND & 2-ND membranes), the agglomeration of ND and interfacial defects
lead to reduced interaction between the inter- and intra-polymeric chains.

TABLE 3.1: Carbon to sulfur atom ratio (C/S) obtained from XPS: for different
concentration of ND in membrane at different doses of y-radiation.

C/S ratio in membrane matrix

Radiation dose | Psf | 0.1-ND | 0.5-ND | 1-ND | 2-ND
UR 20.6 20.7 20.9 22.7 25.3
100 kGy 21.1 21.4 21.2 28.7 30.9
500 kGy 29.1 23.4 214 35.5 43.2
1000 kGy 38.8 47.6 26.5 42.1 53.4

3.2.7 Weighted average molecular weight studies of the

membrane using GPC

Weighted average molecular weight (M,,) of un(irradiated) Psf and Psf-ND MMMs
are shown in Figure 3.18. At v-radiation dose of 100 kGy, there is no significant
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change observed in terms of M,,, as compared to their unirradiated counter parts.
At 500 kGy irradiation dose, M, decreased by 25.6, 2.6 and 16.7% for Psf-500, 0.1-
ND-500 and 2-ND-500 membranes, respectively, compared to their unirradiated
counter parts. This is because chain-scissioning of Psf chain dominates, which
leads to reduction in molecular weight [70, 244]. The 0.5-ND-500 and 1-ND-500
membranes show negligible rise (i.e., 1.4 and 8.1%, respectively) compared to their
unirradiated counter parts, which might be due to dominant cross-linking of Psf
chains. The extent of change in M, of 0.1-ND, 0.5-ND, and 1-ND membranes is
very less up to 500 kGy radiation dose, compared to their unirradiated counter

parts. This reveals the least effect of chain scissioning in case of 0.5-ND and 1-ND

membranes.
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FIGURE 3.18: Weighted average molecular weight (M,,) obtained from gel per-
meation chromatography of membrane: with variation of ND loading and radi-
ation dose.

3.2.8 Free volume determination in membrane matrix us-

ing PALS

Free volume in membrane matrix was investigated with the help of PALS [245] and
results are shown in Figure 3.19. There is a rise from 960 (Psf) to 1270 (0.1-ND) in
relative fractional free volume after impregnation of ND in the membrane matrix.
This is due to formation of interfacial free volume at the interface of ND particles
and polymer matrix in the MMMs [13]. Interfacial free volume initially increases

with ND loading (up to 1373 for 0.5-ND membrane), due to increase in number
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density of particles. However, further increase in ND loading (beyond 0.5%) leads
to agglomeration of ND particles resulting in reduction of overall interfacial free
volume, and hence a reduction in relative fractional free volume (1254 and 1158
for 1-ND and 2-ND membranes, respectively). On exposure of radiation up to
1000 kGy, there is an increase in relative fractional free volume by 35.2, 8, 8.9,
8.2, and 9.3% for Psf-1000, 0.1-ND-1000, 0.5-ND-1000, 1-ND-1000, and 2-ND-1000
membranes, respectively, due to defects created in membrane matrix as a result of
structural rearrangement of polymer chains. Extent of change in relative fractional
free volume is less in case of ND impregnated membranes as compared to that of
Psf membrane. Hence, Pst-ND MMDMs are structurally more radiation resistant
at all reported loadings.
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FIGURE 3.19: Variation of relative fractional free volume with loading of ND
in membrane matrix and radiation dose, obtained from PALS.

3.2.9 Structure evaluation of membrane matrix using SAXS

Structural evolution, as probed by SAXS analysis, is shown in Figure 3.20. In-
creased relative number density with increase in ND loading confirms an even
distribution of ND in membrane matrix. On the other hand, relative scattering
contrast is found to be decreasing with radiation dose, which is due to reduction

in pore density. This is because of pore-closure and pore merger phenomenon, as
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observed in FESEM images (inset of Figure 3.13). Value of relative ‘number den-
sity X contrast’ has been calculated by taking Psf membrane as a reference. After
irradiation, variation in relative contrast is increasing with increasing ND loading
with respect to Psf membrane. This indicates that after irradiation, reduction in

pore density is more pronounced at higher loadings of ND.
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FIGURE 3.20: Variation of relative “number density X contrast”of membrane
matrix, obtained from SAXS with loading of ND at different radiation dose.

3.2.10 Membrane mechanical properties evaluation using

UTM

UTM analysis (Figure 3.21(a)) shows that tensile strength (TS) of Psf membrane
is 3.07 MPa, which remained almost same (3.11 MPa) after impregnating 0.1%
ND (0.1-ND). Further increase in ND loading up to 0.5% reduced TS to 2.88
MPa, as hard ND is expected to introduce rigidity between polymer chains. A
further increase in concentration of ND in MMMs enhances its T'S to 3.25 and 3.36
MPa for 1-ND and 2-ND membranes, respectively, which may be due to reduced
physical interaction between the ND and polymeric chains at higher loadings [246].
The percentage elongation at maximum force (%E) of unirradiated membranes
decreases from 14.2 (for Psf membrane) to 13, 9.1, and 12.7 for 0.1-ND, 0.5-ND,
and 1-ND membranes, respectively (Figure 3.21(b)), owing to the impregnation
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of nanomaterials onto porous polymeric host matrix, which in turn reduces the
ductility of membranes. No significant changes were observed in TS and %E up
to 100 kGy radiation dose.

Further irradiation of membranes leads to degradation in terms of chain scis-
sioning of polymer chains and hence reduction in TS. At 500 kGy irradiation,
membranes show 17.5, 9, 1.4, 12.6, and 6.7% reduction in TS for Psf-500, 0.1-
ND-500, 0.5-ND-500, 1-ND-500, & 2-ND-500 ND loaded membranes, compared to
their unirradiated counter parts. Interestingly, a negligible change in TS (1.4%)
confirm the stability of 0.5-ND membrane up to 500 kGy of radiation dose, which
indicates that a 0.5% loading of ND is capable of protecting the Psf host matrix
from extensive chain scissioning, while being responsible for scavenging of radiol-
ysed products (free radicals) of water. This is also corroborated with GPC studies
(Figure 3.18). Furthermore, at 1000 kGy irradiation, Psf membrane (Psf-1000)
shows 16.6% reduction in TS as compared to unirradiated control Psf membrane.
The membranes impregnated with ND shows 12.2, 0.7%, 20.9%, and 18.2% re-
duction in TS at 1000 kGy for 0.1-ND-1000, 0.5-ND-1000, 1-ND-1000 and 2-ND-
1000 membranes, respectively, compared to their unirradiated counter parts. This
shows that the membrane with 0.5% loading of ND is restoring its mechanical

properties even after exposed up to 1000 kGy radiation.

The %E is decreasing with higher radiation dose [247], as chain scissioning of poly-
mer reduces the ductility of the membranes. At 500 kGy irradiation, membrane
shows reduction in %E by 62.8, 46.7, 23.6, and 34.3% for Psf-500, 0.1-ND-500,
1-ND-500, and 2-ND-500 membranes, respectively, compared to their unirradi-
ated counter parts. While the membrane with 0.5% loading has not shown any
significant change. This confirms that Pst-ND MMMs are stable up to 500 kGy
of radiation dose, compared to Psf membrane, with 0.5-ND membrane being the
most stable MMMs (similar trend has been observed for TS). Further irradiation
up to 1000 kGy shows significant reduction in %E by 83%, 78%, 74%, 78.8%, and
86% for Psf-1000, 0.1-ND-1000, 0.5-ND-1000, 1-ND-1000, and 2-ND-1000 mem-
brane, respectively, compared to their unirradiated counter parts. Thus, ductility
of membranes is lost and they become brittle at irradiation dose of 1000 kGy,

making the membranes unusable.

3.2.11 Membrane performance evaluation

Permeability offered by MMMs shows around 32, 38.5, 44.9 and 61.5% enhance-
ment with 0.1, 0.5, 1, and 2% impregnation of ND, respectively, compared to
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FIGURE 3.21: Mechanical properties of membrane with loading of ND in mem-

brane matrix and y-radiation dose:(a) Variation in tensile strength with loading

of ND into membrane matrix and radiation dose; (b) Change in percentage

elongation at maximum force of membrane with loading of ND and radiation
dose.

control Psf membrane, as shown in Figure 3.22(a). Rise in permeability is at-
tributed to increase in surface hyrophilicity due to the presence of hydroxyl and
carboxyl functional groups of ND (as verified by water contact angle studies re-
ported in Figure 3.15). As membranes were exposed to y-radiation, simultaneous
chain scissioning and cross-linking events take place in the polymer chains. As a
result, internal structure of the membrane gets altered leading to pore closure, pore
merger, pore splitting, creation of defects, etc. When membranes were exposed
to 100 kGy of ~-radiation, Psf-ND MMMs did not show any observable changes
in permeability, while slight reduction (9%) in permeability has been observed for
control Psf membrane. This is attributed to reduction of free volume (pore closure,
reduction in pore density) within the polymer matrix. At 500 kGy of radiation
dose, further reduction in pore density and porosity decreases the permeabilty, as
a result of radiation dose (as verified by SAXS results in Figure 3.20). Reduction
in permeability of membranes exposed up to 1000 kGy radiation dose is due to ex-
cessive pore closure, as evident in FESEM images (Figure 3.13) and SAXS analysis
(Figure 3.20). Permeability of control Psf membrane reduces by 23% on exposure
to 1000 kGy of radiation dose (Psf-1000). At 1000 kGy, change in permeability of
Psf-ND MMMs are 41.7, 31.4, 41.6, and 42.8% for 0.1-ND-1000, 0.5-ND-1000, 1-
ND-1000 and 2-ND-1000 membranes, respectively, compared to their unirradiated
counter parts. Trend of permeability with radiation dose indicates that 0.5-ND
membrane is the most stable one in terms restoration of performance subsequent

to radiation exposure.
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Solute rejection attributes of Psf-ND MMMs remain unaffected with ND loading,
with PEO (M,,=100 kDa) rejection in the range of 94.63% (for Psf membrane) to
99.11% (for 2% ND loaded membrane), as shown in Figure 3.22(b). This indicates
an absence of defects in MMMs because of ND impregnation. Rejection rate
increases from 94.63 to 96.5% with increasing loading of ND (from 0.1 to 1%).
Further higher loading of ND (2-ND membrane) contributes to a higher rejection
up to 99.11%, which is due to blockage of the pores. Membranes exposed to 100
kGy of radiation do not show much variation in terms of rejection rate which varies
from 92 to 94%. For membranes irradiated up to 1000 kGy, solute rejection was
found to be 82, 86.2, 80, 90.7 and 80% for Psf-1000, 0.1-ND-1000, 0.5-ND-1000, 1-
ND-1000 and 2-ND-1000 membranes, respectively. Considering permeability and
solute rejection capability, 0.5-1% ND impregnated membranes were found be the

promising one.
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FIGURE 3.22: Performance of control Psf and Psf-ND MMMs with loading of
ND and radiation dose: (a) Pure water permeability of membrane in terms of the
flux of water through membranes , (b) Rejection of PEO solute by membranes.

3.2.12 Free radical scavenging capability of membrane

3.2.12.1 e, scavenging activity of membranes
Characteristic absorption spectrum of e,, has a broad, structureless band with
a maximum around 700 nm in aqueous system. In general, reactivity of e, is
investigated by monitoring time absorption plot at 700 nm in presence of different
concentration of solute. The ability of Pst-ND MMMs to scavenge e,, was investi-
gated and compared with control Psf membrane (Figure 3.23). Absorbance of e,

at 700 nm decayed following first order kinetics with a rate of 2.0 4 0.5 x 10° s,
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which increased slightly in presence of control Psf membrane (3.740.8 x 105 s71).
However, the rate of decay was found to increase with ND loading, with about
3 times enhancement for 2-ND MMMs (1.2 4+ 0.4 x 10°s7'), compared to that of
control Psf. Scavenging of e,, radical by ND (nanomaterial alone) was confirmed
by monitoring their reaction with varying concentration of ND particles (Figure
3.7). Results showed that increasing ND concentration leads to rapid decay of
hydrated electron, which confirms that ND is responsible for scavenging the radi-
olysed product (free radical) of water. Interestingly, this unique attribute of ND
was translated to Psf-ND MMMs and therefore, the latter was found to exhibit

enhanced radiation resistance properties, compared to control Psf membrane.
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FIGURE 3.23: Absorption-time plot of hydrated electron of water at 700 nm

in absence and presence of Psf-ND MMMs with different loading of ND in Psf

matrix. Inset shows plot of observed rate as a function of Psf-ND MMMSs with
different loading of ND at pH 7.

3.2.12.2 Hydroxyl radical scavenging study

Maximum absorption peak of MG is at 615 nm. To understand the participation
of Psf-ND MMNMs in the reaction, oxidation of MG was performed by O H*® radical
in presence of MMMs with different loading of ND particles. Figure 3.24 shows
MG degradation in presence of Pst-ND MMMs. Control Psf membrane shows
sudden reduction in degradation rate of MG. This is due to rapid reaction of
OH?* radical with Psf chains, which causes the degradation of Psf membrane ma-
trix by reduction in molecular weight of control Psf membrane under ~-radiation.

Reaction of OH*® radical with organic substrate is non-specific as it reacts with
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three different processes, viz, hydrogen abstraction, OH*® radical addition, and
one-electron oxidation. Hydrogen abstraction and radical addition process results
in formation of carbon centered radicals which are known to react rapidly with
oxygen and form peroxyl radical. Formation of peroxyl radical are deleterious as
they initiate a chain reaction causing formation of more oxidants and thus results
in rapid degradation of the polymer. On the other hand, functional group present
in the surface of ND, interacts with OH*® and reduces them. Thus loading of ND
in Psf membrane matrix gives extra radiation stability to the membrane. Hence
reactivity of OH*® radical with Pst-ND MMMs is reduced.
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FIGURE 3.24: Hydroxyl radical reactivity with Psf-ND MMMs. Inhibition
of absorbance of MG due to OH® radical induced degradation in presence of
different Psf membranes loaded with ND particles (0.1 - 2 wt%).

3.2.12.3 Peroxidase activity analysis

Peroxidase-like activity of ND particles was analyzed by using MG and hydrogen
peroxide as substrate. Inset of Figure 3.9 shows time dependent peroxidase-like
activity of ND particles. Peroxidase-like activity increases with increasing concen-
tration of ND particles (Figure 3.9). As a result, for peroxidase activity of Psf-ND
MMMs, initial velocity was found to increase with ND loading from 6.3 x 1075
(blank MG) to 6.83 x 10~° (control Psf membrane), and 7.8 x 107° uM/s (0.5-ND

membrane).
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3.2.13 Life-span analysis of membrane using Monte Carlo

simulation studies

An intermediate-level liquid radioactive waste (ILLRW) stream has a maximum
activity of 1 Ci/L [248]. Radiation dose rate offered by this stream, as determined
by Monte Carlo simulation, was found to be 115.4 Gy/h. From our studies, Psf
membranes were found to be stable up to 100 kGy. Whereas, all Ps-ND MMMs
were established to be stable up to 500 kGy, with 0.5-ND membrane being the
most stable one. Dose rate obtained from Monte Carlo simulation studies was
used to calculate the life-span of membranes in actual ILLRW environment. It
was found that, to absorb a radiation dose of 500 kGy, Pst-ND MMMs would take
3 years and 8 months. Thus, 0.5-ND membrane can be operated for about 3 years
and 8 months. On the other hand, Psf membrane, which is claimed to be stable up
to 100 kGy, shall deteriorate in about 9 months. Thus, the Pst-ND MMMs with
optimum loading of 0.5% ND is a radiation resistant membrane material, which

can extend the application of polymeric membranes in radioactive domain.

3.3 Mathematical modeling of solute transport

in Psf-ND MMMs

Mathematical modeling was applied to the Psf-ND MMMs for getting an insight
into the transport mechanism of the membrane. Mathematical modelling of so-
lute transport across Psf-ND MMMs was established based on the basic solute
and solvent flux, by incorporation the pore theory using pore size distribution of

membrane and size distribution of solute.

3.3.1 Experimental used for mathematical modeling

All the experimental values of flux and rejection were taken as mentioned in Figure
3.22.

Size distribution of solute (PEO, 100 kDa) was determined using DLS analysis,

shown in Figure 3.25.

Membrane pore size distribution, for all the membranes, was determined with the

help of BET analysis. Pore size distribution of unirradiated, 100 kGy irradiated,
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FIGURE 3.25: Particle size distribution of PEO solute (100 kDa).

500 kGy irradiated, and 1000 kGy irradiated Psf-ND membranes are shown in
Appendix A (Figure A.1, A.2, A.3, and A.4, respectively).

3.3.2 Validation of mathematical model

Pore theory was incorporated into the model to obtain the value of reflection coef-
ficient o and solute permeability w using Equation (2.19) and (2.20), respectively.
To obtain the value of o and w, steric hindrance factors Sp and Sr were measured
by Equation (2.22) and (2.23), respectively, are the function of ¢ (ratio of solute
radius to pore radius). The values of flux and rejection was then predicted by
relation J; = C, X J,, using the Equation (2.27) and (2.28). The value of perme-
ability (L,) for all membranes were taken from the experimental value in Figure
3.22, transmembrane pressure (Ap) was maintained 1 bar during the experiments,
and the feed concentration of PEO solute (C,) was 200 ppm, solvent viscosity (1)
was taken 8.9 x 10™* Pa.s., and diffusivity constant (D) was taken 7 x 107! m?/s.
To measure the osmotic pressure, gas constant (R) was taken 8314 J/kgmol K

and room temperature (T) was 298 K.

Table 3.2 shows that experimental flux and rejection offered by membranes, which
are well in agreement with the predicted values of the modified mathematical
model. Final modification of the mathematical model has been done by incorpo-

rating pore size distribution of membranes and size distribution of PEO solute.
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The slight variation in the rejection rate is due to the factor of nanomaterial load-
ing and ~y-radiation dose, which causes the variation in membrane morphology.
This variation is due to the alteration in free volume in the matrix caused by the
interfacial defects between polymer and nanomaterial, as well as chain scissioning
and cross-linking of Psf matrix as a result of y-radiation. These small variations
are not captured in BET analysis.

TABLE 3.2: Pst-ND MMM performance based on experiments and mathemati-

cal modeling. Flux (E/M) is the ratio of flux obtained from experiments to that

obtained from mathematical modeling. Rejection (E/M) is the ratio of rejection
obtained from experiments to that obtained from mathematical modeling.

Radiation dose | Membranes | Flux (E/M) | Rejection (E/M)
Psf 1 1.12
UR 0.1-ND 1.05 1.02
0.5-ND 1.05 1.21
1-ND 1.05 1.07
2-ND 1.05 1.19
Psf-100 1 1.08
100 kGy 0.1-ND-100 1 1
0.5-ND-100 1 1.04
1-ND-100 1 1.04
2-ND-100 1 1.03
Psf-500 1 0.98
500 kGy 0.1-ND-500 1 0.97
0.5-ND-500 1 0.94
1-ND-500 1 0.95
2-ND-500 1 1
Psf-1000 1 0.91
1000 kGy 0.1-ND-1000 1 0.97
0.5-ND-1000 1 0.84
1-ND-1000 1 0.95
2-ND-1000 1 1.05

To understand the effect of nanomaterial loading and y-radiation dose, a correction
factor is included to define the transport mechanism in Pst-ND MMM. Correction
factor (K) proposed is shown in Equation (3.2).
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= — =aqa (LND)n + b (DR)m + c (32)

Here, a, b, ¢, and n are the constants and the values of constants are found out to
be: a = 0.045, b = —0.165, ¢ = 1.071, n = 0.1, and m = 0.005. Final expression

of K can be written as shown in Equation (3.3).

R
K = R—E = 0.045 (Lyp)"' — 0.165 (D)™ + 1.071 (3.3)
M
Correction factor (K) is defined as the ratio of solute rejection value obtained
experimentally (Rg) to the rejection value obtained from mathematical modeling

(Rar). Correction factor K is the function of ND loading in the membrane matrix

(Lyp, in %) and the radiation dose to which membranes were exposed (Dg, in

kGy).

Mathematical modelling of solute transport across Pst-ND MMMs was established
based on the basic solute and solvent flux, by incorporation the pore theory using
pore size distribution of membrane and size distribution of solute. For accuratelly
predicting the transport mechanism of MMMs, correction factor was (K) incorpo-

rated.

3.4 Summary

The ~-radiation resistant Psf-ND MMMs were developed, with 0.5% loading of
ND as the optimum. These membranes were found to be stable up to 500 kGy
of radiation dose, without compromise in the performance, mechanical, and struc-
tural properties of the membrane. Radiation resistance property of MMMs was
attributed to unique surface chemistry of ND, which protects the polymer chain
from disintegration by scavenging secondary free radicals generated in y-radiation
induced radiolysis, as confirmed by free radical scavenging study. This is in addi-
tion to the most important feature of ND, that is hardness, which brings further
stability to MMMs to act as a potential barrier against v-radiation. Monte Carlo
simulation studies coupled with experimental findings confirm that these MMMs
with optimum loading of ND will have ~ 5 times enhanced life span in an in-
termediate liquid radioactive effluent, compared to control Psf membranes. This
improved stability of Pst-ND MMDMs is a result of free radical scavenging ability

of ND due to presence of functional groups. Scavenging ability of ND particles
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protects membrane matrix under y-radiation from degradation, and enhances the
lifetime. Underlying mechanism and kinetics of ND particle in scavenging highly
reactive free radicals was understood, which is responsible for the stability of
Pst-ND MMMs. Functional groups present with unsaturated carbon atoms fur-
ther help the ND particles to scavenge hydroxyl radicals, and in turn protects
the Ps-ND MMMs from damage by attack of highly reactive hydroxyl radicals.
Peroxidase-like activity of ND particles helps in eliminating H>Os and inhibits
interaction with Psf membrane matrix. As a result, maximum initial velocity
increased gradually with loading of ND from 6.3 x 107> uM/s (blank MG) to
7.8 x 107° uM/s (for 0.5-ND membranes). Thus, it is exciting to claim that these
Pst-ND MMMs can have potential applications in nuclear fuel cycle, circumvent-
ing the practical limitations encountered in deployment of polymeric membranes

in this domain.
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Chapter 4

Polysulfone-carboxylated
nanodiamond mixed-matrix
membranes (Psf-CND MMDMs):
Effect of nanodiamond

functionalization

4.1 Overview

Studies in Chapter 3 confirms the potential role of ND particles in protecting Psf
membrane matrix from the deleterious effect of y-radiation. The strong attraction
forces between the particles result in agglomeration and thus non-homogeneous
dispersion in the polymer host matrix. To address this issue, reinforcement of ND
with additional functionalization is planned in the membrane matrix. Additional
functionalization of ND particles is expected to result in homogeneous dispersion

in Psf membrane matrix, as well as stronger interation with Psf matrix.

Carboxylated functionalized nanodiamond (CND) was chosen for the present study
discussed in this chapter. CND was characterized by ATR-FTIR, XPS, and TEM
to observe and analyse the functioanl groups over ND and in-turn dispersibility
of particles. Effect of CND incorporation into Psf membrane matrix and stabil-
ity in 7-radiation environment was measured by observing morphology (SEM);
investigating surface properties (AFM, water contact angle analysis); examining

membrane matrix internal structute by molecular weight studies (GPC); analysing
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Chapter 4. Psf-CND MMMs: Effect of ND functionalization

oxidative degradation (DSC); evaluating mechanical properties (UTM); determin-
ing performance of MMMs (permeability and solute rejection capability); and
hydroxyl radical scavenging activity. Interestingly, CNDs, owing to its inherent
hardness along with uniform dispersion as well as the ability to capture more
efficiently the secondary radiolysed products of water (OH®, H*, OH~, HOS,
Cag H30™, Hy0,, and Hy) [249, 250], has offered ~ 10 times enhanced radiation
resistant attributes to control Psf membranes, which is twice that of Psf-ND mem-
branes at the same loading. Thus, a new class of radiation resistant membranes

have emerged from this study.

4.2 Results and discussion

4.2.1 Characterization of nanodiamond particles

4.2.1.1 ATR-FTIR spectra of the nanodiamond and carboxylated nan-

odiamond particles

The surface functionalization of ND and CND nanoparticles was analyzed by
FTIR, as shown in Figure 4.1. FTIR spectra shows a stronger peak of CND
around 1653 em~! for C=0 streching of carboxyl group, compared to that of ND.

L are related to

Also, new prominent peaks of CND around 1281 and 1398 c¢m™
H-O vibration of carboxyl group [251, 252]. Findings confirmed that additional

carboxyl groups are present on the surface of CND.

4.2.1.2 XPS analysis of nanodiamond and carboxylated nanodiamond

particles

Figure 4.2(a) shows XPS spectra for C-1s peak of ND particles. XPS spectra
exhibits binding energy peaks for C-H bond at 283.8 eV, C-C bond at 285 eV, and
C-O bond at 286.5 eV, while additional peak was observed in CND at 287.3 eV
for C=0 (Figure 4.2(b)) [253]. Figure 4.2(c) shows XPS spectra for O-1s peak of
ND particles. XPS spectra exhibits binding energy peaks for C-O bond at 532.3
eV, -COO- bond at 531.2 eV, and oxide bond 530 eV, while for CND, additional
oxide peak was observed at 530.5 eV (Figure 4.2(d)) [254]. XPS spectra for C-1s

and O-1s peaks confirm signature of additional carboxyl groups on CND particles.
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4.2.1.3 TEM images of nanodiamond and carboxylated nanodiamond

particles

Dispersion of ND and CND nanoparticles was observed in TEM images (Figure
4.3), which show that ND without functionalization has a tendency of agglomera-
tion (Figure 4.3(a) & (b)) [255, 256]. On the other hand, CND particles are found
homogeneously distributed without agglomeration (Figure 4.3(c) & (d)) [257]. Dis-
persion of CND is enhanced due to repulsive forces between CND particles owing

to negative charge present over the surface carboxyl groups [242].

FIGURE 4.3: TEM images of ND, (a) & (b); and CND, (c) & (d).

4.2.2 Membrane morphology study using SEM

Morphology (surface and cross-section) of membranes can be observed in FE-
SEM images shown in Figure 4.4. All membranes show dense top layer supported
by porous finger-like structure, which is a characterstic property of ultrafiltra-

tion membranes synthesized by phase inversion technique. Top surface images of

78



Chapter 4. Psf-CND MMMs: Effect of ND functionalization

respective membranes can be observed in Figure 4.4(a) to (d), which reveals homo-
geneous dispersion of nanoparticles in Psf matrix for up to 0.5% loading of CND.
A little agglomeration has been observed for 1% loading of CND. The fingering
density of composite membranes has increased up to an addition of 0.5% CND,
as clearly seen in FESEM images (Figure 4.4(e) to (h)), but no observable change
in pore distribution (Figure 4.4(i) to (1)) of membrane is seen. This is because,
kinetically favoured solvent-nonsolvent exchange occurred during phase inversion
process, which is attributable to polar carboxyl groups present over CND. On the
other hand, high concentration of CND (1%) leads to agglomeration of nanopar-
ticles, accelerating the solvent-nonsolvent exchange, and thus leading to increased
pore size of composite membranes (Figure 4.4(1)) [258, 259]. At 1000 kGy of ra-
diation dose, pore size of membrane tends to increase due to simultaneous chain
scissioning and cross-linking, which results in pore merger, pore splitting, and pore
closure phenomena (Figure 4.4(q) to (t)) [69, 260]. It is important to note that
membrane loaded with 0.5% of CND does not show much difference in morphology
even after 1000 kGy of radiation dose, as homogeneous dispersion of ND particles
ensures even distribution of carboxylic functional groups throughout Psf matrix.
These carboxyl groups interact with and scavenge highly reactive secondary free
radicals generated from -induced radiolysis of water and protect Psf matrix from
deterioration. In terms of homogeneous dispersion in the Psf membrane matrix
and its ability to protect the polymer in radiation environment, 0.5% loading of
CND is found to be the optimum.

4.2.3 Molecular weight determination of membrane ma-

trix using GPC

Polymers undergo simultaneous chain scissioning and cross-linking phenonmena
under 7y-radiation [261]. To observe changes in membrane network, weighted av-
erage molecular weight (M,,) of Psf-CND composite membranes were analysed
using GPC, as shown in Figure 4.5. At a ~-radiation dose of 100 kGy, there is
no significant change observed in control Psf matrix, while the M, of Pst-CND
composite membrane have slightly increasesd, as compared to their unirradiated
counter parts. This increase in M, illustrates predominant effect of cross-linking

phenomena in Psf matrix [262].

At 500 kGy irradiation dose, chain scissioning of Psf starts dominating over cross-
linking. Hence, M, decreases by 25.6, 22.8, 22.1 and 14.3% for Psf-500, 0.1-
CND-500, 0.5-CND-500 and 1-CND-500 membranes, respectively. At 1000 kGy
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FicURE 4.4: FESEM images of control Psf, 0.1-CND, 0.5-CND and 1-CND

membranes; (a) to (d): top surface of unirradiated membranes, (e) to (h): cross-

section of unirradiated membranes, (i) to (1): pore distribution of unirradiated

membranes, (m) to (p) cross-section of 1000 kGy irradiated membranes, and
(q) to (t): pore distribution of 1000 kGy irradiated membranes.

radiation dose, M,, reduced up to 44.7, 35, 24.5, and 9.2% for Psf-1000, 0.1-CND-
1000, 0.5-CND-1000 and 1-CND-1000 membranes, respectively. The extent of
change in M, for Pst-CND composite membranes is very less even at 1000 kGy of
radiation dose, compared to control Psf membrane. The 1-CND membrane shows

least change in M, and thus found least susceptible to chain scissioning.

4.2.4 Membrane surface topography measurement using
AFM

Surface topography of membrane in terms of root mean square (RMS) roughness

(Rq) was observed in AFM, as shown in Figure 4.6. Surface roughness value is ~
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FIGURE 4.5: Variation in weighted average molecular weight (M,,) of the mem-
branes with radiation dose.

2.02 nm for control Psf membrane. It increases with CND loading and roughness
value is found to be ~ 3.14 nm for 1% loading of CND [263, 264]. This is due to
interfacial defects created at the interface of CND and Psf host matrix. Also, sur-
face roughness of membranes increases with radiation dose due to deterioration of
membrane structure, which results in a rough topography. Control Psf membrane
undergoes chain scissioning and cross-linking phenomena and surface roughness
increases even at 100 kGy radiation dose. For Psf-CND composite membranes,
change in roughness is not significant up to 100 kGy of radiation dose, while appre-
ciable change was observed for radiation doses of 500 and 1000 kGy (as confirmed
by GPC analysis, shown in Figure 4.5), which leads to increase in surface rough-
ness values to 3.86 nm (1-CND-500) and 4.02 nm (1-CND-1000) [265]. Findings
indicate that least deterioration of membrane structure has occurred at 1% load-
ing, with only 28% increase in roughness value (1-CND-1000), as compared to
control Psf membrane which shows 63.4% (Psf-1000) increase in roughness. AFM
results demostrate that control Psf membrane surface starts deteriorating even at
100 kGy of radiation dose, while Psf-CND composite membranes show compariv-
ely stable surface even at 1000 kGy of radiation dose. This stability of membrane
surface confirms that CND is effectively protecting the membrane matrix from

~v-radiation.
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FIGURE 4.6: RMS surface roughness of membranes at different radiation dose.

4.2.5 Membrane surface water contact angle studies using

DSA

Surface hydrophilicity /hydrophobicity was determined by studies of water contact
angle on membrane surface, as shown in Figure 4.7. Water contact angle was
found to be 80° for control Psf membrane, which decreases with loading of CND
(up to 76.42° for 1-CND) because of enhanced surface hydrophilicity. Presence of
carboxyl groups on the surface of CND (observed in FTIR and XPS spectra in Fig-
ure 4.1 and 4.2, respectively) increases hydrophilicity due to temporary hydrogen
bonding between carboxyl group and water molecule [266]. At 100 kGy radiation
dose, significant change of contact angle has been observed only in case of control
Psf membrane due to enhancement of hydrophilicity, owing to increase in surface
roughness (as reflected in surface roughness values, shown in Figure 4.6). At 500
kGy radiation dose, the value of contact angle decreases due to pore splitting,
which increases the pore density and hence hydrophilicity. At 1000 kGy radia-
tion dose, contact angle of membrane surface reaches up to 73.6°, 65.94°, 66.83°,
and 68.92° for Psf-1000, 0.1-CND-1000, 0.5-CND-1000, and 1-CND-1000 mem-
branes, respectively. Increased hydrophilicity of Psf-CND composite membranes
with radiation dose results in increased permeability without much compromise in

selectivity (discussed in section later). At the same time, pore size of control Psf

82



Chapter 4. Psf-CND MMMs: Effect of ND functionalization

membrane increases with radiation while pore density decreases due to pore clo-
sure (as observed in FESEM images, Figure 4.4). Hence, even with enhancement
of hydrophilicity, both permeability and selectivity have decreased for control Psf
membrane. These changes are in agreement with roughness measurements (Fig-
ure 4.6) of membrane surface, confirming contribution of the same in tuning the

membrane surface hydrophilicity.
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FIGURE 4.7: Membrane surface water contact angle at different radiation dose.

4.2.6 Membrane oxidative degradation analysis using DSC

Thermal oxidation decomposition of membranes was investigated by DSC studies.
Figure 4.8(a) shows DSC thermograms of unirradiated membranes, where effect
of CND loading can be observed on oxidation of membrane matrix. Thermogram
clearly depicts three stages of oxidation degradation of Psf matrix, marked as
stage 1, stage 2, and stage 3. These different stages of oxidation reveal short-to-
long range ordered chain size of Psf present in the matrix. In stage 1, short-order
chains (amorphous phase) of Psf are degrading by oxidation, while longest ordered
chains (crystalline phase) of Psf are degrading in stage 3. Peak temperatures of
different oxidation stages of membranes are shown in Table 4.1. Stage 1 oxidation
of membrane occurs in temperature range from 430 to 435 °C' for unirradiated
membranes. This reveals that amorphous phase of Psf matrix starts degrading at
around 430 to 435 °C'. Negligible intensity of heat flow for 0.1-CND-UR and 0.5-

CND-UR indicates protection from degradation at low temperature due to loading
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of CND. Stage 2 oxidation of membranes is in the temperature range of 524 to 531
°C'. Again lower intensity of heat flow for Psf-CND composite membrane at stage
2, as compared to stage 3, confirms lower extent of decomposition of membrane at
low temperature. High peak intensity of Psf-CND composite membrane at stage
3 shows stability of membrane up to high temperature. On the other hand, higher
intensity of heat flow for control Psf membrane at stage 2 reveals that a greater

amount of Psf starts degrading at stage 2 only.

After radiation dose of 1000 kGy, stage 1 temperature is slightly reduced to the
range of 423 to 425 °C'. Further, due to the radiation induced damage of membrane
matrix by chain scissioning and cross-linking, Psf chain ordering gets altered. This
change in ordering of Psf chains can be clearly observed in Figure 4.8(b). Psf-1000
kGy is showing a broad peak from 534 °C' to 556 °C', which indicates diverse sizes
of Psf chains, due to chain scissioning and cross-linking phenomena (as observed in
GPC analysis, shown in Figure 4.5). Moreover, reduced temperature of 0.1-CND-
1000 and 1-CND-1000 membranes at stage 3 shows degradation of long chains of
Psf. Stable peak at stage 3 and enhanced peak temperature at stage 2 of 0.5-CND-
1000 membrane shows enhanced thermal oxidation stability of the membrane even

up to 1000 kGy of radiation dose.
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FIGURE 4.8: DSC thermograms of three-stage oxidative degradation of mem-
branes: (a) unirradiated and (b) 1000 kGy irradiated membranes.

4.2.7 Membrane mechanical properties evaluation using

UTM

UTM analysis (Figure 4.9(a)) shows that tensile strength (T'S) of Psf membrane
is 3.08 MPa, which decreases with loading of CND up to 2.37 MPa for 1-CND.

Hard CND is expected to introduce rigidity between polymer chains as well as
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TABLE 4.1: Three-stage oxidative degradation peak temperatures of unirradi-
ated and 1000 kGy irradiated membranes.

Peak temperature (°C)
Unirradiated 1000 kGy radiated
Membrane
Stage 1 | Stage 2 | Stage 3 | Stage 1 | Stage 2 | Stage 3
Psf 430 529 589 424 534 556
0.1-CND 433 524 590 425 533 534
0.5-CND 433 527 593 425 567 590
1-CND 435 531 594 423 529 558

create interfacial defects at the interface of Psf and CND surface [267]. Percent-
age elongation at maximum force (%E) of unirradiated membranes does not get
affected significantly on addition of CND (Figure 4.9(b)). No significant changes
were observed in TS and %E up to 100 kGy radiation dose. Further irradiation of
membranes leads to degradation in terms of chain scissioning of polymer chains and
hence reduction in TS and %E [268]. At 1000 kGy irradiation, membranes shows
16.8, 17.6, 15.2, and 18.9% reduction in TS for Psf-1000, 0.1-CND-1000, 0.5-CND-
1000, and 1-CND-1000 membranes, compared to their unirradiated counter parts.
%E decreases with higher radiation dose, as chain scissioning of polymer reduces
ductility of membranes. At 1000 kGy irradiation, membranes show reduction in
%E up to 2.42, 5.14, 7.87, and 5.8 for Psf-1000, 0.1-CND-1000, 0.5-CND-1000,
and 1-CND-1000 membranes, respectively. This confirms that Psf-CND compos-
ite membranes show better stability in terms of restored plasticity up to 1000
kGy radiation dose. The 0.5-CND composite membrane shows highest stability in

mechanical properties amongst the compositions studied.
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FIGURE 4.9: Mechanical properties of membranes at different radiation dose:
(a) tensile strength and (b) percentage elongation at maximum force.
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4.2.8 Membrane performance evaluation

Pure water permeability and solute rejection behaviour of membranes are not af-
fected by addition of CND (Figure 4.10(a) and (b)). This confirms the observation
made in FESEM images (Figure 4.4), that CND is not affecting the morphology
of composite membrane. As membranes were exposed to y-radiation, simultane-
ous chain scissioning and cross-linking events take place in polymer chains. As a
result, internal structure of membrane gets altered leading to pore closure, pore
merger, pore splitting, defect creation, etc. After 100 kGy of y-radiation exposure,
Psf-CND composite membranes did not show any observable changes in perme-
ability, while slight reduction (9%) in permeability has been observed for control
Psf membrane. This may be attributed to reduction of free volume (pore closure,
reduction in pore density) within the polymer matrix. Further irradiation reduces
permeability of control Psf membrane due to pore closure which reduces porosity,
as observed in FESEM images in Figure 4.4. At the same time, permeability of
Pst-CND composite membranes is unaffected by v-radiation and also rejection is
not much compromised. However, 1-CND membrane offers increased permeability
with ~y-radiation dose. Rise in permeability is attributed to increase in surface
hyrophilicity (as observed in contact angle study, shown in Figure 4.7), as well
as increased interfacial defects between agglomerated CND and Psf matrix. Con-
sidering permeability and solute rejection behavior, 0.1-0.5% CND impregnated

membranes were found to be promising.
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FIGURE 4.10: Membrane performance study at different radiation dose: (a)
Pure water permeability and (b) Rejection of PEO solute.
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4.2.9 Free radical scavenging capability of membrane

Maximum absorption peak of MG is at 615 nm. To understand the participation
of Psf-CND MMMs in the reaction, oxidation of MG was performed by OH*® rad-
ical in presence of MMMs of varies loading of ND particles. Figure 4.11 shows
MG degradation in presence of Psf-CND MMMs. Control Psf membrane shows
sudden reduction in the degradation rate of MG. This is due to rapid reaction
of OH*® radical with Psf chains, which causes degradation of Psf membrane ma-
trix by reduction in molecular weight of control Psf membrane under ~-radiation.
Reaction of OH*® radical with organic substrate is non-specific as it reacts with
three different processes, viz, hydrogen abstraction, OH*® radical addition, and
one-electron oxidation. Hydrogen abstraction and radical addition process results
in formation of carbon centered radicals which are known to react rapidly with
oxygen and form peroxyl radical. Formation of peroxyl radical are deleterious as
they initiate a chain reaction causing formation of more oxidants and thus re-
sults in rapid degradation of the polymer. On the other hand, functional groups
present on the surface of ND, interact with OH*® and reduce them. Thus loading
of ND in Psf membrane matrix gives extra radiation stability to the membrane.
Hence reactivity of OH® radical with Pst-ND MMDMs is reduced. However, ad-
ditional functionalization of CND reduces the reactivity of OH*® radical with Psf
even more to protect the Pst-CND MMMs.
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FIGURE 4.11: Hydroxyl radical reactivity with Pst-=CND MMMs. The inhibi-
tion of absorbance of MG due to OH*® radical induced degradation in presence
of different Psf membranes loaded with ND particles (0.1 2 wt%).
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TABLE 4.2: Comparison of Psf-ND and Psf-CND MMMs.

Properties Psf-ND Psf-CND
MMMs MMMs
Dispersion of ND less high
Functionalization of ND less high
OH* scavenging less high
Optimum loading 0.5% 0.5%
Molecular weight stability up to 500 kGy | up to 1000 kGy
Contact angle with ND loading Decreasing ~ Constant
with radiation dose | ~ Constant Decreasing
Tensile strength with ND loading Decreasing Decreasing
with radiation dose | ~ Constant Decreasing
%Elongation with ND loading Decreasing Increasing
with radiation dose | ~ Constant Decreasing
Permeability with ND loading Increasing Constant
with radiation dose | Decreasing Constant
. . with ND loading Constant Constant
Rejection
with radiation dose | Decreasing ~ Constant
Life-time compare to control Psf | ~ 5 times ~ 10 times
Cost compare to Psf module ~ 2 times ~ 3 times

4.3 Summary

Radiation resistant Psf-CND MMMs were developed, with optimum loading of
0.5% of CND, which are found stable up to 1000 kGy of 7-radiation dose. Ad-
ditional functionalization of carboxyl groups over the surface of ND impacts fa-
vorably in terms of its homogeneous dispersion in Psf membrane matrix, as well
as restoring the morphology of base Psf membrane matrix. Moreover, CND was
observed to protect the morphology of membrane matrix even up to 1000 kGy of
radiation dose. Chain scissioning and cross-linking phenomena were prevented to
a reasonable extent by CND, and hence less change in M, was observed in Psf-
CND composite membranes after irradiation, as compared to control Psf mem-
brane. This protection of membrane matrix by CND restores the mechanical
and thermal properties of membranes in v-radiation environment. Roughness and
hydrophilicity of the membrane surface were also enhanced due to addition of
carboxyl functionalized ND. CND offers ~ 2 times enhanced radiation resistance
properties compared to that of ND (without additional functionalization), and ~
10 times to that of control Psf membranes. An emerging class of MMMs has been

obtained with structural and thermal properties, as well as performance.
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Chapter 5

Polysulfone-nanodiamond

mixed-matrix membranes
(Psf-ND MMDMs): Effect of

nanodiamond particle size

5.1 Overview

Studies show that the behaviour of small material is quite different from its bulk
due to large number of surface atoms and less number of atoms inside the bulk [75].
Size of nanomaterial is one of the important parameters, as nature and extent of
interaction of nanomatrial with polymer host matrix depends on fraction of atoms
at the surface of nanoparticle. Also, the number of particles dispersed in membrane
matrix at a particular loading will vary with size of nanomaterial. Atoms inside
particles are highly coordinated with other atoms through strong bonding between
them and have higher coordination number. On the other hand, atoms at the
surface of particles are least saturated, that provides affinity to form bonds and
interact with host matrix [77]. Attribute to variation in fraction of saturated
and unsaturated atoms, due of varying size of nanoparticles, helps in exploiting
different properties of nanomaterial, like mechanical, physio-chemical, and thermal
properties. However, dispersion of nanomaterial in composite system, which is the
most important factor in realizing desired objectives, is influenced by size [76, 78].
As the size of nanomaterial decreases, attraction forces between particles increase,

which leads to aggregation of particles and loss of unique properties [79].
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An extensive investigation on role of ND [269] as well as functionalised ND [243]
was carried out in Chapter 3 and 4, respectively, and potential of ND was estab-
lished in enhancing radiation resistance property of Psf membrane matrix. How-
ever, study involving effect of size of ND in the said application domain has been
lacking. Thus, in this Chapter, a study has been undertaken, wherein different
sizes (10, 250, and 500 nm) of ND have been used to synthesize Psf-ND MMMs
and evaluate their y-radiation resistant behavior by exploiting unique radiation-
resistant property of ND, which can have prospective applications in treatment of
radioactive efluent. Effect of size of nanomaterial has been clearly observed when
MMMs are put into v-radiation environment, which in turn plays a significant role
in deciding the radiation resistance behaviour of MMMs. Psf-ND MMMs were syn-
thesized using phase inversion technique by incorporating different loading of NDq
(10 nm), NDags5o (250 nm), and ND5op (500 nm) into Psf membrane matrix. MMMs
were characterized by surface and cross-section SEM images (morphology), AFM
(topography), membrane surface water contact angle (hydrophilicity/hydropho-
bicity), GPC (molecular weight), UTM (mechanical properties), and performance
(pure water permeability and solute (PEO, 100 kDa) rejection mesurements). The
study provides an insight into the effect of ND particle size in altering the radiation

resistance behaviour of MMMs.

5.2 Results and discussion

5.2.1 Characterization of nanodiamond particles
5.2.1.1 TEM images of ND particles

TEM images of different size ND particles are shown in Figure 5.1. TEM images of
NDyp in Figure 5.1(a) & (b) show aggregated particles of NDyg. This aggregation of
particles is due to small size (10 nm) of ND involving high attraction forces between
particles [161]. Inset of Figure 5.1(b) shows SAED pattern of NDy, particles,
wherein the ring pattern depicts polycrystalline behaviour of ND particles. Figure
5.1(c) & (d) show TEM images of NDaso particles and Figure 5.1(e) & (f) show
TEM images of NDsyo particles. NDgsq and NDsgp particles are well dispersed,
because attraction forces reduce as size of nanoparticle increases. Inset of Figure
5.1(d) & (f) shows SAED pattern of NDgsg and NDjgg particles, which clearly
depicts crystalline behavior of NDysg and NDsgg particles due to higher priodicity

of atoms in larger size of particles.
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ND;, ND.s,

FIGURE 5.1: TEM images of ND particles: (a) & (b) NDqg, (c) & (d) NDasg,
and (e) & (f) ND5gg. Inset in image (b), (d), and (f) shows SAED pattern of
NDjg, NDgs5g, and NDggg particle, respectively.

5.2.1.2 XPS spectra of ND particles

The XPS spectra for C-1s peak of ND particles is shown in Fig. 5.2. XPS spectra
show presence of saturated (in bulk, C-C bond peak at ~ 285 eV) and unsaturated
(at surface, C=0 and C-H bonds peak at ~ 286.6 and 283.8 eV, respectively) car-
bon atoms. The ratio of unsaturated to saturated carbon atoms is 1.69, 0.45, and
0.38 for NDqg, NDgsg, and NDsgg particles, respectively. This confirms the postu-
late that, as size of particle decreases, number of atoms at the surface increases
and so is the extent of functional groups. This variation of surface fuctionaliza-
tion of ND due to the size variation ultimately affects the extent and nature of

interaction between ND particles and Psf matrix (as discussed in section later).

5.2.1.3 ATR-FTIR spectra of ND particles

The FTIR spectra of ND particles in Fig. 5.3 show major absorption bands for
OH stretching vibration at about 3410 cm ™! , C=0 stretching of carboxyl groups

1 and C-O stretching vibration of -COOH groups at around

at around 1647 cm~
1100 em~t. This confirms presence of carboxyl and hydroxyl functional groups on
the surface of ND particles. These peaks are more prominent for NDy, particles

due to the higher degree of functionalization.
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5.2.1.4 Size distribution of ND particles

Fig. 5.4(a) shows the particle size distribution of ND;y obtained from SAXS,
wherein the average diameter of ND particles was determined to be ~ 5 nm. On
the other hand, the aggregate size of NDyy was found to be ~ 62 nm from DLS
studies, as shown in Fig. 5.4(b). NDs59 and NDsgo particles were not studied
by SAXS technique, due to its limitation on study of large sized particles [270].
Fig. 5.4(c) and (d) shows the size distribution of NDgsq and NDsgy particles,
respectively, determined by DLS technique. The average hydrodynamic diameter
for NDg5o and NDj5gg particles was found to be ~ 345 and ~ 632 nm, respectively.
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FIGURE 5.4: Size distribution of ND particles: (a) Size distribution of NDjq

particles using SAXS technique, (b) Size distribution of NDyy agglomerated

particles in solvent obtained by DLS analysis, (c) Size distribution of NDasg
particles using DLS, and (d) Size distribution of ND5gg particles by DLS.

5.2.2 Membrane mophology studies using SEM

Morphology of membranes was observed in FESEM, as shown in Figure 5.5, for
different size and loading of ND in Psf membrane matrix. The top surface mor-
phology of control Psf and Psf-ND MMMs are clearly distinguishable by presence
of different size of ND particles, as shown in Figure 5.5(a) to (e). The 0.5-NDy,
MMMs (Figure 5.5(b)) shows homogeneous dispersion of ND, while 1-ND;y MMM
(Figure 5.5(c)) shows agglomeration. The 1-NDgsq (Figure 5.5(d)) and 1-NDsqg
(Figure 5.5(e)) MMMs shows homogeneous distribution of NDs with a relatively
rough texture of surface, due to larger sized particles. Results suggest that NDy,
due to its smaller size (10 nm), leads to higher attraction forces between ND par-
ticles (as observed in TEM images of NDyq particles, Figure 5.1) and thus tends
to agglomarate at higher loading (1% ND). On the other hand, the distribution is
homogeneous for NDosg and ND5q9 in MMMs, owing to relatively reduced surface

energy and lesser extent of aggregation.
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Pore distribution (Figure 5.5(f) to (j)) of membranes is affected due to presence
of NDs during synthesis of MMMs. As observed in FESEM images (Figure 5.5(f)
to (h)), structure and morphology of MMMs are not affected by presence of NDy,
because of its smaller size, showing almost similar pore size distribution and pore
density to that of control Psf membranes. The NDosq (Figure 5.5(i)) MMM shows
increased pore size, due to larger size of NDaso (250 nm), causing non-homogeneous
demixing of solvent and non-solvent during phase inversion process [271]. The
NDsgo (Figure 5.5(j)) MMM shows increased pore size compared to control Psf
membrane, but smaller than the pore sizes observed in NDo5y impregnated MMM,
due to relatively lower dispersion in terms of number of NDgyo in the matrix as

compared to NDosg.

After 1000 kGy of irradiation, pore size and pore density of membranes were al-
tered because of pore closure, pore splitting, and pore merger events as an outcome
of chain scissioning and cross-linking phenomena induced by ~v-irradiation. Pore
density decreases for Psf-1000 membrane (Figure 5.5(k)) due to pore closure. Pore
size is increasing, while pore density is decreasing, for ND;g MMMs (Figure 5.5(1)
and (m)) due to pore merger and pore closure phenomena. On the other hand,
pore size and pore density both are decreasing for NDgsg MMMs (Figure 5.5(n))
due to predominant pore splitting phenomena. Different from the above findings,
pore size is increasing, while pore density is decreasing for ND5oo MMMs (Figure
5.5(0)) due to predominant pore merger phenomena. Interestingly, ND;; MMMs
show relatively less changes in pore size and pore density with radiation. SEM
imges suggest that presence of NDj4 has not affected the structure and morphology

of Psf matrix due to its smaller size, and protects it in radiation environment.

5.2.3 Molecular weight determination of membrane ma-

trix using GPC

Weighted average molecular weight (M,,) of MMMs are shown in Figure 5.6.
Change in M,, of ND;g MMMs with radiation is shown in Figure 5.6(a). With
exposure to y-radiation, no significant change in M,, was observed till a dose of
100 kGy. At 500 kGy, M, decreased for Psf-500 (25.6%), 0.1-ND1¢-500 (2.6%)
and 2-ND10-500 (16.7%) membranes, due to chain-scissioning phenomenon of Psf
[70, 244]. On the other hand, negligible rise was observed for 0.5-ND1(-500 (1.4%)
and 1-ND10-500 (8.1%), due to the predominant cross-linking of Psf chains. Psf-
ND;y MMMs shows very less variation in M, for a ND; loading up to 1% and

radiation dose up to 500 kGy. Results reveal the least effect of Psf chain scissioning
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FIGURE 5.5: FESEM images of membranes: (a) to (e): Top surface of unir-

radiated membranes, (a) Psf, (b) 0.5-NDyg, (c¢) 1-NDjq, (d) 1-NDasp, and (e)

1-NDs5q0; (f) to (j): Pore distribution of unirradiated membranes, (f) Psf, (g)

0.5—ND10, (h) 1—ND10, (1) 1—ND250, and (J) 1—ND500; (k) to (O)Z Pore distribution

of the membranes exposed to 1000 kGy radiation dose, (f) Pstf, (g) 0.5-NDjp,
(h) 1—ND10, (1) 1—ND250, and (J) 1—ND500.

in presence of NDjy. The NDosy MMMs (Figure 5.6(b)) did not show change in
M, till 100 kGy radiation, while chain scissioning starts dominating after 500 kGy
of radiation dose. The ND5oo MMMs (Figure 5.6(c)) have shown enhancement in
M, at 100 kGy radiation dose, indicating dominant cross-linking at 100 kGy. As
a result, membrane flux is decreasing, while rejection has not been affected (dis-
cussed in section later). The NDsqg MMMs have not shown any significant changes
in M, up to 500 kGy radiation dose, while, 1 and 2% loading of ND5qy have shown
stability up to 1000 kGy radiation dose. This clearly confirms that higher load-
ing of ND5gg protects membranes from ~-radiation. Findings indicate that larger
size and higher loading of ND5g protects the molecular weight of Psf membrane
matrix up to y-radiation dose of 1000 kGy, while deterioration was observed for

control Psf membrane even beyond 100 kGy of radiation dose.

5.2.4 Membrane surface topography studies using AFM

Figure 5.7 shows RMS roughness values of membrane surface. Increase in loading
of NDyg leads to increase in RMS roughness value and leads to 3.20 nm for 2%
loading. The higher the size of ND, roughness of membrane surface is more, as
observed in roughness values of NDysy (4.01 nm for 2% loading) and NDj5qg (5.03

nm for 2% loading impregnated) membranes. This is because the larger sized
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nanoparticles tends to create more interfacial defects and results in a rough to-
pography [272]. This interfacial free volume (between ND and Psf matrix) and
surface roughness are responsible in enhancement of permeability of membrane
(discussed in section later). In radiation environment, the surfaces of NDjy and
NDss9g MMMs are deteriorating due to chain scissioning and cross-linking of Psf
chain (as observed in Figure 5.6), while pore size is increasing (as shown in Figure
5.5). This leads to increase in the surface roughness of MMMs at high radiation
dose. The NDsyy MMMs have not shown much difference with radiation dose,
which is because of the large size of ND that compensates for the surface deterio-

ration.
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FIGURE 5.7: Variation of RMS roughness value of membranes embedded with
different size of ND at different loadings and radiation dose.
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5.2.5 Membrane surface water contact angle studies using

DSA

Water contact angle of membrane surface was determined to analyse hydrophilici-
ty /hydrophobocity of membranes embedded with different size and loading of ND
in Psf host matrix, as shown in Figure 5.8. Water contact angle is 80° for control
Psf membrane. On addition of NDyq, contact angle is decreasing due to presence
functional groups (hydroxyl and carboxyl) over the surface of ND particles that
leads to enhancement in hydrophilicity [155]. This enhancement in hydrophilicity
results in enhanced permeability (discussed in section later). Contact angle de-
creases up to 70.2° for 0.5-ND;g, and then it starts increasing at higher loading due
to aggregation of particles, reducing extent and availability of surface functional
groups of ND on membrane surface. Addition of NDss5q results in decrease of con-
tact angle as compared to control Psf membrane. However, the decrease is less as
compared to membranes embedded with ND;y. This can be explained by size of
ND, wherein the size of NDys is higher that provided lesser surface carbons and
in turn lesser functional groups, and thus less enhancement in hydrophilicity [273].
Interestingly, contact angle of membranes embedded with NDysq shows a gradual
decline with NDyso loading up to 2%, which corroborates with the proposition
of homogeneous dispersion of particles. The extent of surface hydroxyl groups
of NDj5gg is even less as compared to ND;q particles, but the interfacial defects
created between NDj5q particles and Psf matrix are more pronounced owing to
larger size of NDgoo particles. These interfacial defects result in high wettability of
membrane surface and hydrophilicity. Hence decline in the contact angle is higher
for membranes embedded with ND5qg particles. Contact angle is decreasing for all
membranes with increasing radiation dose. This is because the surface roughness
is increasing with radiation dose (as observed in AFM results shown in Figure 5.7),
as a result of disintegration in polymer network that leads to enhanced wettability

of membrane surface.

5.2.6 Mechanical properties evaluation of the membrane
using UTM

Mechanical properties of membranes embedded with different size and loading of
ND were investigated through UTM analysis at various radiation doses. Figure
5.9(a) and (b) shows variation in tensile strength (T'S) and percentage elongation at

maximum force (%E) of membranes, respectively. Control Psf membrane exhibits
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FIGURE 5.8: Membrane surface water contact angle: variation due to impreg-
nation of different size and loading of ND in membrane matrix and radiation
dose.

a TS ~ 3.07 MPa and %E ~ 14.2. On impregnation of NDyy, TS and %E are
slightly decreasing up to 0.5% loading. This is because hardness of ND introduced
rigidity in Psf matrix and reduced ductility. At higher loading, TS and %E again
increased due to aggregation of particles that reduces interaction between ND and
Psf matrix [246]. Impregnation of NDysy and NDjgg creates interfacial defects
in Psf matrix due to their larger sizes, which reduces the strength of membrane
matrix and in turn TS and %E [13]. At radiation dose of 100 kGy, TS and %E
are not much affected for NDiy and NDy5y membranes, while ND5qy membranes
are showing drastic reduction in %E due to cross-linking as observed in GPC
analysis (Figure 5.6(c)). Further irradiation of membranes leads to predominant
chain scissioning of Psf network [42] (as observed in GPC studies, Figure 5.6),
that results in decreased plasticity of membrane matrix, and thus deterioration in
mechanical properties (TS and %E). Membranes embedded with NDy4 at a loading
of 0.5% shows negligible variation in T'S up to 1000 kGy and least change in %E
up to 500 kGy of radiation dose. Mechanical stability of membranes is realized

with ND;o particles at an optimum loading of 0.5%.

5.2.7 Membrane performance evaluation

Performance of membranes was analyzed based on pure water permeability and
PEO (100 kDa) solute rejection studies, as shown in Figure 5.10(a) and (b), re-

spectively. Pure water permeability of membrane is increasing up to 61.5% at 2%
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FIGURE 5.9: Mechanical properties of membranes embedded with different size
and loading of ND in the membrane matrix and radiation dose: (a) Tensile
strength and (b) Percentage elongation at maximum force.
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loading of ND;( particles, as compared to control Psf membrane. This enhance-
ment in permeability results from enhanced hydrophilicity (as observed in water
contact angle analysis, Figure 5.8) due to the presence of substantial amount of
hydroxyl and carboxyl groups at the surface of NDyq [7, 243]. Consequentially,
solute rejection increases with impregnation of NDjy (from 94.63% for control
Psf membrane to 99.11% for 2% loading of NDjj). Impregnation of NDgs, leads
to blockage of pores due to its larger size, which results in reduced permeability
as compared to that of ND;y embedded membranes, but increased permeability
compared to control Psf membrane (up to 35.9% for 1% loading of NDgsg) due
to the presence of hydroxyl and carboxyl groups. On the other hand, large size
of NDgso creates defects in the matrix and reduces solute rejection (up to 85.9%
for 1% loading) [274]. Impregnation of NDjsyy leads to enhanced permeability as
compared to control Psf membrane and membranes embedded with NDysy. This
is because the particle density is less for NDsgg (as compared to NDasg), leading to
reduction in extent of pore blockage. At the same time, large sized particles create
significant interfacial defects in membrane matrix while reducing solute rejection
ability of the membranes (reduced rejection in the range of 89-92%). Up to 100
kGy of radiation dose, there is not much change observed except the permeability
of 0.1-NDys5¢ and 1-ND59 membranes.

In radiation environment, porosity of membranes decreases due to pore closure
and splitting phenomena (as observed in FESEM images, shown in Figure 5.5(k)
and (1)), leading to decrease in permeability in radiation environment [275]. For
membranes embedded with ND;y and NDs5gg particles, pore merger phenomena is
dominant, which leads to increase in pore size but reduction in pore density, re-
sulting in decreased solute rejection. The NDgsy embedded membranes contribute
to predominant pore splitting phenomenon, which leads to decreased permeability,

while solute rejection is not affected significantly.

At 500 kGy, both permeability and solute rejection ability (88.7%) of control Psf
membranes get reduced, while ND;y embedded membranes still offers rejection
up to 91.6% (at 1% loading) without much compromise in permeability. On the
other hand, in case of NDy5q and ND5oy embedded membranes, rejection is reduced
within the range of 84.8 - 88.6% and 83.4 - 87%, respectively. Also, permeability of
NDy5o and NDj5g9 embedded membranes drastically decreased on exposure to 500
kGy of radiation dose. Considering the results of permeability and solute rejection
behaviour, performance of the membrane is found to be optimum for 1% loading

of ND;( particles.
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FIGURE 5.10: Membrane performance study for different size of ND loading
in membrane matrix and radiation dose: (a) Pure water permeability and (b)
Rejection of PEO solute.

5.3 Summary

Psf membranes embedded with ND particles were synthesized using three different
size of nanodiamonds, i.e., NDjy (10 nm), NDgsg (250 nm), and ND5p (500 nm),
each up to a loading 2%. The prepared membranes were irradiated for different
dose of v-radiation and characterized to observe the effect of ND size and loading
on the membrane morphology, structure, performance, mechanical stability, and

radiation resistant properties. Significant findings are as follows:

1. High concentration of NDyy tends to agglomerate, while NDgsq and NDj5qg
offer homogeneous dispersion even at high concentration, owing to significant

attraction forces between small-sized NDqy particles.
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2.

Small size of NDyy contributes to higher amount of surface carbon atoms,
which offers large number of functional groups and stronger interaction with
Psf matrix. On the other hand, NDssy and NDj5g contains relatively less
surface carbon atoms and hydroxyl and carboxyl groups that offer relatively

lesser interaction with Psf matrix.

The ND;q particles are neither affecting the Psf membrane morphology, nor
creating any observable defects in the host matrix. The larger size of the

NDy59 and NDjg particles are creating interfacial defects in Psf matrix.

Hydrophilicity of membranes embedded with NDy, particles increases due
to presence of hydroxyl groups up to an optimum loading of 0.5-1%. This
enhances performance of membrane and offers stability in radiation environ-

ment up to 500 kGy of radiation dose.

Mechanical properties of membranes are restored up to 500 kGy of radiation
dose at an optimum 0.5% loading of ND, particles, without creating defects

in matrix.

MMM with 10 nm sized ND particles at a loading of 0.5% is found to be the
optimum composition, which offers ~ 5 times enhanced radiation stability

compared to that of control Psf membrane.
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Chapter 6

Polysulfone-ceria mixed-matrix
membranes (Psf-ceria MMMs)

6.1 Overview

In this Chapter, properties of cerium oxide (ceria) nanoparticles are explored to
develop radiation resistant membrane. Since ceria is a distinguished nanomaterial
with an unique ability of interconversion of oxidation states between Ce*t and
Ce3t, it was used as a scavenger of free radicals induced by radiolysis of water
under v-radiation. This feature of ceria offers extraordinary stability to the Psf

membrane matrix against the y-radiation.

In this Chapter, ceria nanoparticles were fabricated by gel combustion route using
citric acid (CsHgO7.H20) as a fuel and cerium nitrate (Ce(NO3)3.6H20) as an
oxidizer. Febricated ceria nanoparticles were characterized by TEM, XRD, XPS,
UV-Vis, ATR-FTIR, SEM, Raman spectroscopy, SAXS, EDS spectra, hydroxyl
radical scavenging activity, and peroxidase-like activity. Psf-ceria MMMs were
prepared by phase inversion technique with different loadings of ceria, viz., 0, 0.1,
0.5, 1 and 2%. Membranes were then irradiated with 100, 500 and 1000 kGy of
~v-radiation dose, and characterized. Psf-ceria MMMs were characterized using
SEM, to observe the effect of ceria loading and v-radiation dose on membrane
morphology; AFM, to analyse surface topography of membranes at different load-
ing of ceria at different y-radiation dose; membrane surface water contact angle, to
determine surface hydrophilicity /hydrophobicity; ATR-FTIR, to obtain variation
in functional groups in presence of ceria; GPC, to see the effect of y-radiation

on molecular weight of the membrane; XRD, to confirm the presence of ceria
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nanoparticles in Psf-ceria MMMs; PALS, to determine alteration in free volume
of Psf membrane matrix due to ceria loading and vy-radiation dose; SAXS, to eval-
uate structural parameter in presence of ceria at different radiation dose; UTM,
to analyse the effect of radiation on mechanical properties of membrane by incor-
porating ceria at different ~-radiation dose; flux and solute rejection attributes,
to observe the performance of Psf-ceria membranes in radiation environment; free
radical scavenging and peroxidase activity, to analyse the mechanism of protec-
tion of MMMs in 7y-radiation environment through scavenging of highly reactive

species by ceria present in the membrane matrix.

6.2 Results and discussions

6.2.1 Characterization of ceria nanoparticles
6.2.1.1 TEM image of ceria nanoparticles
TEM image in Figure 6.1 reveals nano-crystalline form of ceria nanoparticles.

TEM image shows the crystal size of ceria nanoparticles in the range of ~ 7 — 25

ni.

FIGURE 6.1: TEM image of ceria nanoparticles. Inset shows the SAED pattern
of ceria nanoparticles.
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6.2.1.2 XRD pattern of ceria nanoparticles

Figure 6.2 shows XRD spectrum of ceria nanoparticles. Sharp diffraction peaks
at 20 values of 28°, 32.6°, 47°, 55.8°, 58.5°, 68.9°, 76°, and 78.4° represent planes
(111), (200), (220), (311), (222), (400), (331), and (420), respectively. The diffrac-
tion patterns indicate presence of face-centered cubic phase of ceria nanoparticles

having the average crystal size ~ 12.3 nm with superior crystallization and high

purity.
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FIGURE 6.2: XRD pattern of ceria nanoparticles.

6.2.1.3 XPS spectra of ceria nanoparticles

XPS spectra (Figure 6.3) exhibit binding energy peaks around 881.8, 897.6, and
905 eV, which shows presence of Ce*t. Peaks around 887.9, and 900.9 eV shows
presence of Ce®*. Therefore, XPS analysis illustrates presence of two oxidation
states of cerium, Ce** and Ce*t with composition ~ 82.47 and 17.53 %, respec-

tively.

6.2.1.4 UV-Vis spectra of ceria nanoparticles

UV-Vis absorption spectra of ceria nanoparticles are shown in Figure 6.4. The
characteristic absorption peak of Ce** ion is seen at ~ 230 nm wavelength, while

a broad peak is observed in 300 - 400 nm, which is attributed to the overlapping
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FiGURE 6.3: XPS spectra of ceria nanoparticles.

of two peaks, absorption of C'e®™ (~ 300 nm) and inter-band charge-transfer tran-
sition (~ 350 nm). Absorption study of ceria nanoparticles confirms the presence

of Ce3t and Ce*t ions, as well as the transition phase.
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FIGURE 6.4: UV-Vis spectra of ceria nanoparticles.
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6.2.1.5 ATR-FTIR spectra of the ceria nanoparticles

FTIR spectra of ceria nanoparticle (Figure 6.5) shows major absorption bands
around 3370 em ™! for O-H stretching vibration, 2365 em~! for absorption vibration
of CO,, 1538 cm™! for H,O bending vibration, 1322 em ™! for Ce-O-Ce stretching
vibration, and 722 em~! for Ce-O stretching vibration. Absorption bands at 3370

and 1538 em ™! are due to adsorbed water molecules and hydroxyl groups on the

surface of ceria.
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FiGUure 6.5: ATR-FTIR spectra of ceria nanoparticles.

6.2.1.6 Raman spectra of ceria nanoparticles

Figure 6.6 depicts Raman spectra of ceria nanoparticles. Face centred cubic fluorite
C'eO4 belongs to Fm3m space group. C'eO, exhibits one infrared active phonon of
Ty, symmetry and one Raman active phonon of 75, symmetry. This Raman active
triply degenerate stretching vibration mode appears in the form of a single sharp

peak at ~ 463 cm™!, Fy, band, and can be attributed to symmetric breathing of
oxygen atoms [276].
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FIGURE 6.6: Raman spectra of ceria nanoparticles.

6.2.1.7 SAXS analysis for size distribution of ceria nanoparticles

SAXS analysis in Figure 6.7 shows size distribution of ceria nanoparticles, indi-

cating ~ 12 nm as the average particle diameter.
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FIGURE 6.7: Size distribution of ceria nanoparticles obtained by SAXS analysis.
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6.2.1.8 EDS spectra of ceria nanoparticles

EDS spectrum (Figure 6.8) shows elemental composition of cerium and oxygen

confirming successful synthesis of ceria nanoparticle.
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FI1GURE 6.8: EDS spectrum of ceria nanoparticles.

6.2.1.9 Hydroxyl radical scavenging capability of ceria nanoparticles

Maximum absorption peak of MG is at 615 nm. To understand participation of
ceria nanoparticles in reaction, oxidation of MG by OH® radical in presence of
different concentration of ceria nanoparticles. Figure 6.9 shows degradation of
MG in presence of different concentration of ceria. As shown in inset of Figure
6.9, with increase in the concentration of ceria, degradation rate of MG decreases.
This indicates scavenging of O H*® radical by ceria nanoparticles. The O H* radical

scavenging phenomenon of ceria nanoparticles can be expressed as in Equation

(6.1).

Ce*™ + OH®* + HY — Ce*™ + H,0 (6.1)

Decrease in degradation rate of MG (k,s) with concentration of ceria depicts

increase in *OH radical scavenging activity of ceria.
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FIGURE 6.9: Hydroxyl radical scavenging by ceria nanoparticles. Inset shows
inhibition of absorbance of MG due to OH*® radical induced degradation in
presence of different concentration of ceria nanoparticles (5 - 81 pug/ml).

6.2.1.10 Peroxidase activity of ceria nanoparticles

Peroxidase-like activity of ceria nanoparticles was analyzed by using MG and hy-
drogen peroxide as substrate. Inset of Figure 6.10 shows time dependent peroxidase-
like activity of ceria nanoparticles. Peroxidase-like activity increases with increas-

ing concentration of ceria nanoparticles (Figure 6.10).

To understand affinity of MG with ceria nanoparticles, steady state kinetics was
studied by varying the concentration of MG with fixed concentration of ceria and
hydrogen peroxide, as shown in Figure 6.11. Steady state kinetic parameters were
found using Linewear-Burk method. Value of K,,, was estimated ~ 0.2195 mM and
Vinaz ~ 5.1 nM/s. Similarly, to realize the affinity of HoOy with ceria nanoparticles,
steady state kinetics was determined by varying concentration of HoO, with fixed
concentration of ceria and MG, as shown in Figure 6.12. Kinetic parameters K,
and V.. were found to be ~ 0.119 M and ~ 82.1 uM/s, respectively. Higher
value of K, indicates low affinity of ceria nanoparticles with HyOs, while higher
affinity with MG.
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FIGURE 6.10: Peroxidase activity exhibited by different concentration of ce-
ria nanoparticles. Inset shows the time dependent peroxidase-like activity for
different concentration of ceria nanoparticles.
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FIGURE 6.11: Double reciprocal plot of initial velocity for the decay of MG by
H505 catalyzed by ceria nanoparticles as a function of MG concentration.

6.2.2 Membrane morphology studies using SEM

Surface and cross-section morphologies of Psf-ceria MMMs, as observed in FESEM,

are shown in Figure 6.13 and 6.14, respectively, for different ceria concentration
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FIGURE 6.12: Double reciprocal plot of initial velocity for the decay of MG
by H2O catalyzed by ceria nanoparticles as a function of hydrogen peroxide
concentration.

in membrane matrix as well as y-radiation doses. Top surface morphologies of Psf
and the Psf-ceria MMMs are indistinguishable, except for the presence of ceria
on MMMs [277], as shown in Figure 6.13. Ceria nanoparticles are homogeneously
distributed on MMM surface, as observed by EDS mapping (insets of Figure 6.13).
However, with increase in loading of ceria, the proportion of ceria nanoparticles
increases on the top surface of membrane, leading to agglomeration at 1% ceria
loading (Figure 6.13 (c), (f) and (i)). Fingering phenomenon is observed in all
membranes, as clearly seen in Figure 6.14, which is a distinctive feature of mem-
branes synthesized through non-solvent induced phase inversion technique [239].
FESEM images (insets of Figure 6.14(a), (b) & (c)) reveal that an increase in ceria
loading results in decrease in pore density and increase in pore size. This clearly in-
dicates that the kinetics of solvent-nonsolvent exchange plays an important role in
case of a MMM, which is influenced by the nature of nano-filler. Presence of ceria
delays exchange between solvent and non-solvent and thus increases the pore size
of membrane, while decreasing the pore density. With radiation exposure, differ-
ent phenomena like pore closure, pore merger and pore splitting [240] are observed
because of cross-linking and chain scissioning [241], as seen in Figure 6.14. Pore
closure phenomena results in decrease in the number of pores and thus the pore
density, which is primarily observed in irradiated control Psf membranes shown
in Figure 6.14 (d) and (g). Consequently, decreased porosity resulted in reduced

permeability, as discussed in section later, dealing with performance of membrane.
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However, pore splitting phenomena increases pore density but reduces pore size
(Figure 6.14 (f)). On the other hand, pore merger phenomena increases pore size
and reduces pore density (Figure 6.14 (i)). These two phenomena of pore split-
ting and pore merger are primarily observed in irradiated 1-Ce membranes. These
phenomena resulted in alteration of membrane throughput and solute rejection
attributes. Interestingly, 0.5-Ce MMM does not show any significant observable
changes in morphology with radiation. This might be because of homogeneous
distribution of ceria nanoparticles in membrane matrix, preserving the morphol-
ogy of membrane. FESEM studies clearly confirmed that presence of ceria has
got a profound positive implication on the structure and morphology of MMMs in

general, which is restored to a reasonable extent in presence of v-radiation.

Psf

0.5-Ce

UR

1000 kGy

FIGURE 6.13: FESEM images of Psf and Psf-ceria MMMSs surfaces with EDS

mapping (inset) of cerium: Unirradiated MMMs (a) Psf, (b) 0.5-Ce, and (c)

1-Ce. Exposed to 500 kGy radiation dose (d) Psf-500, (e) 0.5-Ce-500, and (f)

1-Ce-500. Exposed to 1000 kGy radiation dose (g) Psf-1000, (h) 0.5-Ce-1000,

and (i) 1-Ce-1000. Inset of every image shows EDS mapping of cerium on the
surface of respective membranes.

6.2.3 Membrane surface topography studies using AFM

Variation in root mean square (RMS) roughness of membranes for different load-
ings of ceria and radiation doses is shown in Figure 6.15. RMS surface roughness
of Psf membrane was found to be 2.02 nm. Surface roughness increases with in-

crease in concentration of ceria, reaching up to 2.88 nm for 2-Ce MMM. Surface

113



Chapter 6. Psf-ceria MMM:s

UR
500 kGy ~
plitting
=3 g o m\_ N : : - a¥a s Pt;fe c!c;sﬁ}é
(T i
i P " ! . ] ‘ ; ML
- Foi 3 X i : % 7 S i ¥ »4)_(\7. Eu Rff.
1000 kGy 3 = ’ A " — | > 4 & N “ 00 nm -'ng’e merger

FI1GURE 6.14: FESEM images of the cross-section of Psf and Psf-ceria MMMs:

Unirradiated MMMs (a) Psf, (b) 0.5-Ce, and (c¢) 1-Ce.Exposed to 500 kGy

radiation dose (d) Psf-500, (e) 0.5-Ce-500, and (f) 1-Ce-500. Exposed to 1000

kGy radiation dose (g) Psf-1000, (h) 0.5-Ce-1000, and (i) 1-Ce-1000. Inset of

every image shows pore distribution of respective MMMs obtained by enlarging
the cross-sectional area of membrane.

roughness of a given membrane was also found to increase with increase in radi-
ation dose, due to deterioration of membrane surface as a result of simultaneous
chain scissioning and cross-linking phenomena. Change in surface roughness of
membranes due to radiation is relatively less for Psf-ceria MMMs, as compared to
Psf membrane. Only 25.4, 19, 20.1, and 18.6% change in roughness has been ob-
served for 0.1-Ce-1000, 0.5-Ce-1000, 1-Ce-1000 and 2-Ce-1000, respectively, with
radiation while 63.4% change in RMS roughness has been observed for Psf-1000.
This implies that the surface roughness of MMMs is less affected by radiation as

compared to Psf membrane.

6.2.4 Membrane suface-water contact angle evaluation us-
ing DSA

Membrane surface water contact angle of Psf and Psf-ceria MMMs are shown in
Figure 6.16. Contact angle for Psf membrane was found to be ~ 79.9°, which
slightly increased on addition of ceria in Psf matrix, and reached up to 84.8° for
0.5-Ce MMMs. Due to hydrophobic characteristic of ceria nanoparticles [278],

the contact angle increased up to 0.5% loading of ceria. However, contact angle

114



Chapter 6. Psf-ceria MMM:s

3.5
® /
R t/‘
~ 3.0
a /
(D)
£ 2.5
@ . /
S *— X
0? o/ —&— 1000 kGy
/ —A—500 kGy
204 @ —%— 100 kGy
—eo— UR
Psf 0.1-Ce 0.5-Ce 1-Ce 2-Ce
Membrane

FIGURE 6.15: Variation of RMS roughness of membranes at different loading
of ceria and radiation dose.

decreased with further increase in loading of ceria (1-2%). This might be due to
uneven interaction of Psf matrix with ceria nanoparticles because of agglomeration
tendency of nanoparticles at higher concentration. Also, during phase inversion,
large pores were formed at higher concentrations of ceria (as shown in SEM images
at higher loading of ceria, Figure 6.14(c)), leading to slight dip in contact angle
value. However, contact angle decreased with radiation dose, which is due to
increase in the surface roughness (as observed by AFM analysis, Figure 6.15).
At a dose of 1000 kGy, contact angle decreased to 73.6°, 74.9°, 77.1°, 69.1°, and
60.23° for Psf-1000, 0.1-Ce-1000, 0.5-Ce-1000, 1-Ce-1000 and 2-Ce-1000 MMMs,
respectively. Contact angle study is essential to determine the enhancement of
hydrophobicity of Psf membrane by incorporating ceria nanoparticles. Higher
concentration of ceria (1 & 2%) resulted in higher reduction in contact angle with
radiation due to larger pore size as observed in SEM images shown in Figure
6.14(1).

6.2.5 Membrane suface functionalization studies using ATR-

FTIR

ATR-FTIR spectral analysis of membranes was carried out in the region from 700

to 4000 cm ™!, as shown in Figure 6.17. Spectra exhibits significant absorption
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FIGURE 6.16: Variation in membrane surface water contact angle with the
loading of ceria and radiation dose.

band around 834 cm™! (C-H stretching of aromatic ring of Psf), 1014 cm ™! (sym-
metric O=S=0 stretching of sulfone group), 1080 & 1105 cm™! (Aromatic ring
vibration), 1149 cm™! (symmetric O=S=0 stretching of sulfone group), 1168 cm "
(asymmetric O=S=O0 stretching of sulfone group), 1238 cm ™! (asymmetric C-O-C
stretching of Aryl ether group), 1293 & 1322 cm ™! (asymmetric O=S=0 stretch-
ing of sulfone group), 1364 cm™! (symmetric C-H bending deformation of methyl
group), 1411 em™! (asymmetric C-H bending deformation of methyl group), 1487
& 1586 ecm ™! (aromatic C=C stretching), 2873 & 2968 cm ™! (asymmetric and sym-
metric C-H stretching vibration of complete methyl group), and 3440 em~! (O-H
stretching vibration). FTIR spectra of ceria nanoparticle shows major absorp-
tion bands around 3370 em™! (O-H stretching vibration), 2365 cm™! (absorption
vibration of the COy), 1538 em™! (H,0 bending vibration), 1322 ¢cm™! (Ce-O-
Ce stretching vibration), and 722 cm™! (Ce-O stretching vibration). Absorption
bands at 3370 and 1538 em~! are due to adsorbed water molecules and hydroxyl
groups on the surface of ceria. Absence of shifting in characteristic absorption
bands of Psf-ceria MMMSs confirms that incorporation of ceria in Psf matrix does
not affect the internal structure of the membrane. Characteristic band of ceria at
2365 cm~! shows physical presence of ceria, wherein intensity of adsorption band

is increasing with loading of ceria.
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FIGURE 6.17: ATR-FTIR analysis of control Psf and Psf-ceria MMMs.

6.2.6 Weighted average molecular weight determination of

the membrane using GPC

Weighted average molecular weight (M,,) of membranes with different loadings of
ceria at different radiation doses is shown in Figure 6.18. For radiation dose up to
100 kGy, there is no significant change in the weighted average molecular weight
(M,,) of all membranes. At a higher radiation dose beyond 100 kGy, M, starts
decreasing. This could be due to chain scissioning of Psf chains and elimination
of sulfonic and carbonaceous groups in the form of CO,, CO, and SO, gases. For
radiation dose up to 1000 kGy, value of average M, gets reduced by 44.8% for Psf
membrane, while comparatively less reduction is seen as 41.9, 32.2, 38.5, and 37.7%
for 0.1-Ce-1000, 0.5-Ce-1000, 1-Ce-1000, and 2-Ce-1000 membranes, respectively.
This indicates that the presence of ceria nanoparticles protects MMMs from the
effect of gamma radiation and as a result, extent of loss of molecular weight of
MMMs is reduced. Ability of ceria to scavenge free radicals by swapping between
two oxidation states (Ce™ <— Ce™®) is responsible in protecting MMMs from
negative effects of radiation and a loading of 0.5 to 1% of ceria seems to be optimum

for obtaining enhanced radiation resistance behaviour.

6.2.7 XRD pattern of membrane

XRD pattern of ceria nanoparticles and membranes is shown in Figure 6.19. The
pattern shows a predominant peak at 20 of 22° and is attributed to amorphous
nature of Psf membrane [279]. Significant characteristic peaks of ceria are at 26
values of 28°, 32.6°, 47°, 55.8°, and 76° for the respective (111), (200), (220),

(311), and (331) plane of ceria. These characteristic peaks of ceria nanoparticles
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FIGURE 6.18: Effect of ceria loading and radiation dose on weighted average
molecular weight (M,,) of MMMs.

can be clearly observed in the XRD pattern of Psf-ceria MMMs. The intensity of
these peaks are enhanced with increase in loading of ceria, confirming successful

incorporation of ceria nanoparticles into Psf membrane matrix.
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FIGURE 6.19: XRD pattern of ceria nanoparticles, Psf, and Psf-ceria MMMs.
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6.2.8 Free volume determination in membrane matrix us-
ing PALS

Free volume in membrane matrix was investigated using PALS, and results are
as shown in Figure 6.20. There was a rise in relative fractional free volume after
incorporation of ceria in membrane matrix. This is due to formation of interfacial
defects at the interface of ceria nanoparticles and polymer matrix [13]. These in-
terfacial defects initially increase with concentration of ceria (up to 1% loading)
and increase in the number of nanoparticles. Further increase in ceria loading up
to 2% leads to agglomeration of particles, leading to reduction in overall density of
interfacial defects, and hence a small reduction in relative fractional free volume.
On exposure to radiation, there is an increase in relative fractional free volume
for Psf membrane, owing to defects created in membrane matrix as a result of
structural rearrangement of polymer chains. However, relative fractional free vol-
ume decreases for Psf-ceria MMMs after irradiation, indicating the role of ceria in
bringing about pore closure and merger phenomena and not forming any defects
(as observed in SEM images, inset of Figure 6.14). Extent of change in relative
fractional free volume increases with loading of ceria nanoparticles. This is because

the pore density decreases with increase in loading of ceria nanoparticles.
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FIGURE 6.20: Variation of relative fractional free volume with loading of ceria
in membrane matrix and at 1000 kGy radiation dose, obtained from PALS.
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6.2.9 Structure evaluation of membrane matrix using SAXS

Structural evalution of Psf-ceria MMMSs, as probed by SAXS analysis, is shown
in Figure 6.21. An even distribution of ceria nanoparticles in membrane matrix is
observed. As seen in Figure 6.21, relative number density increases with increas-
ing ceria concentration with respect to control Psf membrane. Besides, relative
scattering contrast decreases with radiation dose, which indicates that the pore
density decreases with radiation dose due to pore closure, as has already been
observed in FESEM images (inset of Figure 6.14) and also confirmed by PALS re-
sult (Figure 6.20). On further increasing the loading of ceria, change in scattering

contrast increases with radiation dose.
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FIGURE 6.21: Variation of relative number density of ceria nanoparticles in
the Psf matrix with the loading of ceria and contrast pore density at different
radiation dose with respect to control Psf membrane, obtained from SAXS.

6.2.10 Mechanical properties evaluation of the membrane

using UTM

Tensile strength (TS) and percentage elongation at maximum force (%E) of mem-
branes are shown in Figure 6.22. TS of Psf membrane was found to be 3.07 MPa,
which increases with loading of ceria to 3.77 MPa for 1-Ce membrane matrix. This

indicates that the strength of Psf matrix gets enhanced by incorporation of ceria
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nanoparticles due to excessive toughness of nano-fillers present in membrane ma-
trix. However, as the concentration of ceria increases further, T'S of membrane is
reduced to 3.31 MPa for 2-Ce membrane. Reduction in TS is due to agglomeration
of ceria which leads to lesser interaction with Psf matrix (similar trend has been
observed in drop shape analysis, Figure 6.16). On the other hand, introduction of
ceria nanoparticles introduces rigidity between Psf polymer chains, reducing %E
force from 14.2 (Psf) to 12.5, 13.6, and 14.1 for 0.1-Ce, 0.5-Ce, and 1-Ce mem-
branes, respectively. This shows reduction in ductility of membrane matrix due to
incorporation of ceria. At higher concentration (2-Ce), %E again increases up to
17.1. This increase in %E shows that there is less interaction of ceria nanoparticles
(due to agglomeration) with Psf matrix and hence 2-Ce MMM behaves like a Psf
membrane. Mechanical stability of membranes starts deteriorating after exposure
to v-radiation due to simultaneous chain scissioning and cross-linking phenomena.
Hence, there is rearrangement of polymer chain which reduces average molecular
weight and decreases the strength as well as flexibility of membrane. While chain
scissioning is predominantly responsible for reduction in TS of membranes, cross-
linking increases T'S and reduces ductility in membranes, leading to decrease in
%E values [277]. At 500 kGy radiation dose, TS decreases by 17.5, 12.5, 12.3,
21.2, and 6.1% for Psf-500, 0.1-Ce-500, 0.5-Ce-500, 1-Ce-500, and 2-Ce-500 mem-
branes, respectively. The %E also decreases by 62.8, 57.8, 38.2, 32.6, and 45.5%
for Pst-500, 0.1-Ce-500, 0.5-Ce-500, 1-Ce-500, and 2-Ce-500 membranes, respec-
tively. This reduction in TS and %E implies reduced plasticity of Psf chain due to
irradiation. At 500 kGy radiation dose, membrane with 2% loading of ceria shows
more brittle behavior. This may be due to chain scissioning of Psf, which increases
the density of ceria nanoparticles in Psf matrix. Change in mechanical properties
of Psf-ceria MMM is less as compared to that in Psf membrane, owing radiation
stability of ceria nanoparticles due to switching of cerium from one oxidation state
to other (Ce™ +— Ce™). The 0.5 - 1% loading of ceria nanoparticles of Psf ma-
trix is found to be the optimum in terms of mechanical stability, owing to strong
interaction between ceria and Psf matrix without undergoing agglomeration. Psf-
ceria. MMMs exhibit greater mechanical stability up to 500 kGy of v-radiation
dose. However, plasticity of membranes has been lost at irradiation dose of 1000
kGy due to loss of polymer chains by chain scissioning and membranes become
brittle. Monte Carlo simulation (Chapter 3) has shown that, to absorb a radiation
dose of 500 kGy, membrane would take 3 years and 8 months. Thus, Psf-ceria
MMDMs can be operated for about 3 years and 8 months. On the other hand, Psf
membrane, which is claimed to be stable for 100 kGy, shall deteriorate in about 9

months.
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FIGURE 6.22: Effect of ceria loading and radiation dose on mechanical prop-
erties of membranes: (a) Variation in tensile strength of the membranes (b)
Change in the percentage elongation at maximum force of the membranes

6.2.11 Membrane performance evaluation

Pure water permeability offered by Psf membrane was around 156 LM ~2h~! (Fig-
ure 6.23(a)), which decreases by 28% for 0.5-Ce membrane. Further loading (1-2%)
of ceria increases permeability up to 194 LM ~2h~! for 2-Ce MMMs. Initial decline
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in permeability may be attributed to enhanced surface hydrophobicity on incorpo-
ration of ceria nanoparticles. However, agglomeration at higher loading offsets the
effect of nanoparticle induced hydrophobicity and leads to increase in permeability,
as confirmed by contact angle studies of membranes (Figure 6.16). Also, increased
surface roughness (Figure 6.15) of the membrane at higher loading (2-Ce) of ceria

improves hydrophilicity of membrane surface and in turn permeability.

Solute (PEO: 100 kDa) rejection offered by Psf membrane was found to be 94.6%,
which remains almost same at around 96% for 0.5-Ce membrane, as mentioned in
Figure 6.23(b). Rejection decreased on further increasing the concentration of ceria
(1-Ce and 2-Ce membranes). This is because of agglomeration of ceria nanoparti-
cles, leading to interfacial defects and hence loss in selectivity. When membranes
are exposed to 100 kGy of gamma radiation, their permeability decreased by 9
and 13% for Psf and 2-Ce MMMs, respectively. This is due to reduction in pore
density and pore shrinkage by gamma radiation [280]. However, the rejection has
not been affected. Permeability variation of Psf-ceria MMMSs (0.1-Ce-100, 0.5-Ce-
100, and 1-Ce-100) is not significant compared to their unirradiated counter parts,
indicating stability of membranes against radiation up till 100 kGy of dose. At
500 kGy of radiation dose, molecular weight decreases (as shown in Figure 6) due
to chain scissioning of polymer chains leading to increase in intra-polymeric and
polymer-nanoparticle interfacial defects. Due to this, permeability increases for
0.5-Ce-500 and 1-Ce-500 MMMs. Simultaneous cross-linking and chain scissioning
of Psf chains increases the pore size but reduces pore density, leading to decrease
in permeability for Psf-500 and 2-Ce-500 MMMs. Solute rejection decreases for
all membranes at 500 kGy radiation dose. Internal structure of the membrane
deteriorates drastically upon exposure to 1000 kGy radiation dose. At 1000 kGy,
density of ceria nanoparticles in the Psf host matrix increases due to loss of poly-
meric chains by chain scissioning. Hence, reduced free volume in polymer matrix
(confirmed from PALS analysis given in Figure 6.20 and SAXS analysis given in
Figure 6.21) leads to decrease in permeability. Moreover, membranes became frag-
ile (Figure 6.22) and rejection for all membranes is reduced. Extent of variation

in permeability of Psf-ceria MMMs is less as compared to that of Psf membrane.

6.2.12 Hydroxyl radical scavenging studies of membrane

To understand reactivity of MMMs with OH*®, oxidation of MG by OH*® radical
was determined in presence of MMMs with different loading of ceria nanoparticles.

Figure 6.24 shows MG degradation in presence of MMMs. Control Psf membrane
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FIGURE 6.23: Performance of the Psf membrane and Psf-ceria MMMs with

variation of radiation dose: (a) Pure water permeability of membrane in terms

of the flux of water through membranes and (b) PEO rejection percentage by
the membranes.

shows sudden reduction in degradation rate of MG. This is due to rapid reaction
of OH* radical with Psf chains, which causes degradation of Psf membrane ma-
trix by reduction in molecular weight under y-radiation. Reaction of O H® radical
with organic substrate is non-specific, as it reacts with three different processes,
viz, hydrogen abstraction, OH*® radical addition, and one-electron oxidation. The
hydrogen abstraction and radical addition process results in formation of carbon

centered radicals which are known to react rapidly with oxygen and form peroxyl
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radical. Formation of peroxyl radical are deleterious as they initiate a chain reac-
tion causing formation of more oxidants and thus results in rapid degradation of
polymer. On the other hand, inorganic component like C'e** is known to reduce
OH"* radical to form Ce™, which is a relatively stable entity and less deleterious
as compared to peroxyl radicals. Thus loading of ceria in Psf membrane matrix
gives extra radiation stability to the membrane. Hence reactivity of OH*® radical
with Psf-ceria MMMs is reduced.
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FIGURE 6.24: Hydroxyl radical reactivity with Psf-ceria MMMs. Inhibition
of absorbance of MG due to OH® radical induced degradation in presence of
different Psf membranes loaded with ceria nanoparticles (0.1 - 2 wt%).

6.2.13 Peroxidase activity analysis of membrane

Peroxidase-like activity of ceria nanoparticles was analyzed by using MG and hy-
drogen peroxide as substrate. Peroxidase-like activity increases with increasing
concentration of ceria nanoparticles (Figure 6.10). As a result, for peroxidase ac-
tivity of Psf-ceria MMMs, initial velocity was found to increase with ceria loading
from 6.3 x 107 (blank MG) to 6.83 x 107>, 6.86 x 107°, and 10 x 10 M/s for
control Psf, 0.1-Ce, and 1-Ce MMMs, respectively. Results depict participation of

ceria nanoparticles in MMMs, performing peroxidase-like activity.
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6.3 Summary

~v-radiation resistant polymeric composite membranes were developed by impreg-
nation of ceria into Psf host matrix. Membranes were prepared with different load-
ings of ceria (0.1, 0.5, 1.0 and 2.0% of polymer weight) and irradiated with 100,
500 and 1000 kGy of gamma radiation dose. Properties of irradiated membranes
were analyzed using instrumental techniques and membrane performance studies.
All Psf-ceria MMMs exhibited enhanced radiation resistance up to 500 kGy, as
compared to control Psf membranes. The 0.5-1% loaded MMMs were found to be
the most radiation resistant, as physico-chemical and mechanical properties (ten-
sile strength and percentage elongation), as well as its performance, were found to

be stable even up to 500 kGy of radiation dose.

This improved stability of Psf-ceria MMMs is a result of unique swapping ability
of cerium ions (Ce3* «— Ce'™), while scavenging the highly reactive free radicals
generated by radiolysis of water induced by ~-radiation. Scavenging ability of ce-
ria nanoparticles protects membrane matrix in y-radiation from degradation, and
enhances its life. Peroxidase-like activity of ceria nanoparticles helps to eliminate
H50, and inhibits interaction with Psf membrane matrix. The distinctive scav-
enging capability of highly reactive oxygen species by ceria membrane provides
significant opportunities to Psf-ceria MMMSs for application in ~-radiation envi-
ronment. Findings confirmed that these radiation resistant Psf-ceria MMMs can
have potential applications in treatment of radioactive effluents with ~ 5 times

increased life-span as compared to control Psf membranes.
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Polysulfone-(nanodiamond +
ceria) hybrid mixed-matrix
membranes (Psf-(ND+-Ce)
MMMs)

7.1 Overview

This Chapter investigated the combined effect of ND and ceria nanoparticles on
radiation resistant property of membrane. Role of ND and ceria nanoparticles
was evaluated in Chapter 3 and Chapter 6, respectively, with individual nano-
materials. Promising properties of ND were explored to provide stability to Psf
membrane matrix in y-radiation environment, while ceria nanoparticles were ex-
plored for their free radical scavenging ability to protect the Psf membrane matrix
from highly reactive free radicals generated by the radiolysis of water induced
from ~-radiation. Integrated effect of both the nanomaterials (ND and ceria) is

investigated in this Chapter.

Hybrid nanocomposite membranes [Psf-(ND+Ce)| were developed and their sta-

bility in ~-radiation environment was evaluated.

Psf-(ND+Ce) hybrid MMMs were characterized using; SEM, to observe the effect
of ND and ceria loading, and ~-radiation dose on membrane morphology; AFM,
to analyse surface topography of membrane at different loading of ND and ceria
at different ~-radiation dose; water contact angle study of membrane surface,

to determine surface hydrophilicity/hydrophobicity with ND and ceria loading,
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and 7-radiation dose; GPC, to see the effect of y-radiation on molecular weight
of membrane; DSC, to determine oxidative degradation of membranes at high
temperature; UTM, to analyse the effect on mechanical properties of membrane;
flux and solute rejection behaviour, to observe the performance of Psf-(ND+Ce)

hybrid MMMs in radiation environment.

7.2 Results and discussion

7.2.1 Membrane morphology studies using SEM

Surface and cross-section morphologies of membranes are shown in Figure 7.1.
All membranes demonstrate typical morphology usually observed in films pro-
duced by phase inversion technique, a dense top layer supported by finger-like
structure. Top surface of control Psf membrane is comparatively dense, while the
membranes impregnated with ceria and ND nanoparticles have more free volume
(shown in Figure 7.1(a) to (e)). Free volume of the membrane represents pore
channels that assist in enhancing permeability of the membrane [281]. During
phase inversion, addition of nanoparticles (ND and ceria) delays the exchange
of solvent and non-solvent due to increased viscosity of casting solution, result-
ing in a wide finger-like structure [258, 259]. Hydrophilic hydroxyl and carboxyl
functional groups attached to ND (Chapter 3) attract water molecules which in-
creases the pore density of membranes, as shown in Figure 7.2 [282]. Surface and
cross-section morphology (Figure 7.1) shows that by impregnating ND and ceria
nanoparticles into Psf host matrix, free volume of membrane increases due to in-
creased pore density (shown in Figure 7.2), while pore size does not get affected by
impregnation of nanoparticle (confirmed by the average pore size using porometer,
discussed in concerned section later). y-radiation alters morphology of membranes
due to simultaneous chain scissioning and cross-linking of Psf chain [69, 260]. As
a result, control Psf membrane showed lower pore density, but increased pore
size. However, presence of ceria and ND protects Psf matrix and prevents, to a
reasonable extent, the onset of any deteriorating effects in porous morphology.
Therefore, pore density and average pore size of hybrid membranes increases after
irradiation, leading to enhancement in permeability and decline in solute rejection
abilities. However, 0.5ND-0.5Ce hybrid membrane does not shown much variation
in average pore size of the membrane matrix even after 1000 kGy of radiation dose,
while pore density increases. Optimum concentration with 0.5% each of ND and

ceria depicts strong interfacial interation of nanomaterials with polymer matrix,
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which prevents MMM from v-radiation-induced degradation. Permeability is thus

enhanced without significant variation in solute rejection attributes.

Psf 0.25ND-0.25Ce 0.25ND-0.5Ce 0.5ND-0.25Ce 0.5ND-0.5Ce

FIGURE 7.1: FESEM images of top surface (a, b, ¢, d, and e) and cross-section
(f, g, h, i, and j) of unirradiated Psf, 0.25ND-0.25Ce, 0.25ND-0.5Ce, 0.5ND-
0.25Ce, and 0.5ND-0.5Ce membranes, respectively.

Psf 0.25ND-0.25Ce 0.25ND-0.5Ce 0.5ND-0.25Ce 0.5ND-0.5Ce

FIGURE 7.2: FESEM images of membrane surface of unirradiated (a, b, ¢, d,
and e) and 1000 kGy irradiated (f, g, h, i, and j) Psf, 0.25ND-0.25Ce, 0.25ND-
0.5Ce, 0.5ND-0.25Ce, and 0.5ND-0.5Ce membranes, respectively.

7.2.2 Membrane pore size analysis using porometer

The average pore size of membranes obtained from porometer is found to be in
the range of 0.08 - 0.1 um for all membranes (control Psf and hybrid), which
confirms that nanoparticles does not affect the pore size of membrane matrix. At
1000 kGy of radiation dose, average pore size increases up to 0.13, 0.26, 0.31, 0.23,
and 0.16 pm for control Psf, 0.25ND-0.25Ce, 0.25ND-0.5Ce, 0.5ND-0.25Ce, and
0.5ND-0.5Ce membranes, respectively. Increase in pore size leads to decline in
solute rejection attribute (discussed in concerned section later). It is important
to note that 0.5ND-0.5Ce hybrid membrane shows the least variation in pore size,

hence solute rejection attribute has not been significantly affected.
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7.2.3 Membrane surface topography studies using AFM

Figure 7.3 shows membrane surface roughness obtained from AFM studies. Im-
pregnation of nanomaterials (ND and ceria) slightly increased the surface rough-
ness of membranes [263] from 3.26 (control Psf membrane) to 3.62 nm (0.5ND-
0.5Ce hybrid membrane). This is due to enhanced porosity of the membrane, as
observed in FESEM images (Figure 7.2). Pore size of control Psf membrane in-
creases after irradiation (Figure 7.2(f)), leading to increase in surface roughness
with radiation dose. Surface roughness of hybrid membranes also increases with
increase in radiation dose due to increase in pore density (shown in Figure 7.2(g)
to (j)). However, up to 1000 kGy radiation dose, increase in roughness for 0.5ND-
0.5Ce hybrid membrane is only 8.6%, compared to 18.8% increase for control Psf
membrane. Rise in surface roughness resulted in increased transportation of sol-
vent through membrane, as observed in pure water permeability values discussed

in the section later.
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FIGURE 7.3: Variation in RMS surface roughness of membrane with ND and
ceria loadings, at different radiation dose.

7.2.4 Membrane suface-water contact angle evaluation us-
ing DSA

Hydrophilicity/ hydrophobicity of membrane surface was determined by water
contact angle studies. As shown in Figure 7.4, water contact angle of control Psf

membrane is ~ 80°, which slightly increases up to 85° on addition of ceria and ND
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nanoparticles. Small rise in contact angle is due to hydrophobic characteristic of
ceria nanoparticles [278]. Contact angle of each membrane decreases with radiation
dose due to increased surface roughness, as discussed in previous section (Figure
7.3). Decline of contact angle is more pronounced in hybrid membranes (at 1000
kGy radiation dose, 64.5, 71.6, 57, and 60.9° for 0.25ND-0.25Ce, 0.25ND-0.5Ce,
0.5ND-0.25Ce, and 0.5ND-0.5Ce membranes, respectively), compared to control
Psf membrane (73.6° at 1000 kGy radiation dose). This is due to increased pore
density (shown in Figure 2(g) to (j)) with radiation resulting in higher water uptake
and enhancement of hydrophilicity [283]. Radiation enhances water permeability
by enhancing hydrophilicity through disturbing the pore structure and porosity,

while nanoparticles stabilize membrane matrix in radiation environment.
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FIGURE 7.4: Variation in membrane surface water contact angle with different
loadings of ND and ceria nanoparticles, at different radiation dose.

7.2.5 Weighted average molecular weight determination of

membrane using GPC

Weighted average molecular weight (M,,) of membranes was determined by GPC
to observe cross-linking and chain-scissioning phenomena during irradiation [261].
As shown in Figure 7.5, M, of control Psf membrane slightly decreased after 100
kGy irradiation, while that of hybrid membranes increased. Variation in M, in-
dicates chain-scissioning in control Psf, and cross-linking in hybrid membranes, as
predominant phenomena. For control Psf membrane, influence of chain-scissioning

phenomena increases with radiation dose, therefore M, decreases from 63241 Da
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for unirradiated Psf (Psf-UR) to 34954 Da for Psf irradiated up to 1000 kGy (Psf-
1000 kGy). On the other hand, hybrid membranes exhibit cross-linking phenom-
ena up to 500 kGy radiation dose. Above 500 kGy radiation dose, chain-scissioning
predominates and consequently M, starts to decrease. The 0.5ND-0.5Ce hybrid
membrane does not show significant difference in M, even up to 1000 kGy of
radiation dose. Results confirm enhanced stability of Psf membrane matrix up to
1000 kGy due to the presence of 0.5% ND and 0.5% ceria. This stability against
v-radiation can be attributed to free radical scavenging property of ceria (scav-
enging ability of ceria nanoparticles shown in Chapter 6) [275] and radiation resis-
tant property of ND (hardness and free radical scavenging ability of ND shown in
Chapter 3) [269]. Owing to two stable states of cerium (Ce™ and Ce**), ceria can
scavenge free radicals generated from ~-induced radiolysis of water, by swapping
from one state to another Ce™ «— Ce**. Also, ND, owing to its hardness as
well as free radical scavenging ability, protects hybrid membrane matrix by acting

as a barrier to v-rays and radiolysed products of water.
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FIGURE 7.5: Change in weighted average molecular weight (M,,) of membranes
with different radiation dose.

7.2.6 Studies on oxidative degradation of membrane using
DSC

Thermal oxidation of membranes was investigated by DSC studies. Figure 7.6(a)
shows DSC thermograms of unirradiated membranes, where the effect of ND and
ceria loading can be observed on thermal oxidation degradation of membrane ma-

trix. DSC thermogram of the control Psf membrane shows three exotherms with
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increasing temperatures having peaks at ~ 430, ~ 530, and ~ 590 °C. Since Psf is
a polymeric network, it undergoes crystallization/partial crystallization with heat-
ing (which also gives exothermic DSC trace). Reinforcement of Psf with ND and
ceria nanoparticles (0.25-0.50 wt%) does not show any observable effects on peak
temperature of the first exotherm (~ 430 °C'). While all four membrane samples
show single peak, membrane 0.5ND-0.5Ce shows two peaks before the onset of
second exotherm, indicating that higher loading of ND and ceria has affected the
thermal response of Psf towards this exothermic phenomenon. Stage 2 exotherm
also remains almost invariant in terms of peak temperature (~ 525 to 529 °C').
Stage 3 exotherm shows distinct behavior with ND and ceria loading, wherein the
peak at ~ 589 °C' for control Psf went down sharply by ~ 15 °C for 0.25ND-
0.25Ce membrane sample, indicating that MMM has reduced thermo-oxidative
stability as compared to control Psf membrane. Also, onset of exotherm is shifted
to lower temperatures, further corroborating the inference of composite’s lowered
thermal stability. Decomposition is apparently completed before 600 °C' for both
0.25ND-0.25Ce and 0.25ND-0.50Ce membrane samples, which was incomplete for
control Psf membrane sample till 600 °C'. Further reinforcement of nanoparticles
shows further reduction in peak temperature to ~ 565 °C' (reduced by ~ 10 °C') for
0.5ND-0.25Ce membrane, which is in line with the observed trend. However, at the
same time, exotherm clearly broadens with additional high temperature exotherm
overlapped with 565 °C' peak, which can be seen from shoulder type peak. This
suggests that ND doping has distinct effect on thermo-oxidative stability than that
of ceria reinforcement. Very interestingly, 0.5ND-0.5Ce membrane sample shows
anomalous increase in peak decomposition temperature (stage 3), which indicates
increased thermal stability. Also, decomposition is not completed till 600 °C' (sim-
ilar to that of control Psf). The findings show distinctly higher thermal stability
of this MMM, while the ones with lower loadings (0.25ND-0.25Ce, 0.25ND-0.5Ce
and 0.5ND-0.25Ce) show opposite behavior. Regarding irradiated samples, lower-
ing of peak temperature of stage 1 by 5 - 6 °C' for control Psf membrane indicates
radiation induced degradation in Psf matrix, which led to reduced stability of
polymer membrane around 430 °C. Increase in stage 1 peak temperature (430
°C') of irradiated MMMs with higher ND loading (0.5ND-0.25Ce & 0.5ND-0.5Ce)
again indicates that ND does have a stabilizing effect towards thermal response.
Stage 2 and stage 3 of irradiated Psf is highly overlapped. Interestingly, stage 2
peak has shown upwards shift while that of stage 3 has shown significant down-
ward shift in temperature. Since it is control Psf, these effects are manifestation
of irradiation on weakening of polymer network. In all the irradiated samples,

stage 2 is much more intense than stage 3 while the reverse is observed in all the
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unirradiated samples. Due to radiation induced damage of membrane matrix by
chain scissioning and cross-linking, the range of ordering in Psf chain has been
altered, which is clearly observed in Figure 7.6(b). Psf-1000 kGy is showing a
broad peak in the range 534 to 556 °C', which indicates diverse sizes of Psf chains
are formed due to chain scissioning and cross-linking phenomena (as observed in
GPC analysis shown in Figure 7.5). Table 7.1 shows only small effect for higher
order chains in stage 3 for hybrid membranes, owing to chain scissioning at 1000
kGy (as observed in GPC analysis, Figure 7.5). This is clear from the compar-
ison of thermograms of unirradiated membrane samples with that of irradiated
ones that the Psf network is affected significantly by irradiation, compared to that
of the MMMs, with 0.5ND-0.5Ce membranes offering optimum stability against
thermo-oxidative degradation.

TABLE 7.1: Three-stage oxidation degredation peak temperatures of unirradi-
ated and 1000 kGy irradiated membranes.

Peak temperature (°C)
Membrane Unirradiated 1000 kGy irradiated
Stage 1 | Stage 2 | Stage 3 | Stage 1 | Stage 2 | Stage 3

Psf 430 529 589 424 534 556
0.25ND-0.25Ce 430 526 575 425 532 534
0.25ND-0.5Ce 430 528 576 424 533 557
0.5ND-0.25Ce 430 526 564 430 530 566
0.5ND-0.5Ce 430 525 594 430 538 550

7.2.7 Mechanical properties evaluation of membrane using

UTM

Mechanical properties of membranes were investigated in terms of tensile strength
(TS) and percentage elongation at maximum force (%E), as shown in Figure 7.7.
TS and %E of control Psf membrane are 3.07 MPa and 14.2, respectively. By
impregnation of ND and ceria, mechanical strength of all hybrid membrane has
increased, with TS and %E of 4.17 MPa and 19.2, respectively, for membrane
impregnated with 0.5% each of ND and ceria [284]. Mechanical properties of
membranes mainly depend on two factors. One is the size of nanoparticles, which
is crucial for interfacial interaction between nanoparticles and Psf. Average size
of ND nanoparticles is about 5 nm (Chapter 3) and that of ceria is about 12

nm (Chapter 6), which leads to high surface to volume ratio of nanoparticles and
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hence, an excellent interfacial area for enhanced interaction between the polymer
and nanomaterials. Another factor is distribution of nanoparticles in membrane
matrix. The uniform distribution of nanoparticles provides strong interaction with
the polymer matrix, while agglomeration reduces number density of particles re-

sulting in reduced interaction. The 0.5% loading each of ND and ceria in Psf

host matrix was

interaction, thus offering enhanced mechanical properties [82]. After 100 kGy of

irradiation, control Psf membrane starts losing its mechanical strength due to
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Temperature (°C)

DSC thermograms of membrane at different loading of ND and

(a) unirradiated and (b) 1000 kGy irradiated membranes.

found to be optimum in terms of uniform distribution and strong
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chain scissioning, as observed in GPC analysis shown in Figure 7.5 [268]. On the
other hand, value of %E slightly increased, because the chain scissioning leads
to the increased flexibility of Psf chain. Similar observation has been made for
0.25ND-0.25Ce membrane, as small amount of loading of nanomaterials has not
affected the rigidity of the Psf matrix by much. On the other hand, higher loading
of nanomaterials introduced rigidity in Psf matrix. Futher increment in radiation
dose leads to chain scissioning of Psf chains, as a result of which mechanical prop-
erties deteriorate. Increase in pore density of hybrid membranes (as observed in
pore distribution images, Figure 7.2) due to radiation also results in reduced TS
and %E [285]. Reduction in %E of hybrid membranes is less than that of control
Psf membrane up to 1000 kGy radiation dose, as shown in Figure 7.7 (b). Results
indicate that mechanical properties of hybrid membranes are restored even after
1000 kGy radiation dose. The 0.25ND-0.25Ce and 0.5ND-0.5Ce hybrid membranes
were found to be most stable in radiation environment in terms of their mechanical

properties.

7.2.8 Membrane performance evaluation

Figure 7.8 shows membrane performance based on pure water permeability and
solute rejection attributes of membranes for PEO-100 kDa. Permeability offered
by control Psf membrane was found to be about 156 L m=2 h~! with 94.6% rejec-
tion, while all hybrid membranes exhibited improved permeability and rejection.
Inherent trade-off found in any polymeric membrane systems is observed to have
reduced to a reasonable extent in hybrid membranes. Permeability of 0.5ND-0.5Ce
membrane increased up to 192 L m~2 h~! with solute rejection of 97.6%. Per-
formance is enhanced due to increased pore density of the membrane, as shown
in FESEM image in Figure 7.2(e) [286]. This indicates that presence of ND and
ceria nanoparticles could create additional pathways for water flow, without in-
creasing the pore size. Enhanced surface roughness (Figure 7.3) and hydrophilic
groups present on the ND surface (Chapter 3) also contributes to increase in per-
meability. Hence, solute rejection as well as solvent flux increases. On exposure
to radiation, permeability of control Psf membrane decreased to 120 L m~=2 h~!
and rejection rate to 87%, which could be due to increase in pore size and reduced
pore density of the membrane, as can be seen in FESEM image in Figure 7.2(f).
This is due to degradation of Psf matrix owing to chain scissioning by y-radiation,
as confirmed by GPC analysis as shown in Figure 7.5. On the other hand, due

to increased pore density of hybrid membrane in radiation environment (FESEM
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FIGURE 7.7: Mechanical properties of membranes: Variation in (a) tensile
strength and (b) percentage elongation at maximum force, with loading of ND
and ceria in membrane matrix at different radiation dose.

images in Figure 7.2), permeability is enhanced with slight reduction in rejec-
tion attributes. At 1000 kGy of radiation dose, 0.5ND-0.5Ce hybrid membrane
shows permeability of 288 L m~2 h~! with 88.5% rejection. This ascertains the
resistance of hybrid membranes against chain scissioning and cross-linking phe-
nomena, as also confirmed by consistent molecular weight of hybrid membrane
(GPC analysis in Figure 7.5). These results clearly confirm improved performance
of membranes and stability in radiation environment with impregnation of ND

and ceria nanoparticles.
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7.3 Summary

Psf-(ND+Ce) hybrid membranes were synthesized by impregnation of ND and
ceria into Psf host matrix. Ceria protects Psf membrane matrix by scavenging
secondary free radicals generated due to vy-radiolysis of water, while ND provides
strength to enhance overall lifetime of membrane under v-radiation environment.
These Psf-(ND+Ce) hybrid membranes are found to offer increased free volume,
compared to control Psf membranes, due to enhanced pore density. This results
in increased surface roughness and permeability of hybrid membranes, without

compromise in selectivity. Mechanical properties of hybrid membranes also get
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improved in terms of tensile strength and percentage elongation. In addition,
loading of ND and ceria makes Psf matrix stable against oxidative degradation at
high temperature in radiation environment. All Psf-(ND+Ce) hybrid membranes
are found to be stable up to 500 kGy of radiation dose, while 0.5ND-0.5Ce mem-
brane is found to be stable up to 1000 kGy. Hybrid membrane with optimum
composition of 0.5 wt% each of ND and ceria is found to be ~ 10 times radiation
resistant, compared to control Psf membrane. The present study has made a clas-
sic beginning to the development of an important class of hybrid membranes with

enhanced radiation stability.
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Chapter 8

Conclusions and future work

8.1 Summary of contributions

The research results presented in this thesis have contributed significantly towards
development of radiation resistant membranes for expanding the scope of appli-
cation of polymeric membranes in radioactive efHuent treatment. This is a novel
research carried out by exploring unique properties of nanomaterials for a specific
application domain. The research provids role of nanomaterials, their function-
alization, size, as well as combined effect of two nanomaterials on mixed-matrix
membranes. Important outcomes of the research are briefly summarized in this

Chapter.

Polysulfone-nanodiamond (Psf-ND) mixed-matrix membranes

In Chapter 3, polsulfone-nanodiamond (Psf-ND) MMMs were successfully devel-
oped with enhanced radiation resistant attributes. ND loading in Psf membrane
matrix was optimised based on the membrane properties and performance in ra-
diation environment. Psf-ND MMM with optimum 0.5% loading of ND was found
to be stable up to 500 kGy of radiation dose, without compromise in performance,
mechanical and structural properties of the membrane. Radiation resistance prop-
erty of MMMs was attributed to most important feature of ND, that is hardness,
which acts as a potential barrier to y-radiation. This is in addition to the unique
surface chemistry of ND, which protects the polymer chain from disintegration
by scavenging secondary free radicals generated in y-induced radiolysis of water.

Pst-ND MMMs will have ~ 5 times enhanced life-span in radiation environment,
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compared to that of control Psf membrane. Monte Carlo simulation studies con-
firmed that life-span of Psf-ND MMMs is about 3 years and 8 months for treatment
of intermediate level liquid radioactive effluent. However, control Psf membrane

will deteriorate in about 9 months.

Polysulfone-carboxylated nanodiamond (Psf-CND) mixed-

matrix membranes: Effect of ND funtionalization

Radiation resistant Psf-CND MMDMs were examined in Chapter 4 to explore the
advantage of additional functionalization of ND. Psf-CND MMMs with 0.5% load-
ing of CND, as optimum, was found to be stable up to 1000 kGy of radiation dose.
Additional functionalization over ND surface provided an opportunity for better
interaction of CND with polymer matrix, as well as efficient scavanging of free
radicals as compared to ND. This offered enhanced protection to membrane ma-
trix from radiation damage. As a result, Pstx=CND MMM was found to be ~ 2
times more radiation resistant as compared to Psf-ND MMMs and ~ 10 times as

compared to that of control Psf membrane.

Polysulfone-nanodiamond (Psf-ND) mixed-matrix membranes:
Effect of ND size

In Chapter 5, effect of ND particle size on the properties of Pst-ND MMMs was
observed. Psf membranes embedded with ND particles were synthesized using
three different size of NDs, i.e. NDjg (10 nm), NDssg (250 nm), and ND5oo (500
nm). ND particles size was optimized based on membrane performance, struc-
tural and mechanical properties, as well as stability in radiation environment.
Important factor considered and analysed here was the size of nanomaterial and
in-turn the surface area to volume ratio, which is responsible for enhanced inter-
action between nanomaterial and polymer matrix. MMM with loading of NDq
was found to enhance membrane properties without any structural change and
defects in membrane matrix up to 0.5% loading of ND;g, while higher loading
leads to agglomaration of ND particles. Though, NDgsq and ND5q particles were
homogeneously distributed in membrane matrix even at higher loading, it created
defects in membrane matrix due to larger size and also less interaction with Psf
matrix. Psf-ND MMM with 10 nm sized ND particles at a loading of 0.5% was
found to be optimum composition, which offered ~ 5 times enhanced radiation

stability compared to that of control Psf membrane.
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Polysulfone-ceria (Psf-ceria) mixed-matrix membranes

Development of radiation resistant Psf-ceria MMMs is described in Chapter 6.
Loading of ceria nanoparticles in membrane matrix was optimised based on the
performance, structural and mechanical properties of membrane, as well as sta-
bility in radiation environment. Psf-ceria MMMs with loading of 1% ceria was
found to be optimum, which provided the stability up to 500 kGy of radiation
dose. Radiation resistant property of membrane is attributed to unique swap-
ping ability of cerium ions (Ce3* <> Ce*") by scavenging the highly reactive free
radicals generated by 7-radiation. Studies determined the kinetics of scavenging
of reactive oxygen species and peroxidase-like activity of ceria nanoparticles and
their effect in Psf-ceria mixed-matrix membranes. Psf-ceria MMMs provided ~ 5

times enhanced life-span as compared to control Psf membrane.

Polysulfone-(nanodiamond+-ceria) [Psf-(ND+Ce)] hybrid mixed-

matrix membranes

Combined effect of ND and ceria nanoparticles was explored in Chapter 7, by
developing Psf-(ND+Ce) hybrid MMMs. Performance of Psf-(ND+Ce) MMMs
was found to be optimum for 0.5% loading of ND and ceria each, which offered
stability up to 1000 kGy of radiation dose. This enhanced stability of MMMs ~ 10
times is mainly attributed to radiation hardness of ND and free radical scavenging
capability of ceria. Combined effect of both the nanomaterials protects membrane
matrix from disintegration in radiation environment, i.e., hardness of ND provides
protection of membrane matrix against direct impingement of radiation, while
ceria scavenges highly reactive free radicals generated by radiolysis of water and

in-turn protects the membrane from free-radical attack.

8.2 Future work

This thesis presented ground research on development of radiation resistant poly-
meric nanocomposite membranes for treatment of radioactive efluent. Based on
experience in this work, recommendations, as mentioned below, can be explored

further in view of specific application in industries.

1. Spiral module of radiation resistant MMM can be fabricated and put in

actual radioactive efluent treatment for evaluation on on-field performance.
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2.

MMDMs can be synthesized in tubular and capillary configuration for sup-

ported liquid membrane applications in radioactive environment.

Thin film composite based nanofiltration and reverse osmosis membranes
can be fabricated by impregnation of radiation resistant nanomaterials on
top layer of polyamide membranes, which will extend the application of these

membranes in removal of dissolved radionuclides.

Fouling behaviour of radiation resistant MMM in actual radioactive environ-

ment can be analysed to assess true life-span of these MMMs.

Theoretical studies can be taken up to understand intricate correlations be-
tween loading of nanomaterials, radiation dose, membrane morphology, and

performance.

Role and compatibility of ND and ceria with different other polymeric ma-

trices, like polyethersulfone and polyacrylonitrile, can be studied.

TABLE 8.1: Summary table for all MMMs.

Properties Psf-ND Psf-CND Psf-Ceria Psf-(ND+Ce)
MMDMs MMDMs MMDMs hybrid
MMMs
Nanomaterial | Nanodiamond | Carboxylated Cerium oxide | Nanodiamond
as additive (ND) nanodiamond (ceria) and ceria
(CND)
Properties of | Hardness Hardness and | Free  radical | Hardness + free
nanomaterial functionaliza- scavenging radical scaveng-
utilized tion ing
Optimum 0.5% 0.5% 1% 0.5% each
loading of
nanomaterial
Contact angle | Decreasing ~ Constant Increasing Increasing
Structural 500 kGy 1000 kGy 500 kGy 1000 kGy
stability up
to
Mechanical 500 kGy 1000 kGy 500 kGy 1000 kGy
stability up
to
Permeability | Decreasing ~ Constant ~ Constant Increasing
Rejection ~ Constant ~ Constant ~ Constant Decreasing
Enhanced ~ 5 times ~ 10 times ~ 5 times ~ 10 times
life-time
Cost compare | ~ 2 times ~ 3 times ~ 1.2 times ~ 2 times
to Psf module

144




Abstract

A broad spectrum of radioactive waste (low, intermediate, and high level) is gener-
ated at various stages of nuclear fuel processing (uranium ore mining and milling,
fuel fabrication, reactor operation, and spent fuel reprocessing). Hence, safe and
effective management of radioactive waste is of utmost importance. Various meth-
ods have been established to treat and manage radioactive wastes. These processes
typically include chemical treatment, adsorption, filtration, evaporation, ion ex-
change, extraction, etc. However, these processes have limitations in terms of their
efficiency in eliminating all contaminants, high operating cost and/or production

of secondary solid wastes.

Membrane technology has been demonstrated for successful removal of radioac-
tive substances with significant advantages over the above-mentioned conventional
processes. Inorganic (ceramic) membranes have been found to have excellent sta-
bility against the radioactive environment, but their application is limited owing
to the difficulty in their fabrication, inherent brittleness, and more importantly,

limitation in fine-tuning pore sizes.

Polymeric membranes have gained attention due to their higher flexibility, pro-
cessability, simple pore formation mechanism, tailorable properties, low cost and
negligible secondary waste generation. Also, properties of polymeric membranes
can be altered for specific application by functionalization and/or modification
in its internal structure (pores/porosity, internal network, etc.), with enhanced
thermal, chemical, and mechanical stability. However, application of polymeric

membranes is limited in radioactive domain, owing to their low radiation stability.
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Since nanomaterials have unique properties such as high surface area, tunability,
low density, high porosity, etc., they offer unprecedented opportunities to tailor-
make membranes with desirable attributes keeping into account the targeted appli-
cations. In polymer nanocomposites, larger surface-to-volume ratio of nanofillers
results in a significant increase in the volume of interphase between nanomaterial
and polymer, which makes the properties of the composite different from that of

bulk polymer.

Two unique materials, namely nanodiamond (ND) and cerium oxide (ceria) nano-
particles were found in literature that have radiation resistant properties. ND
and ceria nanoparticles were incorporated into the polysulfone matrix to enhance

radiation resistance of polysulfone-nanomaterial mixed matrix membrane.

Major advantages of ND particles over their essential properties for nanocomposite
materials are: (i) Superior Young’s modulus, hardness, high thermal conductivity
and electrical resistivity, low coefficient of friction, chemical stability, and biocom-
patibility indulged by diamond structure. (ii) Quantum confinement and unifor-
mity in size, provides compatibility for utilization, while eliminating the necessity
of costly fractionation procedures. (iii) Stable and approximately spherical shape
of ND particles. (iv) High external surface area, offer excessive interaction with
polymer matrix. (v) Superabundant and adjustable surface chemistry contributes

in wise application of nanocomposite. (vi) Radiation resistant attributes.

Ceria possesses a fluorite crystalline structure, which has emerged as an outstand-
ing material having promising applications in several domains. The Ce atom ac-
quires 4f shell for electron sharing and bonding, and hence, it can undergo conver-
sion between Ce*t and Cet. In sync with Ce atom, an oxygen vacancy also gets
created, transferred and eliminated. This property can be exploited for absorption
of reactive oxygen radicals as well as electron transfer. Moreover, ceria can also
act as radiation absorber. The valence switching ability between Ce?t and Ce**
provides reactive oxygen species (ROS) scavenging capability as well as catalytic
activity of ceria nanoparticles. These distinctive properties of ceria nanoparticles

are utilized to enhance radiation stability of polymeric membranes in the present
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study for application in treatment of radioactive efluent. Impregnation of ceria in

aq’

Psf membrane matrix helps to protect the matrix by scavenging ROS (OH®, e
Hy0,, *H, Hy, H3O") produced by water radiolysis under ~y-radiation.

The research work presented in this thesis attempts to enhance the radiation resis-
tant property of polymeric membranes for their sustainable application in radioac-
tive effluent treatment. To achieve the desired objectives, unique properties of ND
and ceria nanoparticles were explored and utilized for protection of Psf membrane
matrix from consequences of radiation damage and attack of free radicals. Mixed-
matrix membranes with enhanced radiation resistance attributes were fabricated

and characterized. Following investigations were carried out in this thesis.

1. Effect of reinforcement of ND particles on radiation resistant behaviour of

Psf membrane and life-span analysis in radioactive environment.

2. Effect of carboxylated ND and comparison as to how it is superior than ND

particles in offering enhanced radiation resistant feature to Psf membrane.

3. Effect of ND size on radiation resistant property of membrane, and finding

an optimum size.

4. Effect of ceria nanoparticles on radiation resistant property of Psf membrane

and assessment of life-span in radiation environment.

5. Combined effect of reinforcement of both ND and ceria nanoparticles on the

radiation resistant property of membrane.

These objectives helped in understanding the role and influence of nanomateri-
als (ND and ceria) towards enhancing the life of polymeric membrane matrix in

radiation environment.
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Nomenclature

List of Acronyms

AFM Atomic force microscope

ATR-FTIR Attenuated total reflectance Fourier-transform infrared spectroscopy
BET Brunauer-Emmett-Teller

CND Carboxylated nanodiamond

CNT Carbon nanotube

DLS Dynamic light scattering

DSA Drop shape analyser

DSC Differential scanning calorimetry

E Elongation

ED Electrodialysis

EDS Energy dispersive X-ray spectrometer
FESEM Field emission scanning electron microscope
GO Graphene oxide

GPC Gel permeation chromatography

HLW High-level waste

ILW Intermediate-level waste

LLW Low-level waste

LRW Liquid radioactive waste
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Nomenclature

MF
MG
MMM
MWNT
ND
NDqg
NDas0
NDs00
NF
NMP
PALS
PEO
Psf
PVP
PWP
rGO
RMS
RO
ROS
SAED
SAXS
SWNT
TEM
TFC
THF
TS
UF

Microfiltration

Triphenyl methane dye
Mixed-matrix membrane
Multiple-walled carbon nanotube
Nanodiamond

10 nm sized nanodiamond

250 nm sized nanodiamond

500 nm sized nanodiamond
Nanofiltration
N-methyl-2-pyrrolidone

Positron annihilation lifetime spectroscopy
Polyethylene oxide

Polysulfone

Polyvinyl pyrrolidone

Pure water permeability
Reduced graphene oxide

Root mean square

Reverse osmosis

Reactive oxygen species

Selected area electron diffraction
Small angle X-ray scattering
Single-walled carbon nanotube
Transmission electron microscope
Thin film composite
Tetrahydrofuran

Tensile strength

Ultrafiltration
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Nomenclature

UTM
uv
VLLW
WAO
XPS
XRD

Universal testing machine
Ultraviolet

Very low-level waste

Wet air oxidation

X-ray photoelectron spectroscopy

X-ray diffraction

List of Symbols

(Cs)in
%o Rpro
A

Ay,

Gy
Cy
Cs
Cy

Logarithmic concentration
Percentage rejection of PEO solute
Membrane area

Ratio of total cross-sectional pore area to the effective membrane

area
q independent constant parameter

q independent constant parameter

q independent constant parameter

q independent constant parameter

Concentration in feed stream

Concentration of solute on membrane surface
Concentration in permeate stream

Neutral cerium

Ce*t atom in a Cet* site

Radiation dose (kGy) in which membrane were exposed
Hydrated electron

Correction factor

Number of counts at time t

Correction factor

XXXVil



Nomenclature

H>0,
I3

S~ s =

Vmax

Hydrogen peroxide

Relative intensity of third lifetime component
Intensity of i component

Solute flux

Solvent flux

Number of exponential decays

Menten constants

Filtration coefficient

ND loading (%) in the membrane matrix
Weighted average molecular weight

Neutral oxygen

Hydroxyl radical

Solute rejection value obtained experimentally
Solute rejection value obtained from mathematical modelling
Pore radius

Solute radius

Steric hindrance factor for diffusion

Steric hindrance factor for filtration flow
Time period

Time

Initial velocity

+2 oxygen vacancy

Maximum initial velocity

Cerium

Diffusivity of solute

Particle size distribution

Relative fractional free volume
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Nomenclature

Radiation chemical yield

Radial average scattering intensity
Correction factor

Form factor of a spherical particle of radius r
Wave vector transfer

Average radius of spherical free volume
Structure factor

Volume

List of Greek Symbols

20
o

op
6X

T3

T;

Scattering angle

Osmotic pressure difference between the fluid on membrane sur-

face and product stream

Pressure drop across the membrane
Pore length

Extinction coefficient

Wavelength

Solute permeability

Reflection coefficient

Third lifetime component

Lifetime of i** component
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Appendix A

Membrane pore size distribution

Pore size distribution for all the membranes was determined with the help of
BET analysis. Figure A.1, A.2, A.3, and A .4 shows the pore size distribution of
unirradiated, 100 kGy irradiated, 500 kGy irradiated, and 1000 kGy irradiated

membranes, respectively.
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FIGURE A.1: Pore size distribution of the unirradiated Psf-ND membranes.
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FIGURE A.2: Pore size distribution of 100 kGy irradiated Psf-ND membranes.
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Appendix B

Hansen solubility parameters

Before introducing concepts and the theory developed by Charles Hansen, it is
beneficial to give a short physical argument about the solvation process [287].
For any solution to occur spontaneously, thermodynamics requires that the Gibbs
free energy change in the mixing process be zero or negative. In a simplified
description, the Gibbs free energy AGM can be divided in two parts, as shown in
Equation (B.1).

AGM = AGY  + AGY (B.1)

omb noncomb

M

womp 15 related to the combinatorial entropy

where the combinatorial part AG

change ASM . (that results by simply mixing components) by Equation (B.2).

comb

AGM ~TASM (B.2)

comb — comb

M

and the noncombinatorial part AGy, .

, refers to all other free energy effects,

including the heat of mixing, and can be calculated by Equation (B.3).

AGM = golchVM(51 — 52)2 (BS)

noncomb —

In the above equations, T is the absolute temperature, ¢, and ¢, are volume frac-
tions of solvent and polymer/nanomaterial, V), is the volume of the mixture and
d; and dy are called solubility parameters of solvent and polymer/nanomaterial.
By analysing Equation (B.1), (B.2) and (B.3), one can see that the difference in
solubility parameters for the solvent-solute pair is important in determining the
system energy equilibrium. It is clear that a match in solubility parameters leads

to a zero change in noncombinatorial free energy and the positive entropy change
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(the combinatorial entropy change), found in simple mixing to result in a disor-
dered mixture compared to the pure components, will ensure that a solution is
possible from a thermodynamic point of view. The maximum difference in solu-
bility parameters that can be tolerated for a solution that still occurs corresponds
to the case AGM = 0. From Equation (B.1), (B.2) and (B.3), this condition can

be expressed as in Equation (B.4).

(01 — 02)* = (TASY,,)/ (e192Vir) (B.4)

Equation (B.4) clearly shows that an alternate view of the solubility situation at
its limit is that it is the entropy change that dictates how closely the solubility

parameters must match each other for the mixture to stabilize.

Solubility parameters are sometimes called cohesion energy parameters as they
derive from the energy required to convert a liquid to a gas state. All types of
bonds holding molecules together are broken in the vaporization process. Thus
the energy of vaporization is a direct measure of the total cohesive energy holding
the liquid molecules together and both can be considered as being identical to
each other. The term solubility parameter was first used by Hildebrand in 1949
[288]. The Hildebrand solubility parameter is defined as the square root of the

total cohesive energy density, as in Equation (B.5).

6= (E/V)/? (B.5)

where V is the molar volume of the pure solvent and E is its (measurable) energy

of vaporization.

The Hildebrand solubility parameters are applicable to the regular solutions, which
implies strictly nonpolar systems. As this is not the case for most real systems,
other researchers have tried to extend Hildebrands original idea, splitting the
Hildebrand solubility parameter into two or more components. The approach
proposed by Charles Hansen in 1967 is one of the most proeminent in this regard
[289].

The basis of Hansen solubility parameters (HSPs) is that the total cohesive en-
ergy (E) of a liquid consists of three major intermolecular interactions: (nonpolar)
dispersion forces, (polar) permanent dipole-permanent dipole forces, and (polar)
hydrogen bonding. The most general is the nonpolar cohesive energy (Ep), derived
from induced dipole forces and also called atomic or dispersion interactions in sci-

entific literature. All molecules contain these types of attractive forces. The second
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type is the polar cohesion energy (Ep), which results from inherently molecular
interactions and is essential found in polar (non-centrosymmetric) molecules. The
molecular dipole moment is the primary parameter used to calculate it. The third
major cohesive energy source (Ey) comes from hydrogen bonds which, according
to a modern definition [290], are “attractive interactions between a hydrogen atom
from a molecule or a molecular fragment X-H in which X is more electronegative
than H and an atom or a group of atoms in the same or a different molecule in

which there is evidence of bond formation”.

Therefore, the basic equation governing the assignment of Hansen parameters is

that E must be the sum of the individual energies that make it up, as in Equation
(B.6).

E=FEp+ Ep+ Egy (B.6)

Dividing this by the molar volume gives the square of the total (or Hildebrand)
solubility parameter as the sum of the squares of Hansen components, shown in
Equation (B.7).

E/V =(Ep/V)+ (Ep/V)+ (Eg/V) (B.7)

(0)* = (dp)* + (0p)" + (onr)° (B.8)

Within Hansen space, a solute is represented not only by their HSPs, as with
solvents, but also by an interaction radius (Ry), thus defining a solubility sphere
whose centre coordinates are the HSPs ( dp,dp,dy). All substances qualified as
good solvents for the solute should stay within this sphere and all considered bad
(nonsolvents) should lie outside. A useful parameter for comparing two substances
is the solubility parameter distance (R,), based on their respective HSP compo-

nents, expressed in Equation (B.9).

(Ra)* =4(0p2 — 0p1)* + (6p2 — 6p1)* + (62 — 0p1)? (B.9)

The solubility, or high affinity, requires R, < Ry, so a RED (Relative Energy
Difference) number is often used to quantify distances R, relative to the interaction

radius Ry, as shown in Equation (B.10).
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By this definition, RED = 0 is equivalent to no energy difference, RED < 1
indicates high solute-solvent affinity, RE'D > 1 indicates low affinity and RED =1

RED = R,/Ry

(or around 1) reflects a boundary condition.

TABLE B.1: Hansen solubility parameters.
Material | dp op og | Ry | RED Remarks
NMP 18.0 |1 123 | 7.2 - - -
Psf 19.6 | 10.8 | 9.2 | 6.2 | 0.655 Soluble in NMP
ND 1591 100! 80! 84 0.588 | Well dispersed in NMP
0.473 | Strong affinity with Psf

Hansen solubility parameters [291, 292] in Table B.1 shows that the polysulfone
(Psf) is soluble in the N-methyl 2-pyrrolidone (NMP). Furthermore, Nanodiamond
(ND) particles are highly dispersible in NMP and shows strong affinity with Psf

matrix.
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Appendix C

Long term performance of MMMs

and nanomaterial leaching study

C.1 Long term performance study of Psf-ND MMMs

Long term stability of ND particles in Pst-ND MMDMs has been determined by
measuring pure water permeability of 0.5-ND (optimum loading of ND) membrane
over a duration 200 h, as shown in Figure C.1. A consistent permeability values

gives an indication for stability of ND particles in MMM.
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Ficgure C.1: Variation in pure water permeability of 0.5-ND membrane with
the time up to 200 h.

Leaching of ND through membrane has been determined by keeping the mem-
branes in solutions at different pH values (pH: 5, 6, 7, 8, and 9) for 100 h followed
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by analysis using total organic carbon (TOC) analyser. There is no detectable

leaching of ND observed.

C.2 Long term performance study of Psf-CND
MMMs

Long term stability of CND particles in Pst-CND MMMs has been determined
by measuring pure water permeability of 0.5-CND (optimum loading of CND)
membrane over 200 h duration, as shown in Figure C.2. A consistent permeability

values gives an indication for stability of CND particles in MMM.
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Ficurg C.2: Variation in pure water permeability of 0.5-CND membrane with
the time up to 200 h.

Leaching of CND through membrane has been determined by keeping the mem-
branes in solutions at different pH values (pH: 5, 6, 7, 8, and 9) for 100 h followed
by analysis using total organic carbon (TOC) analyser. There is no detectable
leaching of CND observed.
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C.3 Long term performance study of Psf-ceria

MMDMs

Long term stability of ceria nanoparticles in Psf-ceria MMMs has been determined
by measuring pure water permeability of 0.5-Ce (optimum loading of ceria) mem-
brane over 200 h duration, as shown in Figure C.3. The consistent permeability

indicates the stability of ceria in MMM.
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Ficgure C.3: Variation in pure water permeability of 0.5-Ce membrane with
the time up to 200 h.

Leaching of ceria through membrane has been determined using ICP-OES analysis
of cerium by collecting the permeate samples in every 10 h and no detectable
leaching of ceria was observed up to 200 h. Similar findings are obtained upon
exposure of membranes to different pH (5, 6, 7, 8, and 9) solutions, which confirm

the stability of ceria in the MMM.

C.4 Long term performance study of Psf-(ND+Ce)
MMMs

Long term stability of ND and ceria nanoparticles in Psf-(ND+Ce) hybrid MMMs
has been determined by measuring pure water permeability of 0.5ND-0.5Ce (opti-
mum loading of ND and ceria) membrane over 200 h duration, as shown in Figure
C.4. A consistent permeability over this duration depicts the stability of ND and
ceria in MMM.
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FIGURE C.4: Variation in pure water permeability of 0.5ND-0.5Ce hybrid mem-
brane with the time up to 200 h.

Leaching of ND through membrane in acidic medium has been determined by
keeping the membranes in solutions at different pH values (pH: 5, 6, 7, 8, and 9) for
100 h followed by analysis using total organic carbon (TOC) analyser. There is no
detectable leaching of ND observed. However, leaching of ceria through membrane
has been determined using ICP-OES analysis of cerium by collecting the permeate
samples in every 10 h and no detectable leaching of ceria was observed up to 200
h. Similar findings are obtained upon exposure of membranes to different pH (5,

6, 7, 8, and 9) solutions, which confirm the stability of ceria in the MMM.
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Cost estimation

UF module (spiral 2512) consists of 1m? area of polysulfone membrane on the
support of polyester woven fabric, feed spacer, and product collection tube. To
sythesize 1m? polysulfone UF layer, it required 25 gm polysulfone, 7.5 gm PVP,
and 100 ml NMP.

Cost of Psf UF module = Rs. 500

D.1 Cost estimation of Pst-ND MMM module

Optimum loading of nanodiamond (ND) in Psf-ND MMM is 0.5%. Quantity of

ND particles required for 1m? membrane module is 0.125 gm.
Price of ND = Rs. 5099/ gm

Cost of 0.125 gm ND = Rs. 637

Cost of Psf-ND MMM UF module = Rs. 1137

The cost of Pst-ND MMM module increased by ~ 2 times, as compare to the Psf
module. However, it will provide the enhanced life span more than 5 times, as

compare to Psf module.

D.2 Cost estimation of Psf-CND MMM module

Optimum loading of carboxylated nanodiamond (CND) in Psf-CND MMM is 0.5%.

Quantity of CND particles required for 1m? membrane module is 0.125 gm.
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Price of CND = Rs. 9024/ gm
Cost of 0.125 gm CND = Rs. 1128
Cost of Psf-CND MMM UF module = Rs. 1628

The cost of Pst-=CND MMM module increased by ~ 3 times, as compare to the
Psf module. However, it will provide the enhanced life span more than 10 times,

as compare to Psf module.

D.3 Cost estimation of Psf-ceria MMM module

Optimum loading of cerium oxide (ceria) nanoparticles in Psf-ceria membrane is
1%. Quantity of ceria nanoparticles required for 1m? membrane module is 0.25

gm.
Price of ceria nanoparticles = Rs. 11688/ 25 gm
Cost of 0.25 gm ceria = Rs. 117

Cost of Psf-ceria MMM UF module = Rs. 617

The cost of Psf-ceria MMM module increased by only ~ 1.2 times, as compare to
the Psf module. Nevertheless, it will provide the enhanced life span more than 5

times, as compare to Psf module.

D.4 Cost estimation of Psf-(ND+-ceria) hybrid
MMM module

Optimum loading of ND and ceria nanoparticles in Psf-(ND+-ceria) hybrid mem-
brane is 0.5% each. Quantity of ND and ceria nanoparticles required for 1m?

membrane module is 0.125 gm each.
Cost of 0.125 gm ND = Rs. 637
Cost of 0.125 gm ceria = Rs. 58.5

Cost of Psf-(ND+-ceria) hybrid MMM UF module = Rs. 1195.5
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The cost of Psf-(ND+ceria) hybrid MMM module increased by ~ 2 times, as
compare to the Psf module. However, it will provide the enhanced life span more

than 10 times, as compare to Psf module.
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FIGURE 1: schematic representation of mixed matrix membrane and
the role of nanomaterials (nanodiamond and ceria) for the
protection of mixed matrix membrane in y-radiation environment.

nanoparticles for protection of polysulfone (Psf) membrane matrix from consequences of radiation
induced damage and attack of free radicals generated in water during membrane operation. The
following investigations were carried out in the PhD thesis.

1. Effect of reinforcement of ND particles on radiation resistant behaviour of Psf membrane and
life-span analysis in radioactive environment by Monte Carlo simulation studies.

2. Effect of carboxylated ND and its comparison with ND particles in terms of superiority in
offering enhanced radiation resistant feature to Psf membrane.

3. Effect of ND size on radiation resistant property of membrane, and finding an optimum size.

4. Effect of ceria nanoparticles on radiation resistant property of Psf membrane and assessment
of life-span in radiation environment.

5. Combined effect of reinforcement of both ND and ceria nanoparticles on radiation resistant

property of membrane.

These objectives, for the first time, helped in understanding the role and influence of nanomaterials
(ND and ceria) towards enhancing the life of polymeric membrane matrix in radiation environment.

Mixed-matrix membranes showed up to 10 times enhanced life-span in y-radiation environment as
compared to the control polymeric membrane, without compromise in its structural, mechanical, and
chemical properties, as well as membrane performance (throughput and selectivity). This has been a
unique study wherein the potential role of two nanomaterials was established in the gamma radiation

environment.
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