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ABSTRACT

Groundwater is a vital resource that furnishes drinking water to human beings. Liquid
and solid wastes, animal wastes, sewage plants, and septic tanks are all main sources of
contamination in the groundwater. Furthermore, sewage, industrial effluents, agricultural
discharge and residential waste, inorganic pollutants, fertilizer, run-off from urban areas,
thermal contaminants, organic compounds, radioactive pollutants and toxic metals all cause a
hazard to the groundwater quality. Drinking water is derived from groundwater, which is a
valuable natural resource. Drinking water continues to be a significant source of many of the
water-borne diseases and death of human beings in the world due to untreated and
uncontrolled release of contaminated water to rivers and many other water collecting ponds.
Drinking water purification by low-pressure ultrafiltration hollow fiber membrane has
become more popular. It replaces many traditional separation technologies due to their high
surface area to volume ratio, high packing density, high flux and resistance to chemical
degradation. Polyphenylsulfone (PPSU) is a versatile polymer for membrane preparation with
high chemical/thermal stability, increased heat resistance, hydrolysis stability and excellent
mechanical properties. However, membranes prepared by PPSU as a base polymer are more
prone to fouling, hydrophobic and offer less water permeability. In current research work,
various inorganic hydrophilic nanoparticles are incorporated into the hydrophobic PPSU
membrane matrix to improve hydrophilicity, antifouling and separation efficacy of the
fabricated hollow fiber membrane.

In present study, the hydrophobic PPSU hollow fiber membranes were fabricated with
different dosages of zirconium oxide (ZrOz), zinc—magnesium oxide (ZnO-MgO), aluminum
oxide (Al203) and polydopamine (PDA) along with constant dosages of cellulose derivatives
(cellulose acetate and cellulose acetate phthalate) using non-solvent induced phase separation
(NIPS) process. The blended membranes surface morphologies and topologies were analyzed
using scanning electron microscopy (SEM) and atomic force microscopy (AFM) respectively.
Also studied hydrophilicity, thermal properties and surface charge properties of the fabricated
membranes. A cross-flow filtration system was used for analyzing the water permeability,
antifouling properties and separation performance of arsenic-V from laboratory prepared
arsenic-V solution.

The PPSU membranes with 1.5 wt% and 1 wt% of Al.Os and 3 wt% of cellulose acetate
showed improved arsenate oxide removal of 98.67% and 94.89% with permeabilities were
88.41 L/m?h bar and 88.41 L/m?h bar respectively. A 0.6 wt% of ZnO-MgO in CAP/PPSU and
1 wt% of ZnO-MgO in CA/PPSU decontaminated 81.31% and 78.48% with permeabilities of



69.58 L/m?h bar and 198.47 L/m?h bar respectively. Membranes prepared by 1 wt% of ZrO; in
CA/PPSU exhibited arsenic (As-V) rejection of 87.24% with permeabilities of 89.94 L/m?h
bar. A 3 wt% of PDA in PPSU/PVP executed enhanced (As-V) removal as 87.15% with flux
of 31.80 L/m?h. The modified membranes exhibited enhanced hydrophilicity, antifouling and

efficient arsenic-V removal properties.

Keywords: Polyphenylsulfone, cellulose derivatives, arsenic-V removal, hollow fiber

membrane
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NOMENCLATURE

Symbols | Description Unit
A Membrane filtration area m?
L Membrane length m
VvV Filtrate permeate volume m3
di Internal diameter m
Cs Solute concentration in Feed ppm
Cp Solute concentration in Permeate ppm
J Flux L/m?h
P Pure water permeability L/m?h bar
Jw Pure water permeability before Bovine serum albumin | L/m?h bar
(BSA) filtration test
Jp BSA filtration test L/m?h bar
Jw2 Pure water permeability after BSA filtration test L/m?h bar
p Filtration pressure psi
R Rejection %
t Filtration time min or h
Wy Wet weight of the membrane g
Wqy The dry weight of the membrane g
) The thickness of the membrane samples cm
0, Density of water 0.998 g/cm?
Ty Glass transition temperature C




AT Change in temperature (temperature gradient) C
AE Change of energy (energy gradient) Calorie
AP Change in pressure (pressure gradient) bar
Rr Reversible fouling %

Rir Irreversible fouling %

Rt Total fouling %
Mw Molecular weight g/mol
Ra Surface roughness nm
R: Root mean Z-data nm
Rq The height difference of the five corresponding | nm

maximum peaks and minimum peaks
n Number of membranes




ABBREVIATIONS

AC Activated carbon

AFM Atomic force microscopy
Al03 Aluminum oxide

AN Acrylonitrile

AN-MA-SSA Acrylonitrile-methacrylate-sodium sulfonate acrylate

As-111 Arsenite
AsOs* Arsenate oxide

As-V Arsenate

ATP Arsenic treatment plant

ATR-FTIR Attenuated total reflectance-Fourier transform infrared
spectroscopy

BER Bore extrusion rate

BFD Black foot disease

BSA Bovine serum albumin

CA Cellulose acetate

CAB Cellulose acetate butyrate

CAP Cellulose acetate phthalate
Cd-11 Cadmium (I1)

CNT Carbon nanotube

CTA Cellulose triacetate

Cu-Il Copper (11)

DBS Doppler broadening spectroscopy




DER

Dope extrusion rate

DIPS Diffusion induced phase separation
DLS Dynamic light scattering
DMA Dimethylacetamide
DMF Dimethylformamide
DSC Differential scanning calorimeter
E.coli Escherichia coli
EA Egg albumin
ED Electrodialysis
EDX Energy-dispersive X-ray
EIPS Evaporation induced phase separation
FDR Flux decline ratio
FESEM Filed emission scanning electron microscopy
FO Forward osmosis
FRR Flux recovery ratio
GO Graphene oxide
GS Gas separation
HA Humic acid
HCI Hydrochloric
HF Hollow fiber
HR-TEM High-resolution transmission electron microscopy
IEP Isoelectric point
IPA Isopropyl alcohol




KOH Potassium hydroxide
MB Methylene blue
MD Membrane distillation
MF Microfiltration
MWCNT Multi-walled carbon nanotube
MWCO Molecular weight cut off
NaCl Sodium chloride
NF Nanofiltration
NFs Nanofibers
NGL Natural gas liquids
Ni-I1 Nickel (I1)
NIPS Non-solvent induced phase separation
NMP N-methyl-2-pyrrolidone
NMR Nuclear magnetic resonance
Np Nanoparticle
PA Polyamide
PALS Positron annihilation lifetime spectroscopy
PAN Poly(acrylonitrile)
PANI Polyaniline
PBNPI Polymeric (bisphenol-A-co-4-nitro-phthalic anhydride —
co-1,3—  phenylenediamne
PDA Polydopamine
PEG Polyethylene glycol




PEI Polyethylene imine
PES Polyethersulfone
PEUF Polymer enhanced ultrafiltration
PIP Piperazine
PMMA Poly (methyl methacrylate)
P-PPSU Phosphonated polyphenylsulfone
PPSU Polyphenylsulfone
PSCF Preferentially sorption-capillary flow
PSf Polysulfone
PU Polyurethane
PV Per-vaporization
PVA Polyvinyl alcohol
PVDF Polyvinylidene difluoride
PVP Polyvinylpyrrolidone
PWF Pure water flux
RB-5 Reactive black-5
RO Reverse 0smosis
RO-16 Reactive orange-16
RT Room temperature
S. aureus Staphylococcus aureus
SAED A Selected area (electron) diffraction pattern
SEM Scanning electron microscopy




SPES sulfonated Polyethersulfone
sPPSU sulfonated Polyphenylsulfone
sPSF sulfonated Polysulfone
TEM Transmission electron microscopy
TFC Thin-film composite
TGA Thermogravimetric analysis
TiO2 Titanium dioxide
TIPS Temperature-induced phase separation
TMC Trimesoyl chloride
TMP Transmembrane pressure
UF Ultrafiltration
UNEP United Nations environmental program
USEPA United states environmental protection agency
uv Ultraviolet
UV-Vis Ultraviolet-Visible
VIPS Vapor induced phase separation
WCA Water contact angle
WHO World health organization
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction
ZnO-MgO Zinc-magnesium oxide

ZrOz
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Abstract

This chapter demonstrated extensive information about ongoing research on water
purification in the field of membrane science and technology. It primarily highlights the
global water crisis, arsenic in the environment, hazardous health effects of arsenic on human
beings, history and classifications of membrane separation, types of membranes, methods of
membrane preparation and membrane technology applications. A literature review highlights
the use of polyphenylsulfone, cellulose acetate as a polymeric material and the significance of

nanomaterials in membranes for arsenic-V removal applications also included in this chapter.

1.1 SCARCITY OF WATER AND OTHER WATER RESOURCES

Purified drinking water is always the first and foremost medicine in the world. In the
absence of fresh-water, the world is on the verge of a severe global crisis. Water shortage is
more of a concern as the population continues to grow. A 70% of the earth is filled by water
and it is easy to believe that, it will be abundant. Nevertheless, the availability of fresh
drinking water on the earth is less than 1% and about 1.1 billion populations lack of access to
clean and healthy drinking water. The remaining water is getting contaminated due to the
continuous development of various industries, climate change and urbanization. Owing to the
ever-increasing demand for water, access to clean drinking water is now one of the most
challenging issues for humanity (Campling et al. 2021; Vérosmarty et al. 2010). Water is an
essential natural resource that is important to ensure human needs. Heavy metals such as lead,
cadmium, arsenic, fluoride and mercury are major toxic elements present in the water.
Compared to other toxins, heavy metals classified as dangerous and hazardous to ecosystems
and humans (Yurekli 2016).

As a result, there is a strong drive for efficient and cost-effective treatment methods to be
developed to remove pollutants from the contaminated water. As the population in the world
increases, pure water becomes a limited source. According to the World Health Organization
(WHO), almost 1.1 billion people have no access to pure drinking water. Therefore, the
conservation of existing freshwater supplies is becoming paramount and new water resources
are to be established to meet the increasing demand for pure drinking water. The employed
technologies cannot extract heavy metal ions and some dissolved inorganic/organic
compounds from the contaminated water. Diseases such as typhoid fever, cholera and other
water diseases (i.e., gastrointestinal disease, diarrhea) are exposed. According to the WHO,

every year, 3.4 million populations mainly children die from diarrheal disease alone (Rahman



Chapter 1

et al. 2010; Ravenscroft et al. 2011). The bar-chart of water distribution on the earth is

illustrated in Figure 1.1.

Saline

(Oceans)

97%

Earth’s Water

Ground water
30.1%

Icecaps
and
Glaciers
68.7%

S 4

Fresh Water

Surface Water
0.3%

Fresh Surface Water

Figure 1.1 Distribution of water on the Earth (Abd Elkodous et al. 2018) (Open access).

Many of the limitations are noticed by utilizing conventional water treatment

technologies, including chemical or biological treatment. The limitations are high costs,

hazardous chemicals, increased pollution rate and ample space needed for equipment.

Consequently, the physical treatment process using membrane technology was identified as

an important solution to these problems. Membrane treatment processes have many benefits,

including limited area prerequisite for installing the equipment, no chemicals contribution to

the treatment process and consistent quantity of effluent. Membrane technology depends on

surface pore size. Depending on the pore size, membrane processes were categorized as

nanofiltration, microfiltration, reverse osmosis and ultrafiltration respectively. Figure 1.2

illustrated the global freshwater scarcity.
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Water withdrawal as a percentage of total available water
I more than 40 % from 20 % to 10 %
| from 40 %1020 % [ less than 10 %

Figure 1.2 Scarcity of fresh water stress (Source: Homaeigohar and Elbahri, 2014) (Open
access).

1.2 MEMBRANE HISTORY

The first reported study regarding membrane processes occurred in 1748 by the French
Abbe Nollet. In the experiment, stored wine spirit in a vessel, the vessel mouth was closed
and immersed in water with an animal bladder. The bladder swelled and often burst because it
was more permeable to water than wine, showing semi-permeability for the first time
(Boddeker 2008). In the 1820s, Dutrechet introduced the term “osmosis” to describe the
spontaneous flow of liquid through a permeable barrier. Fick prepared the first synthetic
membrane, made from nitrocellulose, in 1855. The first dialysis experiments with synthetic
membranes were recorded in 1861 by Graham. Graham also showed that the permeability of
rubber films to various gases was different (Graham 1861). Traube and Pfeffer fabricated
artificial membranes for the next 30 years and their work related to osmotic phenomena
contributed to the van’t Hoff osmotic pressure relationship. The word ultrafiltration was
invented by Bechold in 1906 and in the 1960s, Michaels pioneered modern ultrafiltration
(UF). Many of these membranes could be utilized as an exceptionally fine particle or the
molecular filters. In 1910, Zigmondy and co-workers developed asymmetric microporous
filters containing a fine porous skin layer and open structure permeating sides. The
membrane’s tightest UF were prepared by cellophane along with regenerated cellulose. In
1927, the membranes filters were initially commercialized using zigmondy method by the
Sartorius company in Germany (Singh 2014). Firstly, discovered reverse osmosis (RO)
membranes in the 1920s. However, 30 years later, it remained unnoticed until Reid and his
co-workers rediscovered it. In the 1940s, the first functional hemodialysis phenomenon was
shown by Kolff (Ronco et al. 2004).
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Since 1945, microporous membranes utilized to extract microorganisms from liquid and
gaseous streams for diffusion studies and estimate the shape (linear or spherical) and
macromolecular size (particle). Juda and McRae pioneered electrodialysis (ED) using ion-
exchange membranes after the Second World war. Later, for desalination of brackish water,
the electrodialysis systems were commercialized. The RO (also called “hyperfiltration) was
started in the early 1950s for desalting seawater by the saline water to fulfill potential water
needs, as microporous membranes were not appropriate for desalination due to the greater
pore size. Raid and Berton discovered polymeric membranes in the mid-1950s and
demonstrated high salt rejection, but they could not cast thin membranes without
imperfections. Membranes are too thick (approximately 6 pum) and showed water fluxes,
which are too low to be practical; the flux is inversely proportional to the thickness of the
membrane through a semi-permeable membrane. The first breakthrough occurred in 1959
using the phase inversion process; Leob and Sourirajan discovered a method to fabricate very
thin cellulose acetate (CA) membranes. This approach developed a homogeneous asymmetric
(or anisotropic) membrane structure. The membranes exhibited asymmetric morphologies and
high flux because of the high thinness and porosity (Strathmann et al. 1971). The total
thickness of the membrane was found to be 0.1 mm, although the active surface layer’s
thickness was 30-100 nm. The spiral-wound module was invented by Westmoreland and later
Bray in the late 1960s and is more influential than the tube-in shell module. It is possible to
consider the spiral-wound membrane as a rolled-up plate-and-frame (PAF) configuration.
Simultaneously, new RO membrane materials and module designs were explored by scientists
and engineers at Dow and DuPont. Mahon and others at Dow fabricated cellulose triacetate
(CTA) hollow fiber membranes. Henry Hoehn and George Milford developed the polyamide
(PA) hollow fiber membranes at DuPont in the late 1960s (Singh 2014). This is the first non-
cellulosic asymmetric membrane. The L-S type CA spiral-wound membrane turned out to be
very competitive. The fiber of the PA is solution-spun into the excellent hollow fiber. The
fiber's inner diameter was 42 um and the outer diameter was 85 pum. On the shell side, the
fibers had an asymmetric skin shape.

The thin-film composite (TFC) RO membrane was developed in the early 1970s by
Cadotte and Rozelle from a new class of membrane materials. It was formed by depositing,
by interfacial polymerization reaction, a very thin layer of a salt-rejecting PA polymer on the
surface of a suitable fine porous substrate such as the polysulfone ultrafiltration membrane
(Abdel-Fatah 2018). Cadotte also developed TFC membranes in 1976 that showed increased
flux and high rejection of divalent ions but high permeability related to aqueous chloride

solution. The nanofiltration was given to these loose RO membranes in 1984 by Petersen.
4
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Thus, in Petersen’'s words, another membrane process is the fascinating extension of reverse
osmosis technology. The polyamide membrane of TFC type is now the state-of-art membrane
and the new RO and NF market dominate. Although they are costlier than the CA
membranes, TFC membranes have higher flux and thus work at a low feed pressure than CA
membranes (Freger et al. 2002). In addition, TFC membranes are not biodegradable and
significant rejection of boron, silica, nitrate and other organic compounds more effectively

than the CA membranes.

Without a brief discussion of the water transport mechanism by RO membranes, a
historical analysis of the membrane technology will be inadequate. The primary membrane
transport mechanisms are the solution diffusion model and preferentially sorption-capillary
flow (PSCF). In the 1960s, Sourirajan and his team proposed the PSCF model based on the
assumption that the RO membrane surface has pores, while the SD model assumes that the
membrane surface was pore-free. It was subsequently shown that RO membranes have a two-
size membrane (bi-modal) pores distribution on the surface of the RO membrane;
predominantly small pores (about <10 A) estimated to occur in perfect or ideal membranes,
and often large pores (about >100 A) that are due to the unavoidable presence of skin layer
defects. The pore size and contact force control the solute separation from the solvent.

In summary, commercial membrane processes and outstanding success of the water
separation processes such as reverse osmosis (RO), nanofiltration (NF), ultrafiltration (UF)
and microfiltration (MF) wouldn’t have been plausible without the proper invention. Ensuring
improvement of high flux, thin layer CA membranes by Srinivasa Sourirajan and Sidney Loeb
at UCLA, accompanied by John production of TFC PA membranes. The work on the RO in
the 1950s and 1960s motivated membrane technologies such as NF, PV and GS. This
progress has contributed to the development of newer membrane processes such as forward

osmosis (FO) and membrane distillation (MD).
1.3 ARSENIC IN THE ENVIRONMENT

In the earth’s crust, arsenic is a natural element extensively circulated. With an average of
1.8 mg/kg, it is the 20™ most abundant element. Standard concentrations of arsenic are 0.2-15
mg/kg, 15 mg/kg, and 0.02-2.8 ng/m? in the lithosphere, soil and atmosphere. Either natural or
anthropogenic processes can release arsenic into the environment. Volcanic processes and
weathering of arsenic are predominant natural processes. Numerous sources of arsenic are
anthropogenic. They include arsenic pesticides on land, incineration of substances containing

arsenic, discharge of industrial wastewater, tailing/landfill leaching of mines and manufacture

5
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of arsenic different compounds. Arsenic because it is an indestructible element. It can be
modified from one form to another and transmitted to another medium. Arsenic can
precipitate out of the solution in water or be adsorbed to rocks and soils. Arsenic-containing
rocks and soils can release arsenic into the water by dissolution or desorption. Aqueous
arsenic has significant importance in the above media because the high level of arsenic that
has also been detected in drinking water is known to cause severe adverse health effects in
different locations around the globe (Abdul et al. 2015; Villaescusa and Bollinger 2008). The
cycle of arsenic in the environment is illustrated in Figure 1.3. Table 1.1 represented more
information of arsenic and Table 1.2 represented stability of arsenic species (Worou et al.
2021).

Figure 1.3 Arsenic cycle in the environment (Source:

http://nbrienvis.nic.in/Database/1_2035.aspx) (Open access)
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Table 1.1 Important information of arsenic (Worou et al. 2021)

Atomic number 33
Atomic mass (g.mol™) 74.9216
Sublimation point 613°C
Density 5.73
Atomic configuration [Ar] 3d10 4s2 4p3
Valences -3,0,+3 and +5
lonic radius (A) As (111) -- 0.58
As (V) -- 0.46
lonic radius (A) (AsO4*") -- 0.248 (Marcus, 2014)
Infinite Dilution lonic (AsO4>") -- 8.4 (Marcus, 2014)
Hydration number: From
Electrostriction (A)

Table 1.2 Stability of arsenic species (Worou et al. 2021)

Reducing conditions Oxidizing conditions
pH As (111) pH As (V)
0-9 H3AsO3 0-2 H3AsO4
10-12 H2AsO3 3-6 H2AsO4
13 HAsOs* 7-11 HAsOs*
14 AsOz* 12-14 AsO*>
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1.4 HEALTH EFFECTS OF ARSENIC

Arsenic has long been regarded as toxic and poisonous. Even at low concentrations,
catastrophic effects on human health can occur. The toxic nature of arsenic ions depends
primarily on their chemical phase. Arsine gas is most influenced by inorganic trivalent
compounds, organic trivalent ions, and organic/inorganic pentavalent species. Inorganic
arsenic has been categorized as a poison and carcinogen by WHO and EPA. Human arsenic
exposure may occur because of ingestion, inhalation or skin problems; nevertheless, ingestion
Is the primary type of arsenic intake. High concentrations of arsenic result in acute toxic
human effects, gastrointestinal issues (poor apatite, diarrhea and vomiting, etc.) reduced
functions of the cardiovascular and nervous system (e.g. muscle cramps and heart complaints)
or even death (Choong et al. 2007). The toxicity of arsenic depends on how arsenic is present.
In drinking water, inorganic arsenic ions exhibited more toxicity than the organic arsenic ions
found in food from the sea. The trivalent form of arsenic was more toxic than pentavalent
arsenic. Toxicity is measured as the number of milligrams per kilogram of the compounds
body weight that will result in the death of half those who were exposed to it in a single dose
within a few days. Long-term exposure to relatively low concentrations of arsenic in the
drinking water is also a health hazard. Various studies discussed the effect of the long-term
exposure to arsenic on people's health. The first apparent effect of exposure to low
concentrations of arsenic while drinking water is an irregular black-brown pigmentation of the
skin known as melanosis and hardening keratosis of the soles and palms. If the consumption
of arsenic persists, de-pigmentations of the skin result in white spots that appear as raindrops.
A high amount of "raindrop” pigmentation was observed in a clinical investigation of people
in West Bengal who had been exposed to high levels of arsenic in their drinking water. Palms
and soles are thickened further and develop painful cracks. Symptoms of these kinds were
referred to as hyperkeratosis and led to skin cancer. The disease symptoms caused by chronic
ingestion of arsenic are called arsenicosis, which forms when ingested polluted arsenic water

for several years.

Nonetheless, there is no universal description of the arsenic-induced disease and no way
to tell which condition is caused by arsenic. Cancer cases have been caused by water affected
by consuming arsenic. Long-term consumption of arsenic can cause severe damage to the
kidney, liver and internal organs such as the bladder and livers. Arsenic can damage the

peripheral vascular systems that contribute to black foot disease in some countries.
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e Acute arsenic health effects

Ingestion of high dosage of arsenic generally outcomes in symptoms within 30-60 min.
However, it may have been delayed if ingestion along with food. Toxic acute arsenic
concentration commonly begins with metal or garlic-like flavor, burning of lips and
dysphagia. Later, extreme vomiting and hematemesis can take place. Acute arsenic poisoning
survivors usually incur damage to their peripheral nervous system. In the case of acute
poisoning, arsenic(lll) and arsenic(V) functions differently. Arsenic(lll) associates and
inhibits enzymes containing sulfhydryl essential for adequate physiological functions. But on
the other side, by mimicking phosphate and interfering with arsenic treatment plant (ATP)
production in the mitochondria, arsenic(V) generates toxicity. Acute arsenic poisoning was
witnessed as 50-75% death rates and death usually in 48h. The lethal type of arsenic can
differ, but 0.2-0.3g of arsenic trioxide was typically dangerous in adults (Baker et al. 2018).
Arsenic As(l1) is thus more harmful than arsenic As(V) in magnitude.

e Chronic toxicity of arsenic (111) and arsenic (V)

Chronic exposure to a lower level of arsenic concentrations has also been associated with
adverse human health risks for a prolonged time. There are contradictory results about the
chronic toxicity of arsenic(lll) and arsenic(V). On the one hand, arsenic(lll) could be more
toxic than the As(V) as the extension of reports on acute toxicity. On the other hand, some
assume that, as observed in most groundwater, chronic toxicity at low arsenic levels is
affected only by total concentrations of arsenic, not by speciation. Long-term exposure to

arsenic has proven to cause dermal, vascular and cancer effects.

e Dermal: Chronic exposure to arsenic initially induces changes in the skin, including
keratosis and hyperpigmentation. Hyperpigmentation is a colour change that results in patches
on the skin and the hardening of skin bulges, typically occurring in the palms and soles.
Cancer can happen following hyperkeratosis and hyperpigmentation.

e Vascular effect: Arsenic exposure has been associated with different vascular disorders
that affect large (cardio-vascular) and small blood vessels (peripheral vascular). Black foot
disease (BFD) is one of the peripheral vascular diseases in part of the Taiwan. The feet
coldness and numbness are characterized by BFD, accompanied by ulceration, black
discoloration and dry gangrene of infected regions. Furthermore, all patients with BFD have a
substantially higher mortality risk due to cardiovascular issues.

e Cancer: Exposure to a high level of arsenic leads to lung, kidney and bladder cancer

occurring after 20 years or more, in addition to skin cancer. Studies have continuously proven
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excessive mortality risks from lung, kidney, bladder cancer among populations exposed to
arsenic through consuming water. In addition, the risk of cancer at these levels increased as

the exposed level increased.

1.5 TECHNOLOGIES FOR ARSENIC REMOVAL

Arsenic contaminated water would be plentiful and arsenic-free sources or contaminated
with various compounds. In such areas, removing arsenic from the arsenic-polluted water may
be the most effective, at least as a minimum to be measured. Several technologies were
developed for the removal of arsenic. Many of the recorded experiences would also have been
for large treatment plants, although some of the same technologies can be used for limited
household applications. All arsenic removal technologies rely on a few simple chemical

processes that are summarized as follows,

e Oxidation/reduction: Under the near-neutral pH and slightly decreasing groundwater
conditions, As(lll), which are in the form of uncharged molecules, is primarily arsenic.
However, several techniques have efficiently eliminated the negatively charged As(V).
Accordingly, oxidation has been applied as a pre-remedy technique to transform As(lll) to
As(V) before the treatment, which includes filtration and coagulation-adsorption. Generally,
redox transformation among As(111) and As(V) can be defined as follows,
H3AsO4+2H"+2e" — H3AsO3z+H>0 E=+0.56V

Arsenic is not eliminated from the solution by these reactions, but is instead used to
improve other processes (Zaw and Emett 2002).
e Precipitation: The process of precipitation/co-precipitation can effectively treat the wide
variety of increased concentrations of drinking water containing arsenic. Because of the
characterization and contaminants removal properties, the efficacy of this process is less
likely to be effective than other treatments. Precipitation technology is more cost-effective as
the process requires skilled labour (Harper and Kingham 1992).
e Adsorption: Adsorption is one of the most straightforward techniques for extracting
arsenic from the water. Adsorption is the mass transfer method wherein a substance is
transferred from the liquid section to the surfaces of the solid and is bounded through
chemical or physical forces. In the adsorption process, water purification mainly depends on
the large surface area and increased surface energy of the adsorbent (Gupta and Chen 1978).
e lon exchange: lon exchange process is often a commonly implemented method of
extracting arsenic from the water. Arsenic-contaminated species were substituted with another

ion in the water. The ion exchange process is related to a physicochemical mechanism,
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wherein ions are electrostatically retained from solid surface phase exchanged in a solution
containing a similar charge. It includes the reversible displacement by a dissolved ion of an
ion adsorbed onto the solid surfaces (Epsztein et al. 2019).

e Coagulation-flocculation: Coagulation-flocculation is the economic process for
extracting arsenic and can treat large quantities of water with increased arsenic
concentrations. Initially, it incorporated chemicals into the coagulation process for
destabilizing the dissolved arsenic compounds. They are converted into insoluble precipitate.
It is then possible to remove the solids through sedimentation and filtration. In this process,
different chemicals such as aluminum coagulation, iron coagulation, enhanced coagulation by
ferric ions with the coarse calcite, lime softening, co-precipitation with the manganese and
iron. Furthermore, electrocoagulation can be used as a coagulant. Most commonly, aluminum
coagulant salts such as ferric and aluminum sulfate are widely used because of their low cost
and relative ease of use. However, the main drawback of this technology is preserving the
chemicals regularly, which build more amount of sludge (Pallier et al. 2010).

e Lime softening: Slaked lime and soda ash were introduced to precipitate unwanted
polyvalent metallic ions in the lime softening process. The removal of arsenic may be enabled
by calcium carbonate, magnesium hydroxide and iron hydroxide, and magnesium hydroxide
precipitates. At higher pH (10-12), the extraction rates are greatly improved by adding iron to
the influent one (Fields et al. 2000).

e Membrane filtration process: As stated by (Mondal et al. 2006) the arsenic may be
removed from the water by flowing it through a permeable barrier or membrane. The efficacy
of arsenic removal in membrane filtration depends on the membrane's pore size and the
particle size of the arsenic ions. The essential pressure-driven membrane processes are
microfiltration, nanofiltration and reverse osmosis. In advancing water and wastewater
treatment, nanotechnology has great potential to enhance the quality of the treatment and
increase the availability of water through the safe use of unconventional water sources. In
general, the efficacy of traditional adsorbents was regulated by the surface area or the number
of active sites, the lack of selectivity and adsorption kinetics. Nano-adsorbents substantially
improve their extremely high specific surface area and associated sorption sites, short intra-
particle diffusion distance, tunable pore size and membrane surface chemistry. Membrane
filtration systems were classified based on the applied pressure, viz. low pressure-driven
membranes (5 and 100 psi) and high pressure-driven membranes 50 to 1000 psi). However,

arsenic is not extracted from water by boiling.
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1.6 ESSENTIAL FEATURES OF MEMBRANES

A membrane may be a semipermeable barrier that separates two vicinal stages and
controls the particular transport of varieties of components before the influence of driving
force over it in a specific way. One of the membrane’s most valuable properties is the
capacity to control the permeation rate of different species. Therefore, the membrane
separation method depends on the type of membranes utilized. Figure 1.4 demonstrated the
separation mechanism of the membrane, in which the feed, i.e., the solution to be handled by
the membrane, passes to provide permeate, i.e., the species moving through the membrane. At
the same time, retentate is the portion rejection by the membrane.

Membrane

Permeate

Figure 1.4 Principle of membrane separation processes (Aradjo et al. 2020) (Open access).

While there is a considerable computation amongst the membrane processes and
traditional approaches for wastewater treatment, membrane processes over conventional

methods include significant benefits.

e Itis easy to work and produces water of high quality.

e Membrane processes are more efficient and cost-effective than specific other
traditional water treatment methods.

e Itis an economical and energy-efficient process.

¢ In mild conditions, the separation was carried out.

e As no harmful chemicals are used in the process and no heat is produced, they have
lower environmental effects.

e The membranes properties are diverse and can be changed depending on the
requirement.

e Simple to handle and to scale up.

12
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Since it also endures from certain disadvantages such as,
e The long-term performance of the membrane processes is not confirmed.
e Use of pre-treatment as a result of fouling and concentration polarization sensitivity.
e Low mechanical strengths of membranes can result in damage in severe conditions of

operations.
1.6.1 Basic membrane process terminologies

The basic terminologies utilized in the membrane filtration process are explained as follows,

e Membranes permeability: Quantifies the efficiency of the membrane in terms of
permeability or productivity. It is also expressed in terms of flux and is defined in unit time as
the amount of water passing through the unit area of the membrane. Membrane’s permeability

was calculated using Equation 1.1.

Q
ApXdiXnxXmXL

w

(1.1)

Where, 'J,," is the water permeability in (L/m?h bar),

‘di’ is the inner diameter in m,
‘n’ is the number of membranes used,
‘L’ is the length of the membrane in m

e Solute rejection: The most important property of the membrane is the perm-selectivity of
the membrane and is described in terms of rejection (R, %). Solute rejection was calculated

using Equation 1.2.

R=(1-2) x 100 (1.2)
Cr

Where, C, is the solute concentration in the permeate (which can be expressed in ppb or
ppm)
C; is the solute concentration in the feed solution.

e Swelling: The membrane’s water uptake ability was calculated using Equation 1.3.

W, —W
% Water Uptake = “’T‘i X 100 (1.3)
d
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Where, ‘W, " wet weight of the membranes (g),
‘W, * dry weight of the membranes (g).

e Porosity: It is defined as the ratio of pore volume to geometric column and it is
calculated using Equation 1.4.

W, —W
% Porosity = pwxi,q;; x100 (1.4)
w

Where, W, " wet weight of the membranes sample (g),
‘W, " dry weight of the membranes sample (g),

‘A’ is the area of the membrane sample (cm?),

'6" is the thickness of the membrane samples (cm),
P, is the density of water (0.998 g/cm?).

e Membrane fouling and factors controlling the fouling: Fouling is caused during
filtration by the accumulation of rejected material/particle on a membrane surface or in
membrane pores, which is one of the significant disadvantages of the membrane systems.
Fouling results in a decrease in the efficiency of the membrane, leading to an increase in
operating cost, increase in the energy needed, increase in chemical cleaning and a decline in
the lifetime of the membrane. One of the essential parameters in membrane filtration is
controlling fouling. Therefore, proper membrane selection, suitable pre-treatment of the
process fluid and optimization of the functional design and other conditions are needed to
reduce fouling. Some of the variables that minimize the fouling are described as flows.

e Surface roughness: As the surface roughness of the membrane increases, the flux
through the membrane increases as the regions available for membrane transport increase.
Simultaneously, it encourages the interaction between the rough membrane surface and
colloidal particles; colloidal particles preferentially aggregate over rough membrane surface
pores. Also, as result, pores are blocked and hence more fouling by decreasing surface
roughness, which can be avoided.

e Surface charge: The repulsion interaction between some of the co-ion in feed and charge
on the membrane surface is commonly known to prevent deposition of solute on membrane

surfaces, thereby reducing fouling.
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e Hydrophilicity: It is generally recognized that hydrophilic membranes show better
fouling resistance because most foulants, such as proteins are hydrophobic. Chemical

modifications and other methods can help to achieve the above.

1.6.2 Membrane materials and properties

With the addition of different types of nano additives, various materials such as metals,
polymers, glass materials and ceramics, etc., to produce industrial synthetic membranes have
been increased. Also, every membrane material has distinct mechanical strength, chemical
resistance by hydrophilicity and flexibility. For a specific membrane separation application,
the choice of membrane material is not arbitrary but relies on its features, which
specifications the production process. During membrane material selection, the following

significant properties must be taken into account,

o Excellent film forming nature

e Mechanical robustness to withstand higher pressure in the filtration process

o Thermal stability, used polymer glass transition temperature (T) should be greater
than the processing temperature.

e Chemical stability: The polymer should resist extreme pH levels and other chemical
circumstances.

« Hydrophilic/phobic properties, the polymeric material hydrophilic/phobic balance to

acquire better flux, low level of fouling and overall excellent performance.

Although there are numerous membrane materials analyzed to date that exhibited few of
the properties, several polymeric membrane materials are generally utilized for the membrane
synthesis, such as polysulfone (PSF), polyethersulfone (PES), chitosan, poly(vinylidene
fluoride) (PVDF), cellulose acetate, etc. Polymers such as PES, PAN, PVDF and PSF

normally result in ultrafiltration and microfiltration membrane applications.

1.6.3 Polyphenylsulfone (PPSU) as a membrane material

Owing to its unique properties, polyphenylsulfone (PPSU) prefers a main polymeric
membrane material in the present research study for fabricating asymmetric hollow fiber
membranes also with the incorporation of various inorganic nanomaterials including its
specific membrane properties like chemical stability, better mechanical properties, ability to
solvent-resistant, hydrophilicity, resistance to a higher temperature, excellent thermal stability
and better chemical resistance (pH 1-13), etc. PPSU with aromatic ring sulfone group (-SO>)

is considered a high-performance flexible polymer for membrane fabrication. In addition, the
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glass transition temperature (Tg) of the PPSU was 220 'C, which is appreciably higher than the
polysulfone (PSf, 190 "C) and equivalent to polyethersulfone (PES, 225 "C). Nevertheless, the
solid hydrophobic nature of the PPSU is still one of the prime drawbacks. The hydrophobic
nature can affect the resistance of the PPSU towards fouling. Thus with the various dosages of
hydrophilic additives and nanoparticles, the hydrophobic nature of the PPSU is being
minimized. The modified PPSU membranes are frequently used in MF, UF and NF, which
plays a key role in beverages, medicine, membrane fabrication and drinking water application
(Darvishmanesh et al. 2011; Shukla et al. 2017).

1.6.4 Membrane fabrication

A large variety of materials can be employed to fabricate the differently configured
membranes. Depending on the need for a specific separation method, the available polymers
can be modified by implementing the appropriate membrane preparation methods. A few are
listed below

e Sintering

e Stretching

e Track etching

e Template leaching

e Phase inversion

e Electrospinning

Due to its simplicity, the phase inversion method is very significant and widely used. It is
a versatile technique resulting from various forms of morphologies of the membranes. This
technique typically results in asymmetric membranes maintained on a dense porous sublayer
with a relatively thin selective active layer. The polymeric solution is cast on a plate, a belt, or
fabric support by dissolving it in an appropriate solvent. The various membrane preparation

technique operated by phase separation was described as follows

¢ Non-solvent induced phase inversion/separation process (NIPS): Phase inversion is a
technique; a polymer is safely converted from liquid to solid. In the transition from one liquid
form to two liquid forms, solidification was initiated at this time. During the demixing
process, one of the liquid phases can solidify so that a solid matrix is formed (high polymer
dosages phase). The membrane morphology can be controlled by regulating the initial stage
of the phase inversion process, which is to prepare the porous and nonporous membranes. The
immersion precipitation fabricated the bulk of phase inverted membranes. A polymer solution

is cast on suitable support in this system and then immersed in coagulation, i.e., the non-
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solvent bath. There is the interaction of solvent and non-solvent and membrane was formed.
Schematic representation of phase inversion process for the preparation of flat and hollow
fiber membrane was shown in Figure 1.5. Almost every polymer would be soluble in an
appropriate solvent and can be utilized to fabricate membrane. By selecting different kinds of
polymer, concentration, the temperature of precipitation, the microporous phase inverted

membranes can be prepared with a wide range scale from lesser than 0.1 pm to more than 20

um.
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Figure 1.5 Phase inversion process for flat sheet and hollow fiber membranes preparation

(Source:(Figoli et al. 2014)) (Open access).

e Diffusion-induced phase separation process (DIPS): A polymer solution is cast on
support or extruded along with the die as a thin film in this membrane preparation process.
Later it was immersed in a non-solvent (coagulation) bath. Precipitation occurs by
occurrences of the phase inversion with diffusion exchange of a better solvent in a polymer
solution and non-solvent in the coagulation bath (water). This process mainly consists of two
steps for separation: liquid-liquid (L-L) demixing, which forms a porous morphological
structure with pores the voids between the crystalline sections; the second one is a solvent-

liquid form of demixing, which results in the crystalline sections.
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e Temperature-induced phase separation process (TIPS): In the 1980s and 1990s, the
usage of the TIPS process was first adopted to fabricate microporous membranes. The TIPS
method can prepare most of the microfiltration membrane’s cross-sectional morphological
structures. First, the polymer solution is made by dissolving a polymer in a solvent at a higher
temperature equal to or greater than the glass transition temperature due to the reduced
solubility of the polymer by a decrease in solution temperature, the polymer precipitates.
Later, by either evaporation or freeze-drying, the solvent was removed. Depending on the
polymer dosage in the casting solution, the inner structures for this kind of membrane are
either porous honeycomb-like or spherulitic. The TIPS process can produce membranes from
polymers that are unsuitable at room temperature. In addition, the TIPS process is a binary
phase without the non-solvent, which makes it simpler to control than the ternary NIPS
process.

e Vapor induced phase separation process (VIPS): The VIPS process for membrane
preparation was developed in 1918 by Zsigmondy and Bachman. The cast film consists of
polymer in this process and a solvent is exposed to a vapour atmosphere of non-solvent media
(generally water). The polymer’s precipitation occurs because the vapour penetrates the film,
which gradually forms a symmetrical porous membrane without a dense layer. The slow and
uniform diffusion rate of vapours into the polymer solution, resulting in consistent polymer
precipitation without a drastic change in polymer concertation, is the critical feature of the
VIPS process.

e Evaporation-induced phase separation process (EIPS): Membrane formation occurs
in the EIPS or dry cast process due to the evaporation of a volatile solvent from a polymer
solution mixture containing a volatile solvent, a lesser volatile nonsolvent and a polymer. The
polymer's solubility decreases with the continuous solvent evaporation and the polymer
segregates into a polymer-rich phase and polymer—lean phase. Finally, a porous membrane
structure was formed by removing the non-solvent from the membrane. Generally, the
membrane fabricated by the EIPS method has a more porous structure. The morphologies of
the membrane are greatly influenced by the initial concentration of the nonsolvent and the
evaporation rate. Delayed phase separation will lead to the formation of denser membranes at

the low concentration of non-solvent.

1.6.5 Important modes of filtration

In membrane technology, the two filtration process modes are dead-end filtration and cross-

flow filtration.
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e Dead-end filtration: The feed was transmitted perpendicular to the membrane surface in
the membrane filtration process in the dead-end water filtration as shown in Figure 1.6(a).
The method of filtration is better for the operation of batch membranes. In comparison to
cross-flow, the efficiency of this model is very high; the only downside is membrane fouling;
the membrane gets fouled over time and the process efficiency decreases. The membrane
needs to be washed several times during the process, contributing to the cost of wear and tear.
For a more extended period of use, this makes the procedure a little expensive and unsuitable.
Consequently, the cross-flow filtration process was employed for more prolonged usage.

e Cross-flow filtration: The aqueous feed solution flows parallel or along the membrane
surfaces in the cross-flow mode of filtration, as shown in Figure 1.6(b). Here, the particulate
aggregation is less and thus, low fouling is induced as the concentration polarization was
decreased because of the continuous feed flow. But as the feed solution is circulated at high
speed, cross-flow needs high energy than the dead-end filtration. However, as the feed

solution is circulated at a high velocity, cross-flow filtration requires high energy than the

dead-end filtration system.
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Figure 1.6 Different modes of membrane filtration system (Source: (Ketola 2016)) (Open

access).

1.6.6 Membrane classification

It is very difficult to classify membranes and broadly classified on the basis of configuration,

morphology, nature and applications.
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Pressure-driven membranes processes

The four most common pressure-driven membrane processes are classified as follows and
shown in Figure 1.7.

e Microfiltration (MF) membrane process: Microfiltration is the membrane separation
method for the solute separation of size in the range of 0.1 to 10 um. The separation outcome
of this membrane process is generally related to the membrane's pore size and the size of the
ions in the aqueous solution to be separated. As for the membrane material,
polytetrafluoroethylene (PTFE), nylon, PVC, cellulose-type, and various other polymeric
materials have potential membrane materials. MF is based on a different pore size sieving
mechanism to preserve particles more significantly in size than the pore diameter. MF has a
wide range of applications in the food, beverage, and chemical industries. In water treatment,
biotechnology and many other sectors, it has high potential.

e Nanofiltration (NF) membrane process: Compared to RO, nanofiltration (NF) can
work at moderate pressure. NF process is ideal for applications with high organic and mild
inorganic removal. NF can concentrate the bivalent salts, dyes, proteins, and other heavy
metals with a molecular weight larger than 1000 Da. The membranes used for NF are
fabricated from cellulose acetate and aromatic polyamide, with the salt rejection
characteristics ranging from 95% and 40% for bivalent salts and monovalent salts
respectively.

e Ultrafiltration (UF) membrane process: Ultrafiltration membranes can carry organisms
in the molecular weight of 300-500000 Da, with the pore size varying from 20 to 1000A.
Most of these were defined by their nominal MWCO, which means the smallest species with
a molecular weight for which membranes have more than 90% rejection. The pressure
differential operating at about 2 to 10 bar is the driving force for transport through the
membrane. It is widely used for solutes to be clarified and fractioned. The permeate rate was
controlled rather than by membrane properties, by the transport rate through the polarization
layer. UF output, therefore, depends on the membrane’s physical properties such as
membrane layer thickness, permeability and variables of the process and system, such as feed
intake, the concentration of feed, velocity system pressure and temperature. Porosity,
membrane surface properties, morphology, mechanical strength, and chemical resistance are
essential membrane materials. Polymeric materials are successfully used to produce UF
membranes, such as polysulfone, nylon-6, polyvinyl chloride (PVC) polypropylene and
acrylic copolymer. To make UF membranes, inorganic materials such as ceramics, zirconia

and carbon-based membranes. UF has significant potential for various applications, such as
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pharmaceutical, bioprocessing, oil and paint, separation technology, food and dairy industries
proteins harvesting and separation of biological macromolecules, etc.

e Reverse osmosis (RO) membrane process: Suspended materials more significant than 1
pm can be removed by conventional water filtration. At the same time, RO or hyperfiltration
can remove the dissolved solids, viruses, bacteria and other germs contained in raw water. For
the separation of dissolved solutes, RO is essentially a pressure-driven membrane process. It
is typically used for brackish water or seawater desalination to convert into potable water. It
works at an ambient temperature and does not involve any phase change. Compared to
conventional distillation, the reverse osmosis process is relatively a low-energy process. RO
membranes are made of polymeric materials, such as aromatic polyamide and cellulose
acetate. They are mainly of two main classifications (a) skinned or asymmetric membranes
and (b) composite thin film (TFC) membranes. The support materials are usually polysulfone,
while the thin film is made of different polyamine compounds. Generally, the RO membranes
have a smaller pore structure, ranging from 3A-5A (0.3-0.5 nm) in pore diameter. Organic

molecules and monovalent solutes do not permit to pass through the membrane pores.
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Figure 1.7 Classification of pressure driven membrane process. Reproduced with permission
from ref. Liao et al. 2018. Copyright 2022, Elsevier Science Ltd (Liao et al. 2018).
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Based on Membrane morphological structure

e Symmetric membranes: Morphological structures and transport properties are similar
with a uniform pore size around the cross-sections. By sintering or tracking etching
procedures, these kinds of membranes were prepared. The schematic representation of
symmetric membranes is shown in Figure 1.8(a).

e Asymmetric membranes: Two layers of membranes of different thickness, porosity and
pore size can be witnessed in asymmetric membranes morphologies. The schematic
representation of symmetric membranes is shown in Figure 1.8(b). Pressure-driven filtration
membranes have an integral or composite anisotropic cross-section structure with a thin,
microporous, non-porous and mesoporous support layer (100-300 m) providing adequate
mechanical stability (about 50 nm with a few micrometers). The selectiveness of the barrier is
minimized, thus ensuring high membrane permeabilities. Anisotropic membranes can
therefore have exhibited better performance than isotropic membranes.

e Integrally skinned asymmetric membrane: this type of membrane consists of an
identical material formed during the phase inversion in its dense top active layer and the
porous sublayer. The schematic representation of symmetric membranes is shown in Figure
1.8(c).

e Thin film composites membranes: in these membranes, two distinct compositions make
up the thick active thin coating of the porous support. On the top of porous support that is
physically separate, an ultra-thin polymer layer is deposited. The schematic representation of

symmetric membranes is shown in Figure 1.8(d).

Og%g Oo

Figure 1.8 (a) Porous symmetric membranes (b) porous asymmetric membranes (c) thin-film,

nonporous membrane (d) dense homogeneous, nonporous membrane (Source: (Salama et al.
2021)) (Open access).
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Isotropic membranes

e Isotropic nanoporous membranes: Dense non-porous isotropic membranes consist of a
dense film through which the diffusion mechanism transports permeants. The permeation rate
of transport in the membrane was measured by diffusivity and solubility within the membrane
material. These membranes are rarely used commercially because the permeation through the
thicker membranes surfaces is too low. In laboratory work, they are commonly used to
describe properties of membranes. This membrane was fabricated using thermal pressing and
solution casting method.
e Isotropic microporous membranes: The isotropic microporous membrane is made from
a single polymer throughout the membrane. It consists of pore size, which is significant with
the standard filter in structure and functionality. It consists of a rigid, intensely voided,
randomly distributed porous system. The pores in these membranes vary from conventional
filters and have extremely small 0.01 pm to 10 um in pore size. The membrane flux related to
this membrane type is much higher than dense isotropic non-porous membranes and is
commonly used for MF membranes. Various methods, such as track-etching and expanded
film-template leaching, are mainly used to fabricate isotropic non-porous membranes.
1.6.7 Transport mechanisms of membranes

The driving forces such as temperature (AT), electrical potential (AE), pressure (AP) and
concentration (AC) gradients in membrane matrix regulate the movement of species across
the membrane surfaces. There are mainly two kinds of models that describe the membrane’s

transport mechanisms; they are models for pore flow and models for solution —diffusion.

The separation processes in the pore flow model as permeates were transported in
pressure-driven natural convective flow through pores. The molecules are rejected here based
on the sieving process, wherein the permeate was separated by size exclusion and pore flow.
Typically, this mechanism was observed in the case of porous membranes, MF, along with
UF. The pressure-controlled separation method describes the pre-flow and is expressed from

Darcy’s law as shown in Equation 1.5.

e dp
Ji=K¢ (L5)

Where, ‘i’ is the medium, 'K’ is coefficient describing medium’s nature, ‘c;’ is components

concentration, ‘dp/dx’ is the difference of pressure present in the porous medium.
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Separation is based on the solution-diffusion process in nonporous dense membranes. In
the solution-diffusion model, the permeate dissolves and then diffuses through the membrane.
The rejection is based on the distinction from solubility and the differences in membrane
diffusion rate. The negative symbol indicated that the diffusion i.e. from the range of high
concentration to low concentration is known as the concentration gradient which is shown in

Equation 1.6.

dci
Ji=-D;— (1.6)

Where, the flux ‘Ji’ in (g/cm?s) related to species (i) is corresponding to the concentrations
gradient (dci/dx) and is the diffusion’s coefficient (Cm?s™) is a measurement of the mobility
of the specific molecules. The negative symbol indicated that the diffusion i.e. from the range

of high concentration to low concentration is down the gradient of concentration.

The relative size and permanency of the pores are the fundamental differences between
these models. The size and positions of free-volume elements (pores) are fixed in the pore-
flow model. The dense membranes have no defined free-volume elements in the solution-
diffusion model. In addition, the model of pore flow, which was a pressure-driven
phenomenon, results in a higher flux than the model of diffusion, which operates on the

concentration gradient.
1.7 APPLICATIONS OF MEMBRANE FILTRATION PROCESS

Many applications are related to membrane filtration treatments to extract impurities from
contaminated water and provide clean water. Today, membrane technology has increased in
various industrial processes such as mining, painting, textile, food and beverage, milk
processing units, pharmaceutical industries, etc. The pressure-driven membrane processes are
used in membrane technology for different separation applications. Membranes are used as a
separation tool in various areas, apart from water purification and desalination, summarized
below.

« RO membrane applications: RO membranes have been successfully used for
brackish water treatments, seawater desalination processes since the 1970s. RO
membranes reduce waste generation and wastewater treatment in the food process
units, textiles, paint, pharmaceuticals, paper and pulp industries.

« NF membrane applications: the operations of NF membranes are similar to the RO

membranes; such membranes can consider various separations such as separating
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multivalent ions from aqueous solution, removal of colour, deletion of pesticides,
extraction of amino acids and lipids from the blood in medicine, etc.

« UF membrane applications: UF membranes were being used in a wide range of
applications ranging from removal of enzymes from cows, the separation process in
the industry, the removal of suspended solids, macromolecules, turbidity from the
industrial effluents, and the treatments of dialysis blood filtration.

« MF membrane applications: membranes have been used to extract >0.01 pm of the
suspended particle from the wastewater. MF membranes are also used to treat sterile
water by pharmaceutical companies and for various applications in the chemicals,
food and beverages industries.

Semipermeable membranes may be applied to extract either positive or negative ions
under the effect of electricity during the electrodialysis method. For the separation of casein
from whey products, bacteria removal and suspended solids from milk products, membranes
have been used in everyday industries for the past few years. Membrane technologies can be
employed to identify several separation applications at an industrial level. Few of them are
here,

e Extraction of proteins, enzymes, sugars and natural products

¢ Removal of biomass by UF and MF membranes

e Extracting organic solvents using NF membranes

e Various forms of recovery of metals including in mining wastewater.

e Separations of different gases such as phosphorous, hydrogen sulfate, carbon dioxide,
hydrocarbon recycling, petrochemical waste from the oil and petroleum wastes from

the crude oil and petroleum industry and natural gas liquids (NGL).

Due to the non-involvement of chemicals in separation processes, the membrane technology
was considered a ‘GREEN TECHNOLOGY".

1.8 LITERATURE SURVEY

Over recent decades, membrane technology has become a worthy technology for
separation. Research and development for improved membrane materials have made
considerable progress. Due to its excellent mechanical, chemical and thermal properties,
PPSU along with cellulose acetate derivative membranes have been widely used for
wastewater treatment applications. To develop novel PPSU along with cellulose acetate

derivative membranes, there are various literature, that is listed below,
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1.8.1 Literature on cellulose acetate membranes for heavy metal removal from water

Mahendran et al. (2004) studied the various blend compositions of CA and PES by
precipitation phase inversion technique. Pure water permeation, proteins rejection (EA, BSA,
trypsin and pepsin) along with heavy metals (Ni(ll), Cd (1) and Cu(ll)) on PEI complexation
have been tested with CA/PES blended membranes. Maximum protein rejection was
witnessed for BSA (93%) and heavy metal for Cu(ll) as 94% respectively. The proteins and
heavy metal rejection were lower than the unmodified CA membranes and had high

permeation properties.

Sivakumar et al. (2005, 2006) developed the cellulose acetate and polysulfone ultrafiltration
membranes, polyvinylpyrrolidone (PVP) was used as pore former for heavy metal and protein
removal. Increased pure water flux and water uptake were witnessed with increased PSf
concentrations in the blend membranes. The high molecular weight of BSA revealed greater
rejection with low flux. Because of the formation of large aggregate pores, the PWF of the
membrane improved as the PVP and PSf concentrations increased. The filtration study of
heavy metals such as Cu?*, Zn?*, Cd?* and Ni*? was carried out using 1 wt% of PEI. Owing to
the strong PEI-Cu?* complex formation Cu?* exhibited higher rejection (>70%) with the low

flux of 40 L/m?h respectively.

Arockiasamy et al. (2009) prepared cellulose acetate and polyetherimide blended membranes.
Fabricated membranes exhibited increased antifouling properties due to the amine
concentrations in the blend. The higher rejection was reported because of the strong bond
between the Cu?" heavy metal and the PEI. Hydrophilicity and pure water flux of the

membrane improved with the incorporation of PEG-600 in the blend composition.

Li et al. (2006) using immersion precipitation method, hollow fiber membranes were prepared
from cellulose/ monohydrate N-methylmorpholine —N—oxide (NMMO-H20)/polyethylene
glycol (PEG—400). The membranes demonstrated higher antifouling behavior with an
operating pressure of 0.1 MPa, relatively low permeability 7.67 L/m?h.

Shibutani et al. (2011) developed three various sets of hollow fiber membranes viz., cellulose
acetate butyrate (CAB), cellulose acetate (CA), cellulose acetate propionate (CAP) using a
thermally induced phase separation process. Although hydrophilicity varies, membrane
preparation was the same; CA membrane has higher hydrophilicity than CAP. However, CA
has also demonstrated increased resistance to fouling for BSA and humic acid.
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Razzaghi et al. (2014) PVDF/CA blend membranes were fabricated using phase inversion
process-induced immersion precipitation in various concentration ratios. The prepared
membranes were examined for the fouling tendency and permeation properties. The
membrane blended with a 20/80 ratio (CA/PVDF) exhibited high water permeability and

excellent antifouling properties.

Terrazas-Bandala et al. (2014) fabricated composite cellulose triacetate (CTA) and activated
carbon (AC) membranes using the evaporation-precipitation technique with maintaining the
proper relative humidity and temperature in the synthesis process. The molecular weight of
the solute was increased from 801.15 kDa to 1194.29 kDa by 1% of AC. The increased
rejection of arsenic of about 45% was witnessed for a 500 ppb arsenic aqueous solution. As
the concentration of the additives in the casting solution increased, the modified membranes
showed increased hydrophilicity, water uptake, pure water flux, porosity and surface
roughness.

Riaz et al. (2016) prepared cellulose acetate and polyurethane blended membranes for the
chromium (VI) from the contaminated water. The SEM configurations confirm the
enlargement of finger-like and microporous structures with the incremental dosages of
hydrophilic additive. The blended membranes also exhibited improved hydrophilicity by
improving water uptake and pure water permeability. The membranes showed enhanced
chromium (V1) ions removal as the adsorptive dosages of cellulose acetate increased in the

polyurethane dope solution.

Moradihamedani and Abdullah (2017) fabricated ultrafiltration membranes using cellulose
acetate (CA) and polysulfone (PSf) with the addition of polyvinylpyrrolidone (PVP) for the
removal of various heavy metals (Pb?*, Ni?*, Cd?* and Zn?*). The SEM images evidenced that
the finger-like morphologies were expanded as the polymer dosages were increased. Blended
membranes exhibited improved hydrophilic, water uptake and permeability properties as the
dosages of CA increased in the dope solution. The CA/PSf (80:20) membrane showed
excellent performance in terms of rejection 98% for Pb?* with the permeability of 49 L/m?h at

3 bar transmembrane pressure.

Durthi et al. (2018) have developed mixed matrix membranes using cellulose acetate and zinc
oxide as an additive by phase inversion solvent evaporation technique. It was witnessed that
the increase of 5 to 25% in the flux after dosage of ZnO nanoparticle. The existence of ZnO
nanoparticles causes the membrane's hydrophilicity to increase, allowing it to be more porous.

In natural waters, As(Ill) is present in the uncharged species H3AsOs, and its removal is
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primarily due to steric exclusion rather than charge effects. When CA membranes were
compared to CA-ZnO membranes, the CA with ZnO nanoparticle membranes had higher

removal performance.

1.8.2 Literature on polyphenylsulfone (PPSU) membranes for heavy metal (arsenic)

removal

Sun et al. (2002) fabricated polyphenylsulfone (PPSU) and polyethersulfone (PES), high-
performance thermoplastic polymers that have been used to form polymeric micromolecular
foam using the two-phase batch foaming process. SEM analyzed morphological properties to
measure the foam density and size distributions in the water-displacement test. With the
continuous rise in temperature and time, the experimental results showed a substantial

increase in foam size.

Parcero et al. (2006) fabricated polymeric blend membranes using N-methyl-pyrrolidone
(NMP) as a solvent, phosphonated polyphenylsulfone (P-PPSU) and sulfonated
polyphenylsulfone (S-PPSU). The membranes were examined with 1H-NMR,
thermogravimetric analysis, water uptake processes, etc. The efficiency of membranes was
evaluated by permeability analysis with water and ethanol. The S-PPSU membranes exhibited

improved performance than the P-PPSU membranes.

Weng et al. (2008) fabricated novel polymeric (bisphenol-A-co-4-nitro-phthalic anhydride —
co-1,3 —phenylenediamine (PBNPI) and polyphenylsulfone (PPSU) blend polymeric flat sheet
membranes of various concentrations. Characterization of the membrane was carried out
using different methods such as SEM, TGA, XRD, FTIR and etc. With the gradual increase in
the MWCNT wt%, the gas permeability capability of the membrane was increased. The
outcome revealed a continuous increase in the gas permeability from 0 to 15% of the

membrane was evidenced.

Darvishmanesh et al. (2011) fabricated polyphenylsulfone (PPSU) nanofiltration membranes
using phase separation technique with various compositions such as (17 wt%, 21 wt% and 25
wt%) using different solvent systems such as N-methyl-2-pyrrolidone (NMP),
dimethylacetamide (DMA) and dimethylformamide (DMF). The essence of solvent and
polymer concentration has significantly affected the morphology and efficiency of
membranes. The gradual increase in polymer concentration decreased the formation of
macrovoids and rejection of rose bengal dye was increased. They also documented the
fabrication of membranes based on PPSU by a dry-wet spinning technique. And also, hollow

fiber membranes revealed an asymmetric structure with a thick layer of skin and porous sub-
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layers. The tested membranes were favorable for retaining the Rose bengal dye. They showed
that the rejection of dye increased with an increased PPSU concertation consistent with its

small pore size.

Hwang et al. (2011) documented the fabrication of PPSU/polyetherimide blend membranes
by blending hydrophobic PPSU and hydrophilic polyetherimide. The membrane
morphologies and efficiency were evaluated to study the influence of blend composition. It
was observed that with the increase in the polyetherimide concentration in the blend, there is
increased hydrophilicity and pore size of the blend membranes. In addition, an increase in the
hydrophilicity of the membrane led to the resistance to reversible fouling. The membranes
also showed resistance to the humic acid because of the electrostatic repulsive forces between

negatively charged humic acid and weak negative changes formed on the membrane.

Liu et al. (2012) fabricated TFC sulfonated membranes with the assistance of PPSU.
Sulfonated diamines like benzenesulfonic acid 2,5-bis(4-amino-2-trifluoromethylphenoxy),
biphenyl-4,-4-disulfonic acid and piperazine (PIP) were reacted with TMC by interfacial
polymerization to form a polyamide layer. TFC membrane surfaces were treated with the
attenuated total reflectance —fourier transform infrared spectroscopy (ATR-FTIR), scanning
electron microscopy (SEM) and water contact angle measurements that have studied the TFC
membrane surface. The Methyl Orange and Rhodamine-B dye rejection studies were carried
out. Without sacrificing the dye removal performance, the inclusion of the sulfonic group by

sulfonated diamine resulted in high hydrophilicity and water flux.

Zhao et al. (2012) formulated polyaniline (PANI)-PVP nanocomposite and integrated it into
the PSf base polymer to prepare nanocomposite membranes using the phase inversion
process. As used PANI-PVP additives played a better pore-forming and hydrophilic agent.
The nanocomposite membranes have been examined for their antifouling properties using the
cross-flow filtration unit as-fabricated membranes had been compared with PSf/PVP. The low
flux decrease and high flux recovery on water washing, PSF/PANI-PVP membranes showed

increased flux, hydrophilicity and enhanced antifouling qualities.

Diez-Pascual and Diez-Vicente (2014) developed nanocomposite membranes by solution
casting method incorporating the titanium dioxide nanoparticles included in the
polyphenylsulfone to examine membranes biocompatible properties. Two kinds of bacteria
like Escherichia coli (Gram-negative) and Staphylococcus aureus (Gram-positive) with the

assistance of UV-selected irradiation. The outcome showed a steady increase in antibacterial
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activity on UV irradiation from plane membrane to the high concentrated membranes (5 wt%)

because of the influence of the TiO2 nanoparticle.

Kiani et al. (2015) novel nanofibrous membranes of polyphenylsulfone (PPSU) were
fabricated by electrospinning process with the increased dosages of polyethylene glycol (PEG
400; 0, 2.5 along with 10 wt%) for studying the BSA fouling nature of membranes. In the
outcome, a gradual improvement was witnessed in water flux and BSA fouling, respectively,

from neat membrane to high dosage of PEG additive (10 wt%).

Thanigaivelan et al. (2015) examined the impact of nano-TiO2 by implementing increased
dosages in polyphenylsulfone (PPSU) membrane to enhance the membrane's hydrophilic
behavior. In this contemporary work, 0.3% of nano-TiO, was demonstrated as the best-
executed membrane with high flux and relatively high rejection for BSA in membrane

performance.

Shukla et al. (2017) examined the antifouling properties of polyphenylsulfone membranes by
various concentrations of graphene oxide (GO; 0.2, 0.5, and 1 wt%) as nanoadditive,
polyvinylpyrrolidone (PVP) as a pore-forming additive and N-methyl-2-pyrrolidone (NMP)
by non-solvent induced phase separation (NIPS) process. The outcome showed an
enhancement of flux by a dosage of 0.5 wt% of graphene oxide. Also, the authors reported
that the integration of GO considerably inhibits the relationship between the membrane
surfaces and protein molecules. Consequently, increased fouling resistance potential and

enhancement of mechanical and thermal properties.

Liu et al. (2016) fabricated flat sheet ultrafiltration membranes using polyphenylsulfone as a
prime polymer and increased concentrations of polyvinylpyrrolidone (PVP) and
polyethyleneglycol (PEG) as pore-forming agents to analyze the antifouling behavior of the
membranes through the non-solvent induced phase separation method. Furthermore, the
fabricated membranes were analyzed by SEM, porosity/water uptake and contact angle
measurement. The PVP implemented membranes exhibited improved permeability and BSA

rejection ability than the PEG incorporated membranes.

It was clear from the above-prescribed literature that PPSU and CA derivatives can be
used as an excellent material for membrane preparation. Nevertheless, due to lower
hydrophilicity, less porous nature related to PPSU, the low oxidation, chemical resistance and
lower mechanical strength, CA membranes are not suitable for vigorous cleaning. Thus, the

CA membranes modification becomes essential. Therefore, more significant research is
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needed to address its disadvantages, as PPSU would make an economical membrane material
than other polymers. By taking these considerations into account, subsequent work has been

proposed.
1.9 PROBLEM STATEMENT

Almost four billion populations in the globe will live without the proper supply of fresh
drinking water by 2025 according to (Kolbasov et al. 2017). The continuous pollution of
water bodies such as lakes and rivers with the heavy metals by industrial activities such as
alloy and steel production, mining, electronics, chemicals, electrospinning and so on are the
main reasons for the contamination of the freshwater. Because heavy metals are non-
degradable, they will remain in the environment for a long time. Therefore, to address this
problem, remediation steps must be carried out. Different wastewater decontamination
methods had been proposed and used in the past; they are adsorption, ozonation, chemical
reduction/oxidation, electrodialysis, ion exchange, biological treatment and membrane
technology have also been proposed and utilized. Nowadays, the membrane filtration
approach via nano-adsorbents has been focused, because it is an economical and efficient
approach to extract heavy metals from the contaminated aqueous solution. And the usage of
binary oxide nanoparticles (ZnO-MgO) has also resulted in the improved separation and
agglomerated-free membranes. This investigation describes the extraction of arsenic (As-V)
using polyphenylsulfone (PPSU)/ cellulose acetate derivatives in the presence of zirconium
oxide (Zr0O.), zinc-magnesium oxide (ZnO-MgO) and nano-aluminum oxide (nano-Al>Oz)

nanoparticles using a membrane filtration approach.

1.10 SCOPE AND OBJECTIVES OF THE PRESENT WORK

Consumption of arsenic can pose a severe health risk to humankind. Minute
concentrations of arsenic in drinking water and the atmosphere causes severe health problems.
It was also considered that arsenic was poisonous and dangerous to human health. Therefore,
a clear need exits to efficiently decontaminate arsenic from drinking water. From recent
studies, membrane filtration is an effective method to extract arsenic from drinking water.
Many researchers employed various polymers such as polysulfone (PSf), polyethersulfone
(PES), cellulose acetate (CA), polyvinylidene fluoride (PVDF) and etc to enhance the
membrane properties and separation performance. Nevertheless, because of the increased
hydrophobicity, the used polymers exhibited some downsides, such as PSf membranes being
less capable of penetration along with severe fouling. PES membranes suffer from a lower

limit of transmembrane pressure, toxicity and are more susceptible to foul. Chitosan is
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insoluble in organic solvents. However, less scientific work has been reported to extract
arsenic from drinking water using polyphenylsulfone (PPSU) as a prime polymer to
incorporate hydrophilic additives and nanoparticles. Research is ongoing to solve this
problem by containing various suitable nanoparticles (inorganic) and pore-forming agents to
fabricate the membrane and enhance different membrane properties. So, the scope of this
work is limited to experimentally investigate arsenic-V rejection using fabricated

polyphenylsulfone hollow fiber membranes.
Objectives of the present work

The main aim of this proposed research work is to fabricate and characterize a novel
polyphenylsulfone with cellulose acetate and cellulose acetate phthalate as additives
ultrafiltration hollow fiber membranes containing different concentrations of nanoparticles
(ZrO2, ZnO-MgO and Al>0z3) and polydopamine (PDA) for arsenic-V removal from drinking
water.

¢ To study the effect of different additives such as cellulose acetate (CA) and cellulose
acetate phthalate (CAP), Zirconium oxide (ZrO2) nanoparticle, Zinc-magnesium oxide
(ZnO-MgO) nanoparticle, aluminum oxide (Al20s) nanoparticle and polydopamine
(PDA) in polyphenylsulfone (PPSU) ultrafiltration hollow fiber membranes.

% To characterize the prepared ultrafiltration hollow fiber membranes in terms of
morphological structure and topography by SEM and AFM, the surface potential of
the membrane was analyzed by zeta potential measurement, hydrophilicity by contact
angle measurement, pure water permeability, porosity/ water uptake, the functional
groups by FTIR, XPS and thermal properties by TGA. Fouling resistant nature of the
prepared hollow fiber membranes was evaluated by bovine serum albumin (BSA) and
molecular weight cut-off was investigated using polyethylene glycol (PEG). Also as
used nanoparticles were characterized by TEM, XRD and particle size distribution.

% To study the Arsenic-V (As-V) removal from all prepared hollow fiber membranes
from drinking water.

« And also an attempt was made for analyzing the dyes/proteins removal from as-
fabricated polyphenylsulfone/cellulose acetate and polyphenylsulfone/cellulose acetate

phthalate hollow fiber membranes.
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2.1 Materials and Methods
2.2 Materials

Polyphenylsulfone (PPSU, Radel~5000, Mw ~ 50,000 g/mol) was furnished from Solvay
polymer company (Belgium). Cellulose acetate and cellulose acetate phthalate of molecular
weight of 50000 and 2534.12 g/mol respectively, zirconium oxide (ZrOz) nanoparticle with
the molecular weight of 123.22 g/mol, nano-aluminum oxide (nano-Al.Oz size <50 nm) of
molecular weight (Mw) of 101.96 g/mol, bovine serum albumin (BSA) (Mw ~66,463 g/mol),
egg albumin (Mw ~18,400 g/mol), pepsin (Mw ~34,500 g/mol), N-methyl-2-pyroledone
(NMP) and polyethylene glycol (PEG) of different molecular weight 6000, 10000 and 20000
g/mol, polyvinylpyrrolidone (Mw ~ 360000 g/mol) were purchased from Sigma-Aldrich,
India. Zinc-magnesium oxide (ZnO-MgO, My ~ 103.909 g/mol) was purchased from the
American elements; Japan. The arsenic standard solution was furnished from Merck, India.
All polymers were dried at 50 “C using a vacuum oven to get rid of the moisture present on the

surfaces of the polymer.
2.3 Hollow fiber membrane preparation
2.3.1 Preparation of dope solutions for neat and modified membranes

The procedure for preparation of dope solutions by neat and nanoparticles (ZrO2, ZnO-
MgO, nano-Al;Oz blended with polyphenylsufone (PPSU)/ cellulose derivative (cellulose
acetate and cellulose acetate phthalate) and PDA in PPSU/(polyvinylpyrrolidone) PVP by
non-solvent induced phase separation process (NIPS) process is explained as follows.
Individually, various dosages of the ZrOz, ZnO-MgO and nano-Al>Oz nanoparticle (0.6, 1 and
1.5 wt%) and polydopamine (PDA; 1, 2, 3 and 5 wt%) were allowed for proper sonication of
about 60 min in NMP using a high-resolution probe sonicator (CY-500 LAS ROZAS,
deMadrid) at 240W and 55 Hz for complete dispersion. Later, 3 wt% of hydrophilic additives
(CA and CAP) were allowed to disperse in NMP for PPSU/CA and PPSU/CAP dope
solutions and polyvinylpyrrolidone (3 wt%; PVP) was also allowed to disperse in NMP for

PPSU/PDA dope solutions by sonication process for about 60 min.

The constant proportions of (17 wt%) of polyphenylsufone (PPSU) was allowed to
dissolve in NMP by a mechanical stirrer at 50 “C for about 350 RPM to procure homogeneous
dope solutions (Kumar et al. 2020a). The detailed structure of the chemical composition for
the preparation of the hollow fiber membrane’s dope solution was described in Table. 2.1, 2.2

and 2.3.
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2.3.2 Spinning of the dope solution for preparing hollow fiber membranes

Polyphenylsulfone (PPSU) ultrafiltration hollow fiber membranes have been fabricated
using non-solvent induced phase separation (NIPS) technique by overviewing the literature
(Nayak et al. 2018). With the aid of nitrogen gas pressure, the prepared dope solutions were
allowed to flow through the annular zone of the spinneret. Reverse osmosis (RO) water was
used as bore fluid and permitted to flow through the adjacent sides of the spinneret. The
spinneret was placed 4 cm away from the coagulation bath. The distance is known as the air
gap distance. The dope solution was pumped at the top and bore fluid through the spinneret
on the adjacent sides. The structure for spinning the dope solution has been demonstrated in
Table 2.4. The fabricated hollow fiber membranes were coiled onto a rotating drum. The
membranes were soaked in distilled water for about 24h and again in the 10 wt% of the
glycerol solution for another 24h to avoid hollow fiber membranes pore shrinkage.

Eventually, the wet hollow fiber membranes were dried at room temperature.

Table 2.1 Composition of prepared dope solutions

Membrane Dope solution preparation composition NMP (g)
code
PPSU (g) CA (9) CAP (g)
Neat membrane 14 0 0 86
(NM)
CA-1/PCA-1 14 0.1 0 85.9
CA-3/PCA-3 14 0.3 0 85.7
CA-5/PCA-5 14 0.5 0 85.5
CAP-1/PCAP-1 14 0 0.1 85.9
CAP-3/PCAP-3 14 0 0.3 85.7
CAP-5/PCAP-5 14 0 0.5 85.9
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Table 2.2 Chemical compositions of prepared dope solution

Membranes NMP (g) | PPSU (9) CA(g) | CAP(g) | Zr0O2/Zn0O- | ZrO2/ZnO-

code MgO/nano- | MgO/nano-
Al203 Al203(g)
(Wt%)

PZCA-0/ 82.85 17 0.3 0 0 0

ZMCA-0/

ALCA-0

PZCA-0.6/ 82.79 17 0.3 0 0.6 0.102

ZMCA-0.6/

ALCA-0.6

PZCA-1/ 82.76 17 0.3 0 1 0.170

ZMCA-1/

ALCA-1

PZCA-1.5/ 82.72 17 0.3 0 1.5 0.255

ZMCA-1.5/

ALCA-15

PZCAP-0/ 82.85 17 0 0.3 0 0

ZMCAP-0/

ALCAP-0

PZCAP-0.6/ 82.79 17 0 0.3 0.6 0.102

ZMCAP-0.6/

ALCAP-0.6

PZCAP-1/ 82.76 17 0 0.3 1 0.170

ZMCAP-1/

ALCAP-1

PZCAP-1.5/ 82.72 17 0 0.3 1.5 0.255

ZMCAP-1.5/

ALCAP-1.5
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Table 2.3 PPSU/ PVP/polydopamine (PDA) hollow fiber membranes dope compositions

Membrane PPSU NMP PVP (Wt. | PDA (Wt. %) | PDA (g)
Code (Wt. %) (Wt. %) %)
PDA-0 17 80 3.0 0 0
PDA -1 17 79.83 3.0 1.0 0.17
PDA -2 17 79.66 3.0 2.0 0.34
PDA -3 17 79.49 3.0 3.0 0.51
PDA -5 17 79.15 3.0 5.0 0.85

2.4 Characterization of the prepared hollow fiber membranes

2.4.1 High resolution- Transmission electron microscopy (HR-TEM) analysis of the

nanoparticles

The morphological characteristics of the nanoparticles (ZrO., ZnO-MgO and Al>O3) have
been analyzed using JOEL-JEM-2100 PLUS, high resolution-transmission electron
microscopy (HR-TEM) analyzer. A calculated amount of nanoparticles was distributed and
sonicated in the ethanol solution for about 30 min to acquire a relatively homogenous blended
solution (Ibrahim et al. 2017a). The homogenous solution was appropriately placed on a
copper grid and was dried under the incandescent lamp. The completely dried sample was

used for the TEM characterization.

2.4.2 X-ray diffraction (XRD) analysis of the nanoparticles

The XRD measurement of used nanoparticles (ZrO., ZnO-MgO, Al.03) and
polydopamine (polymer)) was performed using Rigaku XRD Miniflex 600 powder supplied
graphite monochromated Cu-Ka with the radiation of A=0.1540 nm collected at 50 mA from
the 20 parameter of 10"to 80" (Ibrahim et al. 2017b).
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Table 2.4 Spinning specifications for fabrication of hollow fiber membranes

Specification Condition

Dope solutions NMP/PPSU/CA and NMP/PPSU/CAP
NMP/PPSU/CA/ZrO, and
NMP/PPSU/CAP/ZrO,
NMP/PPSU/CA/ZnO-MgO and
NMP/PPSU/CAP/ZnO-MgO
NMP/PPSU/CA/AI2O3 and
NMP/PPSU/CAP/AI>O3
NMP/PPSU/PVP/PDA

OD/ID of Spinneret (mm) 1.1/0.55

Bore fluid RO water

Air gap (cm) 4

Coagulation bath temperature ('C) 26

Bore fluid flow rate (ml/min) 25

Dope extrusion rate (ml/min) 35

Nitrogen gas pressure (bar) 1.5

Fiber drawing velocity (cm/s) 15

Temperature bath Water

Speed of gear pump (RPM) 10

Speed of drum (RPM) 13

2.4.3 Particle size distribution of nanoparticles

Nanotrack wave, microtrack, USA was employed for the particle size distribution of the
used nanoparticles. The nanoparticle analysis was carried out by two primary techniques, i.e.,
the dynamic light scattering and the zeta potential analysis (Dos Santos et al. 2014).
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2.4.4 Morphologies of prepared hollow fiber membranes

The dried hollow fiber membrane was analyzed for the scanning electron microscopy
(SEM) cross-sectional and surface morphological studies using Hitachi TM -3000, scanning
electron microscope. The prepared membranes were immersed for about 3 min in methanol to
prevent membrane surface charge and freeze-fractured in a liquid nitrogen bath. With the aid
of the EMITECH K575 sputter coater, the membrane surfaces were coated with a thin layer of
platinum (Ibrahim et al. 2017a).

2.4.5 Hydrophilicity/hydrophobicity of the prepared membranes

Hydrophobic and hydrophilic responses of the surfaces of blended membranes were
analyzed using the sessile droplet method, dynamic FTA-200 contact angle measurement.
Properly dried and the defect-free membrane was placed on the fixture. The droplet of DI
water was collected on the membrane surfaces and allowed for uniform dispersion for about
30 sec. A similar approach was engaged for determining contact angle for various places on

membrane surfaces and an average of readings were noted (Kumar et al. 2020b).

2.4.6 Water uptake and porosity of the hollow fiber membranes

The dry-wet weigh principle was used to assess the membrane's porosity/water uptake
assessment. The fine hollow fiber membrane was selected from the fiber bundle and cut into a
length of 2 cm each. On either side of the hollow fiber membranes were properly closed using
epoxy/hardener in the ratio of 2:1 and membranes were immersed in de-ionized water for
about 24h. After complete wiping the membrane surfaces using blotting paper, membrane wet
weight (Ww) was recorded. Later, membranes were heated at 50 ‘C for about 12h, then
membrane’s dry weight (Wg) was also noted (Kolangare et al. 2019). By substituting the
membrane's dry weight and wet weight values in Equation 2.1, the water uptake can be

calculated.

Porosity measurement of the fabricated hollow fiber membranes was carried out using the
dry-wet weigh technique. The hollow fiber membranes were dipped in de-ionized water for
24h and wiped with blotting paper; thereby, the membranes wet weight (Wyw) was calculated.
Furthermore, wet membranes were dried in a vacuum oven at 50 ‘C for about 12h and dry
weight (Wq) of the membranes was also noted (Nayak et al. 2018). By substituting
the “Wy’ and ‘Wy’ in Equation 2.2 to determine the porosity of the membranes.

I"’:.v— Wd
Wy

Percentage water uptake = %100 (2.1)
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Wi, W,
Percentage porosity = p“"x—m‘; x100 (2.2)

Where, 'p,, is the density of water (0.998 g/cm?®), ‘A’ is area of the membrane (wet), ‘¢’ is the

thickness of the membrane.
2.4.7 Pure water permeability analysis of fabricated hollow fiber membranes

A cross-flow filtration unit was used to assess pure water permeability (PWP) for
properly dried PPSU/CA and PPSU/CAP along with nanoparticles incorporated hollow fiber
membranes. Five defect-free good performed membranes were selected from fabricated
membrane bundles and cut into an appropriate length of 15 cm. The stainless steel adaptor
was employed to hold fabricated hollow fiber membranes firmly with EA E-30CL
epoxy/hardener of 2:1 as adhesive and allowed to dry for 24h. The fabricated hollow fiber
membranes were inserted in the cylinder of the cross-flow filtration setup. The centrifugal
pump was employed for continuous water flow within the permeation cell to ensure the
desired pressure in the system. The setup was also fitted with a pressure indicator to
accurately control the excessive pressure in the system. The membranes were subjected to
compaction for 20 min at the beginning of the process with an initial pressure (compaction) of
0.15 MPa at room temperature. The permeate was collected by reducing the filtration
transmembrane pressure (TMP) by 0.1 MPa and noted for every 4 min and PWP was
tabulated for about 60 min (Hebbar et al. 2017b). The de-mineralized water was used to
investigate pure water permeability in the experiment. The PWP of the hollow fiber

membranes was measured using Equation 2.3.

_ Q
Jon = ApXdiXnxmXxL (2'3)

Where, ‘Q’ is the volumetric flow rate in (mL/min), ‘L’ is the length of the membranes (m),
‘Di’ is the inner diameter of the membrane (m), ‘4P’ is the difference in transmembrane

pressure (bar), ‘n’ is the total number of membranes, ‘Ju1’ is pure water permeability (L/m?h

bar) (Hebbar et al. 2017c).

2.4.8 Antifouling properties of the prepared membranes

The antifouling behavior of the fabricated hollow fiber membranes was characterized by
overviewing the literature (Ibrahim et al. 2017a). The membranes were initially subjected to
compaction pressure of 0.15 MPa for about 20 min in a cross-flow filtration system. To
determine the pure water permeability (Jwi, in L/m?h bar), the pressure in the system was
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reduced to a TMP of 0.1 MPa. Again washed membranes were subjected to laboratory
prepared 0.8 g/L of bovine serum albumin (BSA) in an aqueous solution. The permeability of
the BSA (Jp, in L/m?h bar) was reported from each membrane at 0.1 MPa TMP. Then, hollow
fiber membranes were cleaned two to three times with distilled water and blotting paper. The
membrane's water permeability (Jwz, in L/m2h bar) was recorded using the same hollow fiber
membrane. The antifouling nature of the membrane was confirmed by calculating the total
recovery ratio (Ry), flux recovery ratio (FRR), reversible fouling (Rr) and irreversible fouling
(Rir). The antifouling features of the membrane were established using Equations 2.4-2.7.

FRR =222 % 100 (2.4)
wi
0 — fwz_fp
R (%) = 2272 % 100 (2.5)
wi
_ Jwilwz
Rir (%) = 222 x 100 (2.6)
wi
0 — fwl_fp
Rt(/O)— j'— X 100 (27)
wi

2.4.9 Study of molecular weight cut off

To determine the molecular weight of the best performing membranes, a 1 wt% of
polyethylene glycol (PEG) of 20000, 10000 and 6000 g/mol was employed. The PEG
rejection was performed using a cross-flow filtration system of 0.1 MPa TMP. The same
working procedure was introduced with different molecular weight PEG rejection. Initially,
each PEG aqueous solution prepared at 100 ppm was permitted to flow via hollow fiber
membranes for PEG filtration. The dosages of PEG in the feed (Cr) and permeate (C,) sample
was measured using the Shimadzu 5050A apparatus of total organic carbon (TOC).
Subsequently, PEG rejection was measured in percentage using the following Equation
2.8 (Ibrahim et al. 2017a).

Percentage rejection =R = (1— g—p) X 100 (2.8)
7

2.4.10 Attenuated total reflectance - Fourier transforms infrared spectroscopy (ATR-
FTIR) spectroscopy

Using Perkin-Elmer, Attenuated fourier transform infrared spectroscopy (ATR-FTIR)
was employed to identify the various functional groups on the membrane surface. The
fabricated membranes were effectively dried using a vacuum oven at 60 ‘C to extract water
molecules present on the membrane surfaces. Within the scan range of 600 to 4000 cm™ and
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24 scans per cm, functional groups were reported by compressing the membrane sample in-

between the crystal plate (Kumar et al. 2019).

2.4.11 X-ray photoelectron spectroscopy (XPS) of the prepared membranes

The chemical composition of the surface of the fabricated best performing membrane was
carried out by overviewing the literature (Ibrahim et al. 2018). The investigation was carried
out using K-alpha (Thermo scientific, USA) x-ray photoelectron spectroscopy (XPS) using
monochromatic x-ray source Al-Ka at pass energy of 93.9 eV at a voltage of 15 kV and
current 10 mA. The XPS spectrum of the membrane sample was reported with the binding
energy in the range of 0-1200 eV. The calibration was conducted by carbon contained C1s at

284.6 eV and at base pressure was maintained as 107 Pa.

2.4.12 Thermogravimetric analysis (TGA) of the prepared membranes

The study of TGA was carried out by Thermoanalyzer GmbH, BAHR, thermogravimetric
analyzer, Germany. The percentage weight loss of the prepared neat membranes and best-
performing membranes was analyzed by overviewing the literature (Golpour and Pakizeh
2018). Each 10 mg sample of hollow fiber membranes were dispersed uniformly in the
platinum crucible and heated from room temperature to 800 ‘C with a heat rate of 10 ‘C/min

and an air-flow rate of 20 cm®min.
2.4.13 Topographical structure of the prepared membranes

The atomic force microscopy (AFM) demonstrated an essential tool for interpreting the
surface topological structures of the prepared hollow fiber membranes. The surface
topological images of the prepared membranes were analyzed by tapping tool fastened on
cantilever beam of Brucker —Alpha, atomic force microscopy. The prepared hollow fiber
membranes were cut at a length of 2 cm and attached to a glass plate of cross-sectional size 2
cmx1 cm with the help of two-sided tape. The topological characterization was evaluated in
the scan range of 3 um x3 um (Golpour and Pakizeh 2018). At least two to three pictures

were acquired and the membrane surface roughness was tabulated.
2.4.14 Surface potential of the prepared hollow fiber membrane

An electrokinetic surpass (Anton Paar GmbH, Austria) analyzer was used to analyze the
zeta potential of the best-performing membrane. The specimen holder in the zeta potential
apparatus is 3 cm x 1 cm. Fabricated membranes were cut open into 2 cm length on both sides
and placed side by side on the specimen holder. The solution 0.001 M KCI was circulated on

the measuring cell that comprises samples to be tested. A manual titration was performed
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using a solution of 0.1 M HCI and 0.1 M NaOH, respectively to evaluate the pH-dependent
zeta potential nature of the membrane sample (Ibrahim et al. 2017a; Jung et al. 2015).
Furthermore, the zeta potential parameter has been evaluated to analyze the surface potential
and at what pH the zeta potential of the best-performed membrane was zero (lbrahim et al.
2017b).

2.4.15 Study of arsenic-V removal from the fabricated membrane

Atomic absorption spectroscopy (AAS; Shimadzu Japan) graphite furnace was employed
to determine the concentration of arsenic-V in feed and permeate solutions. The contaminated
arsenic-V solution was prepared with 1 ppm (1 mg/L) from standard arsenic solution within
the pH range of 6.8+0.2. The solution was contaminated with arsenic-V, known as feed (Cy).
For filtration, the toxic arsenic-V aqueous solution was allowed to flow through the hollow
fiber membrane surface in a cross-flow filtration unit with initial compaction pressure of 0.15
MPa for about 20 min and later compaction pressure was reduced to 0.1 MPa as TMP for
about 60 min and permeate was collected at room temperature. The collected permeate was
noted as C,. By substituting the parameters of AAS concentrations of permeate (Cp) and feed
(Cy) in the following Equation 2.8, the arsenic-V removal efficiency was calculated (Durthi et
al. 2018).

2.4.16 Positron annihilation lifetime spectroscopy (PALS) study of the membranes

Positron annihilation studies were done on the two samples (neat membrane (PZCA-0)
and ZrO, modified membrane (PZCA-1)) using sodium (*’Na) radioactive isotope as the
source of positrons. The source is prepared in the form of sodium chloride (NaCl) dissolved in
an aqueous solution of hydrochloric (HCI) acid and depositing it drop by drop on a thin
(thickness ~2 mm) foil of pure and well annealed Ni till the required strength of about 5 pCi
is obtained. The non-deposited part of the foil is then folded to cover the deposition. The
source in this form is used to get sandwiched between specimens of the samples on either side
in which the emitted positrons are stopped and annihilated. The ?Na emits positrons of all
possible energies from a few meV to 545 keV. The range of positrons of the end-point-energy
545 keV is calculated using the formula R(mm) = 1.86/density in g/cm® (Evans 1955). In this
case, the thickness of the membrane sample was much lesser than the maximum positron
range. Therefore, to ensure that all the positrons are stopped within the samples, the membrane
had to be folded to give enough layers so that the total thickness is larger than the maximum

positron range. The details are represented in Table 2.5.
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Two types of measurements were carried out — Positron annihilation lifetime
spectroscopy (PALS) and Doppler broadening spectroscopy (DBS). In PALS, the time
interval between the emissions of a 1.276 MeV gamma-ray, which is emitted simultaneously
with the positron, and that of the two 0.511 MeV gamma rays, which are emitted at the time
of annihilation, is measured using a gamma-gamma coincidence setup. The setup consisted of
BaF2 scintillators as gamma-ray detectors coupled with the XP2020Q photomultipliers tubes
and chains of nuclear electron module to process the signals. About 0.8 million counts were
collected in PALS with a peak-to-background ratio of about 8000:1. The data were analyzed
using PALS fit (Evans 1955).

Table 2.5 Positron properties of the membranes

Sample Mass | Area  of | Thickness | Density | Range of | No.  of | No. of
(9) the (cm) (g/cm) | positrons | foils foils used
membrane (mm) needed in the
(cm?) to stop | experiment
positrons
Neat 0.7788 | 283.34 0.008 0.3436 |5.41 67.62 80
membrane
(PZCA-0)
Modified | 0.1658 | 74.61 0.007 0.3167 |5.85 83.50 80
membrane
(PZCA-1)

2.4.17 Study of leachability of the prepared membranes

Hollow fiber membranes containing ZrO, are tested with reverse osmosis water for
leachability with different pH values (4.3, 7.1 and 9.1). The finely prepared membranes were
initially selected and broken into 15 cm from the hollow fiber membrane bundle. The hollow
fiber membranes were assembled using sufficient proportions (2:1) of epoxy/hardener on the
stainless steel adaptors. In the cross-flow filtration device, the membranes were subjected to
pure water permeability (RO water) for 2h at a transmembrane pressure of 0.1 MPa and the
permeate was collected. Later, using inductively coupled plasma mass spectroscopy (ICP-MS),

the concentration of ZrO> in the permeate solution was evaluated (Peretyazhko et al. 2014).
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2.4.18 Mean pore diameter and concentration polarization of the membrane

Mean pore radius of the membrane

Mean pore radius of the membrane was calculated using Equation 2.9. (Karimipour et al.
(2021)

(2.9-1.75€)x8nlQ
(EXAXAP)

(2.9)

Mean pore radius (fm) —

Where, ‘5’ is the viscosity of water (8.9 x 10~* Pa s at 25 °C), ‘Q’ is the volume of permeate
water per-unit time, and ‘4P’ is the operational membrane pressure (0.1 MPa), ‘¢’ is porosity,

‘rm’ is mean pore radius, ‘A’ is effective area of membrane (m?).

Concentration polarization of the membrane was evaluated using Equation 2.10.

c exp ()

—_m
¢, R+(1-R) exp(iKW)

(2.10)

cm, . . . . . s s
Where, ‘E’ is concentration polarization ratio at the membrane surface, ‘Cp’ is bulk

concentration, ‘Jy’ is permeability, ‘K’ mass transfer co-efficient, ‘R’ is rejection (Mulder &

Mulder, 1996).

Mass transfer co-efficient (K)

Mass transfer co-efficient of the membrane was calculated using simplified Leveque’s
correlation as illustrated in Equation 2.11.

From Sherwood number,

i (2.11)
Sh=1.62 x -|Resc(5)

K =162 x *[vP?
dl

Q
V=—
AS
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Where, ‘d’ is diameter of hollow fiber membrane, ‘V’ is velocity of flow (m/s), ‘Q’ is flow
rate (m%/s), ‘D’ is diffusivity, ‘L’ is length of the membrane (m), ‘As’ is cross sectional area

(m?) of the membrane (Estay et al. 2018; Mondal et al. 2020).

Reynolds number,

vd
R, = &=
11

Where, ‘p’ is density of water (1000 kg/m?), “V’ is velocity of flow and ‘p’ is viscosity of
water.
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Abstract

Polyphenylsulfone (PPSU)/ cellulose acetate (CA) and polyphenylsulfone (PPSU)/
cellulose acetate phthalate (CAP) ultrafiltration hollow fiber membranes were fabricated
using a non-solvent induced phase separation (NIPS) process. Fabricated membranes were
characterized using scanning electron microscopy (SEM) and atomic force microscopy
(AFM) to interpret the effect of incremental dosages (1, 3 and 5 wt%) of the additives on
PPSU hollow fiber membranes. Hydrophilic properties were also confirmed by analyzing the
contact angle measurement, porosity, water uptake and pure water permeability. The
antifouling nature of prepared membranes was evaluated using bovine serum albumin (BSA)
as a model protein. The principle objective of the current research work is to assess and
compare the Arsenic-V removal properties from prepared hollow fiber membranes. The
increased percentage of arsenic-V removal was revealed from 5 wt% of CA in PPSU (CA-5)
and 5 wt% of CAP in PPSU (CAP-5) were 34% and 41% with corresponding permeabilities
of 44.42 L/m?h bar and 40.11 L/m?h bar respectively.

3.1 INTRODUCTION

At present, the drinking water is polluted with varieties of heavy metals and metalloids
due to the continuous growth of population and development of various industries are the
leading causes of water pollution. Arsenic comes from both natural and geological sources.
Arsenic in groundwater is also produced via the desorption and reductive dissolution of
surface reactive mineral phases in aquifer sediments, such as hydrous ferric, aluminum, as
well as manganese oxides, which are present as coatings (disperse phase). In this aspect, the
toxic arsenic influences a drastic health effect on human beings (Ghosh et al. 2021). Acute
arsenic toxicity leads to nausea, vomiting, sore throat, tingling of the hands and feet and
severe headaches. Chronic exposure to arsenic leads to significant health hazards such as
numbness, cardiovascular diseases, bladder-related cancer, kidney failure, darkening of skin
and even death (Yadav et al. 2021). The rejection of arsenic ions from water is challenging
because of the toxicity and neutrality in drinking water. Recently, several researchers used a
variety of conventional treatment methods to extract arsenic from the drinking water such as
ion-exchange (Ghurye et al. 1999), lime softening (Khandaker et al. 2004), co-angulation
(Balasubramanian et al. 2009), flocculation (Pallier et al. 2010), adsorption (Zhou et al. 2017),
oxidation (Garcia-Costa et al. 2021) and membrane-based filtration technology by
ultrafiltration (Terrazas-Bandala et al. 2014), reverse osmosis (Abejon et al. 2015; Jarma et al.
2021) and nanofiltration (Siddique et al. 2020).
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The essential benefits of membrane-based filtration processes are no phase change during
separation, easy operation, low energy requirements, higher quality and good filtration
capability. Related to membranes filtration, reverse osmosis and nanofiltration are used for
the separation of arsenic from an aqueous solution. Nevertheless, these processes have
demonstrated limited degrees of achievement in arsenic removal because they have
constraints in the separation process of arsenic-contaminated drinking water. Therefore,
ultrafiltration is a modern filtration process to provide efficient rejection with increased
permeability, cost-effectiveness and less tendency towards fouling (Ibrahim et al. 2017a).
However, these processes have demonstrated a limited level of achievement in the elimination
of arsenic and suffering from few drawbacks in the extraction process of arsenic-
contaminated drinking water. The ultrafiltration membrane process has benefits in terms of
improved rejection with increased permeability, cost-effectiveness and lower tendency for

fouling.

Polyphenylsulfone (PPSU) is a stable polymer. It plays a vital role in membrane
fabrication due to its superior properties such as high thermal and chemical stabilities,
increased thermal tolerance, hydrolysis stability and ease of handling. However, membranes
prepared using PPSU as a base polymer suffers from extreme hydrophobicity, which is a
powerful tendency of fouling and brittle (Darvishmanesh et al. 2011). In order to overcome
issues concerned with PPSU, the surfaces of the pristine PPSU membrane must be modified.
The additive dosages influence on neat membrane improves outcomes in terms of
hydrophilicity and high adsorption properties. In the current work, bio-sorbent additives such
as cellulose acetate and cellulose acetate phthalate were selected to modify the surfaces of
pristine PPSU membranes. The cellulose acetate membranes are simple, easy to prepare,
oxidant-resistant and mechanically robust (Rahimpour and Madaeni 2007; Terrazas-Bandala
etal. 2014).

Ferjani et al. (2002) fabricated an asymmetric cellulose acetate membrane with
polymethyl-hydrosiloxane (PMHS) for surface modification with increased additive (CA) by
phase inversion process. The modified membranes demonstrated expanded structures
associated with the micropores and finger-like projections along with sponge-like structures
from SEM morphological studies. Membranes have also been tested for the pure water flux
and NaCl rejection properties. Increased dosages of hydrophilic cellulose acetate in the

hydrophobic PMHS have led to a decline in NaCl solution preservations.
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Rahimpour and Madaeni (2007) prepared membranes using polyethersulfone (PES) as a
base polymer, cellulose acetate phthalate (CAP) as an inorganic additive along with the
polyvinylpyrrolidone (PVP) act as pore former by NIPS process. The fabricated membranes
have been tested for pure water and liquid permeation. In addition, SEM and AFM of the
membrane surfaces have been studied to analyze the membrane’s surface properties.
Improved dosages of the CAP in the PES membranes enhance the membrane hydrophilicity,

porosity, water uptake and improved antifouling properties.

Rajesh et al. (2011) prepared membranes using cellulose acetate and polyamide-imide by
NIPS process. The membranes were studied for SEM, AFM, water content, porosity, pure
water permeability and antifouling properties. The hydrophilicity of the blended membranes
has been demonstrated by improved porosity, water uptake, hydrophilicity and pure water
permeability. The modified membranes have significantly increased flux recovery ratio
(FRR), indicating excellent antifouling properties. SEM and AFM showed improved surface
roughness as the dosages of the additive were increased in the polymer matrix. The
membranes reportedly demonstrated improved porosity, pure water permeability, water
uptake and antifouling with intensified dosages of the additives.

Sun and Chen (2016) fabricated polyethersulfone (PES)/cellulose acetate (CA) mixed
matrix membranes. With the gradual dosages of CA, membranes demonstrated improved
hydrophilicity, permeability and antifouling properties. SEM and TGA further characterized
the prepared membranes to analyze the membrane morphologies and thermal stability.
Morphological studies have shown expanded finger-like projections and microvoids.
Improved thermal equilibrium has been witnessed from the modified membranes with the

variation of cellulose acetate dosage in PES.

In overviewing the above literature, membranes prepared using polyphenylsulfone
/cellulose acetate and polyphenylsulfone /cellulose acetate phthalate to remove arsenic-V
using arsenic-V-contaminated drinking water efficiently is still not yet been reported. To meet
the aforementioned research gap, it was proposed that hollow fiber membranes be fabricated
using polyphenylsulfone /cellulose acetate derivatives for arsenic-V removal. This research
work aims to fabricate, characterize and evaluate the efficiency of arsenic-V removal from

blended hollow fiber membranes.
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3.2 RESULTS AND DISCUSSION
3.2.1 Scanning electron microscopy (SEM) morphological studies

Figure 3.1 shows the fabricated hollow fiber membrane’s cross-sectional and surface
morphological properties. All fabricated neat and blended membranes demonstrated
asymmetric structure. The water interaction in the coagulation bath and polymer dope
solution, the neat membranes contain microvoids structural configuration and the narrow
finger-like structure sandwiched by spongy layer (lbrahim et al. 2017a). There is a
considerable change in the morphologies, with incremental dosages (1 wt%, 3 wt% and 5
wit%) of cellulose acetate and cellulose acetate phthalate to the neat membrane. The steep
finger-like structures are expanded. Figures 3.1(e) — (g), the CAP contained hollow fiber
membranes revealed more porous-like structure than CA, containing hollow fiber membranes,
because the CAP itself acts as a better pore former. This in turn promoted the CAP hollow
fiber membranes enhancement of porosity, hydrophilicity and pure water permeability as
compared to CA membranes (Mukherjee and De 2014; Rahimpour and Madaeni 2007). The
detailed SEM cross sectional (complete view) was illustrated in Figure 3.2. From Figure 3.3,
the hollow fiber membranes surface morphologies of 5 wt% of CAP in the PPSU (CAP-5)
membrane produce increased porous-like morphologies compared with other membranes.
Beyond this additive dosage, the membrane exhibited an improved agglomerated structure
and is not suitable for any other separation process (Durthi et al. 2018). The outer and inner
dimeter along with mean pore radius of the hollow fiber membranes were incorporated in
Table 3.1.
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Figure 3.1 Cross-sectional scanning electron microscopy (SEM) images of the neat
membrane (a), and cellulose acetate (1, 3 and 5 wt %) incorporated PPSU membrane (b, d,
and f) and cellulose acetate phthalate (1, 3 and 5 wt %) incorporated PPSU membrane (c, f,

and Q).
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Figure 3.2 Cross-sectional (complete view) scanning electron microscopy (SEM) images of
the neat membrane (a), and cellulose acetate (1, 3 and 5 wt %) incorporated PPSU membrane

(b, d, and f) and cellulose acetate phthalate (1, 3 and 5 wt %) incorporated PPSU membrane

(c, f,and g).
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Figure 3.3 Surface SEM images of CA-5 (a and c¢) and CAP-5 (b and d) hollow fiber
membranes.

3.2.2 Hydrophilicity/phobicity of the hollow fiber membrane

Figure 3.4 illustrated the hydrophilicity/phobicity of the pristine and CA/CAP contained
hollow fiber membranes. High hydrophobic and less porous structures of the pristine hollow
fiber membrane showed an increased parameter of the contact angle 80.48°. Implementing
incremental hydrophilic additives (CA and CAP) into the PPSU dope solution significantly
reduces the contact angle parameters (Nevarez et al. 2011). From Table 3.3, for CA-5 and
CAP-5 membranes, the contact angle parameters were recorded as 60.83° and 43.40°
respectively. Since, the carboxyl and hydroxyl, functional groups on the CAP membrane
surfaces demonstrated the increased hydrophilicity from the modified membranes enhances
the absorption of the water molecules (Shenvi et al. 2014). The decreased contact angle
parameters for the CA and CAP hollow fiber membranes were represented as CA-0 > CA-1
>CA-3 > CA-5 and CAP-0 > CAP-1 > CAP-3 > CAP-5,
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Figure 3.4 Hydrophilic/phobic measurement of prepared neat and cellulose acetate (CA) and

cellulose acetate phthalate (CAP) contained PPSU membranes.

3.2.3 Water uptake and porosity of the membranes

Figure 3.5(a) — (b) demonstrated the pristine membrane and CA/CAP modified
membrane in PPSU dope solution. The pristine membrane with high hydrophobic nature
exhibited smaller water uptake and porosity parameters as 37.50% and 5.48% respectively, as
witnessed from Table 3.3. The concentrations of CA and CAP in the neat dope solution to
enhance the porosity parameter for CA-5 and CAP-5 as 26.97% and 27.96% respectively. The
enhanced value of the porosity is because of the leaching of additives in the membrane
fabrication. Another reason for increased porosity as intensified dosages of additives resulted
in thermal instability, which further causes the rapid demixing of additives in the water
coagulation bath (Qin et al. 2005). The improved porosities on the membrane surface also
enhance the water uptake from the modified membrane. As such, from Table 3.3 the water
uptake parameters for modified membrane as CA-5 and CAP-5 are 69.01% and 77.01%,
respectively, compared to neat membrane 37.50%. The existence of a polar functional group
and increased hydrophilicity due to the uniform distribution of additives in the dope solution
facilitates the increased water-holding capability of the modified membranes (Han et al.
2013).
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Figure 3.5 (a) Porosity and (b) water uptake parameter of fabricated neat and modified

hollow fiber membranes.

3.2.4 Pure water permeability of the membranes

Figure 3.6(a) — (b) show the pure water permeability of fabricated hollow fiber
membranes. The smaller value of pure water permeability was observed from neat membrane
(37.93 L/m?h bar) compared to the modified blend hollow fiber membranes because of the
hydrophobic and less porous nature of PPSU in the casting solution (Moideen K et al. 2016).
Furthermore, there is a gradual improvement in the value of pure water permeability as the
incremental dosage of hydrophilic cellulose acetate (CA) and cellulose acetate phthalate
(CAP) additives into hydrophobic PPSU dope solution. For the fabrication of membranes, the
additives CA and CAP were leached out, which increases the porosity of the membrane. Since
the incremental dosages of the CA-5 and CAP-5 enhances the porosity on surfaces of the
hollow fiber membranes. The membrane water permeability also depends on hydrophilicity
and water uptake. As porosity on the surfaces of the hollow fiber membranes increases, the
water-holding capability of the membranes also increases as more pores are present.
Furthermore, the hydrophilicity of the hollow fiber membranes was increased as an increase
in additive dosage (CA-5 and CAP-5) into the PPSU casting solution due to the presence of
an enormous amount of polar functional groups (—-OH, —CH and —CO) on the surfaces of the

hollow fiber membranes (Han et al. 2013; Rahimpour and Madaeni 2007).

From Table 3.1, the pure water permeability of the CAP /PPSU (CAP-5 as 77.01 L/m?h
bar) hollow fiber membrane is higher as compared to CA /PPSU (CA-5 as 69.01 L/m?h bar)
and neat membrane because of two reasons. Primarily, carboxylic functional sites (—CO2H) on

the surfaces of the CAP/PPSU membranes. The carboxylic group reduces fouling behavior by
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improving hydrophilicity. Secondly, as a result, the CAP additive itself serves as a stronger
pore former, more to be seen by incremental dosages of CAP in the hydrophobic PPSU dope

solution (Rahimpour and Madaeni 2007). This is also evidenced by the SEM micrograph.

Table 3.1 Properties of the fabricated membranes

Membr | Conta | Stan | Por | Std. | Wat | Std. | Pur | Std. | Outer | Inner | Mea

ane ct dar | osity | Dev. |er Dev. |e Dev | diam | diame | n
code Angle | d (%) Upt wate | . eter | ter pore
") devi ake r (OD | (ID in | radiu
atio (%) per in m) | m) s (m)
n mea x10° | x10° | x107
(Std. bilit
Dev. y
) (L/
m?h
bar)
NM 80.48 1.6 54 0.6 37.5 0.7 379 | 15 855 598
1.93
CA-1 71.02 2.1 11.3 0.8 40.5 0.7 414 | 1.7 761 450
1.85
CA-3 65.04 1.8 194 1.9 55.2 03 | 486 | 1.3 855 465
141
CA-5 60.83 1.7 26.9 1.0 69.0 0.8 61.4 | 1.6 773 458
1.16
CAP-1 63.01 1.7 12.0 0.8 41.0 | 0.01 | 457 | 1.3 723 397
181
CAP-3 50.27 2.2 20.6 1.2 57.2 0.8 555 | 14 733 431
1.20
CAP-5 43.40 1.8 27.9 1.0 77.0 1.0 69.6 | 1.2 755 417
1.08
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Figure 3.6 Pure water permeability of the prepared (a) CA /PPSU hollow fiber membranes
(b) CAP /PPSU hollow fiber membranes.

3.2.5 Study of antifouling properties of the membrane

Figure 3.7(a) — (b) shows the time-dependent antifouling study for three stages i.e.,
permeability measurement with pure water, BSA permeability and pure water permeability
after washing the membrane with water. There is an increased antifouling permeability with
the intensified concentrations of additives (CA and CAP) due to the high adsorptiveness of
the surfaces of the membrane. Table 3.2 and Figure 3.7(c) — (d), the neat membrane with less
flux recovery ratio (FRR) 73.64% revealed more fouling tendency of the prepared membrane.
The FRR value was considerably increased as the dosages of additives were increased in the
PPSU dope solution. As such membrane CA-5 and CAP-5 exhibited the improved value of
FRR as 88.67% and 91.95% respectively. The increased FRR parameter proved the
enhancement of antifouling properties of the modified membranes (Huisman et al. 2000).
The increased FRR is due to the hydroxyl and amine functional groups on membranes
surfaces. It is also noted that the decreased parameter of BSA permeability as compared to the
other two water permeability. The deposition or adsorption of BSA protein molecules on
pores of membrane surfaces results in pore blockage, which further reduces BSA permeability
(Vetrivel et al. 2018a). The increased parameters of reversible fouling (Rr), total fouling ratio
(Rt) and decreased parameter of irreversible fouling (Rir) from pristine membrane to modified

membrane revealed better filtration life.
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Table 3.2 Antifouling properties of hollow fiber membranes

Mem [Jwi |[St |[Jw2 |St |Jp Std |[FR|St |Rr | St |Rir |Std | Rt | St

brane d. d. . R |d |[(%|d |(%|. (% | d.
(L/ (W] (L/

sampl de de dev | (% | de |) de |) dev |) de
m?h m?h m?h

e V. V. . ) V. V. . V.
bar) bar) bar)

NM 485 |09 [357 |10 [133 |10 |[736 |11 |461 007 |263 [01 |725 |01

CA-1 50.7 1.2 39.8 1.0 16.1 0.8 785 | 0.7 | 46.7 | 0.1 214 | 0.2 67.1 | 0.1

CA-3 56.2 14 | 4938 09 | 223 1.0 88.7 | 0.7 | 49.0 | 0.09 | 11.3 | 0.2 60.3 | 0.3

CA-5 64.6 1.3 57.3 09 | 263 1.2 886 | 0.8 | 478 | 0.1 11.3 | 0.1 59.1 | 0.2

CAP-1 | 54.2 11 | 452 01 | 201 0.6 883 | 0.6 | 462 |04 | 166 | 038 | 621 |01

CAP-3 | 613 1.1 | 539 09 | 245 0.9 879 | 0.8 | 478 | 0.02 | 120 | 0.1 59.1 | 0.1

CAP-5 | 712 09 | 655 08 | 284 0.8 919 | 0.8 | 520 | 0.06 | 8.0 | 0.1 60.1 | 0.09
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Figure 3.7 (a) Time dependant antifouling behavior of the (a) CA/PPSU hollow fiber
membranes and (b) CAP/PPSU hollow fiber membranes. Comparison of antifouling
properties (flux recovery ratio, reversible fouling and irreversible fouling) of the prepared (c)
CA/PPSU hollow fiber membrane and (d) CAP/PPSU hollow fiber membranes.

3.2.6 Molecular weight cut off (MWCO) study

Figure 3.8 illustrated the best performing (CAP-5) membrane’s molecular weight cut-off
found to be 14489 Da. The MWCO corresponds to the lowest molecular weight of solute
(preferably PEG) in Daltons, in which the membrane decontaminates 90% of the solute
(Ortega-Requena and Rebouillat 2015). The MWCO outcome of the CAP-5 membranes was
also revealed that the fabricated membrane was an ultrafiltration membrane. The polyethylene
glycol (PEG) 6000, 10,000 and 20,000 Da increased rejection properties of 63.22%, 65.78%
and 92.69% respectively. As the molecular weight of the PEG increases, there is an improved
rejection performance from the measured membrane (Dorra et al. 2018).
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Figure 3.8 Molecular weight cut-off (MWCO) of CAP-5 hollow fiber membrane with the

transmembrane pressure of 1 bar.

3.2.7 Atomic force microscopy (AFM) of the membranes

Figure 3.9 represents topographical 3-D AFM images of neat and CA/CAP-contained
PPSU hollow fiber membranes. The surface roughness depends primarily on the mean
arithmetic surface roughness deviation (Ra), the height of significant difference of the five
corresponding maximum peaks and minimum peaks (Rq) and root mean Z-data (R.). In
general, the deviation of arithmetic mean surface roughness (Ra) was considered to analyze
the roughness nature of the membrane (Ramos et al. 2016). From Table 3.3, the pristine
membrane revealed the Ra parameter as 8.05 nm, which was increased with the CA/CAP
concentration in the PPSU dope solution. The intensified values of Ra for CA-5 and CAP-5
were 39.8 nm and 47.4 nm respectively. From Figure 3.8, CAP membranes with the increased

surface roughness exhibited enhanced hydrophilic and water holding capability.

64



Chapter 3

Table 3.3 Surface roughness properties of the hollow fiber membranes

Membranes Ra (nm) Rq (nm) Rz (nm) Rmax (nm)

NM 8.05 12.0 3.72 108
CA-1 9.5 13.5 4.24 160
CA-3 22.05 29.6 8.26 203
CA-5 39.8 49.9 10.30 386
CAP-1 20.1 30.6 5.14 242
CAP-3 26.3 39.3 12.53 365
CAP-5 47.4 61.4 28.35 442
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(b)

(e) 25.3nm

Figure 3.9 Atomic force microscopy (AFM) topographical structure of the prepared neat and
CA/PPSU and CAP/PPSU hollow fiber membranes.

3.2.8 ATR-FTIR study of the hollow fiber membrane

Figure 3.10 represents the Attenuated total reflectance— Fourier transform infrared
spectroscopy (ATR-FTIR) study of the fabricated neat and modified hollow fiber membranes.
FTIR confirmed the occurrence of the used CA and CAP additives in modified membranes
than the neat membrane, as shown in Figure 3.10(b) — (c). The details of different functional
groups regarding peak value were represented as follows in Figure 3.10(a) — (¢). From ATR-
FTIR graph of CA membrane attributed the stretching vibration of —OH functional sites at
peak 3316 cm™. The —CH2 (methyl group) was attributed stretching vibrations at peak 2924-
2871 cm, the alkyl group was attributed to 1486 cm™, the peak at 1231 cm™ represents
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stretching vibration bond corresponding to the ether group of cellulose acetate. Moreover, the
peak of 1107 cm™ was allocated as the -C—O—C— stretching frequency and 870 cm™ peaks
corresponds to the functional sites of -CH (Greish et al. 2010). In the case of CAP membrane,
owing to the presence of the hydroxyl functional groups, a small change occurs in the —OH
group of CAP-modified membranes as illustrated in Figure 3.10(c). At peak 3360-2938 cm™
assigned to —C—H- sites, 1056 cm™ stretching vibration, 1252 cm™ referring —C-O-C—
functional sites. The peak 1600 cm™ identified the aromatic vinyl conjugated ring, the peak
1732 cm™ belongs to the carboxylic group (~C=C-) (Manjunath and Sailaja 2014). The
carboxylic peak 1732 cm™ sites did not exist in the CA modified hollow fiber membrane
(Ravikumar et al. 2017). The existence of the numerous functional sites from the FTIR data

supports the additive CA and CAP in the polymeric membrane matrix of PPSU.
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Figure 3.10 ATR- FTIR spectra of the fabricated (a) neat membrane (NM), (b) CA-5 and (c)

CAP-5 hollow fiber membranes.
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3.2.9 Surface potential measurement of the membrane

In Figure 3.11 x-axis represents different pH and Y-axis stands for zeta potential (in
millivolts) of the best-performed membrane (CAP-5). The pH of the zeta potential
measurement was adjusted as 1.5 to 9.7 with 0.1N hydrochloric (HCI) and potassium
hydroxide (KOH). The results described as membrane surfaces were positively charged over
pH in the range of 1.53 and negatively charged over 9.7. The increased zeta potential
parameter for the tested membrane was noted as -18.75 mV, which corresponds to the pH
value of 9.7. Also, arsenic-V ion species were repelled back from the negatively charged
membrane surfaces at this pH level. Furthermore, the isoelectric point (IEP) from CAP-5
membrane surfaces was recorded at pH 1.9. The surface charge at IEP was recorded as zero,
and surfaces of the membrane are not exhibited any membrane surface potential (Shukla et al.
2017).

Zeta Potentail (mV)
=

L
101 \
-15 4
=20 - \—’_‘_v/v

-25

pH
Figure 3.11 Surface potential measurement of the CAP-5 membrane.

3.2.10 Rejection of arsenic-V from prepared hollow fiber membranes

Figure 3.12(a) demonstrated arsenic-V rejection in percentage from fabricated pristine
and CA/CAP modified PPSU membranes. A 1 ppm lab-prepared arsenic-V aqueous solution
was exposed to filtration study using the same cross-flow filtration system. Initially, the
arsenic-V solution (HsAsO4) was ionized with water (H20) to form arsenate oxide (AsO4*)
aqueous solution and illustrated in Equation 3.1. Furthermore, as used arsenic is from the
stock, which is arsenate (As-V) as mentioned in the left side i.e. (HsAsO4) which forms a
arsenate oxide (AsO4>) after ionizing with water (shown in right side). On both sides (left and
right side) of the Equation 3.1 was arsenate (As-V), the left side presented protonated and
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acidic form of arsenate and right side was deprotonated and ionized form of arsenate. Due to
the increased negative charge of the CAP, the membrane exhibited enhanced arsenate oxide
(AsO4>) repulsion (CAP-5, as 41%) than neat membrane (NM, as 22%) and CA modified
membrane (CA-5, as 34%). Additionally, arsenic-V rejection also depends on the molecular
weight cut off of the polymers used for membrane preparation. As compared to CA
membranes, the CAP membranes with an increased molecular weight cut-off influences
increased arsenic-V removal from CAP blended membrane (Chatterjee and De 2014). Figure
3.12(b) illustrated the arsenic-V membrane permeability for the neat membrane, CA/PPSU
and CAP/PPSU modified membrane. The arsenic-V membrane permeability for nascent
membrane was 40.11 L/m?h bar, for CA-5 membrane as 44.42 L/m?h bar and CAP-5
membrane as 47.61 L/m?h bar. The hollow fiber membranes incorporated with cellulose
acetate phthalate exhibited the negative potential on membrane surfaces at neutral pH, which
in turn helps in the repulsion of negatively charged AsO4*. During arsenic-V repulsion,
increased permeability was observed and decreased as time increased considerably. The
decline in the permeability is because of concentration polarization on the membrane surfaces.
Also, after some time, the active sites are saturated and the membrane needs to be
regenerated. The concentration polarization for arsenic-V removal of fabricated hollow fiber

membranes was illustrated in Table 3.4.
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Figure 3.12 (a) Study of the percentage of arsenic-V removal from neat membrane (NM),

CA-5 (5 wt% of cellulose acetate in polyphenylsufone), CAP-5 (5 wt% of cellulose acetate

phthalate in polyphenylsufone) and (b) time dependent membrane permeability for arsenic-V

removal from fabricated neat membrane (NM), modified membranes (CA-5 and CAP-5).

Table 3.4 Concentration polarization for arsenic-V removal of the fabricated hollow fiber

membranes.
Membrane codes | Velocity (v) Mass transfer Concentration
(m/s) coefficient (K) polarization (%)
(m/s)
NM 0.0615 3.401x10° 1.07
CA-5 0.0538 3.039x10° 1.12
CAP-5 0.0433 2.75x107° 1.36
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3.3 SUMMARY OF THE PRESENT WORK

The hollow fiber membranes of polyphenylsulfone /cellulose acetate and
polyphenylsulfone /cellulose acetate phthalate were fabricated using the non-solvent induced
phase separation (NIPS) method. By SEM and AFM, the morphological structure was clearly
interpreted. FTIR and zeta potential measurements confirmed the presence of additives and
surface potential behavior of the blended membranes. Increased pure water permeability and
percentage of arsenic-V removal was witnessed from CAP membranes due to the increased
hydrophilicity and repulsion between negatively charged membrane surface and negatively
charged AsO4>. The presence of polar functional groups from additives influenced the
increased hydrophilicity, water uptake, water permeability and antifouling properties. The
arsenic-V removal from hollow fiber membranes fabricated with 5 wt% of CAP in PPSU
(CAP-5) and 5 wt% of CA in PPSU (CA-5) decontaminated 34% and 41% corresponding
arsenic-V membrane permeabilities were 60.92 L/m?h bar and 54.01 L/m?h bar respectively.
Due to the limited removal of arsenic-V, the fabricated ultrafiltration membranes are

moderate for arsenic-V removal.
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Abstract

Novel ultrafiltration hollow fiber membranes were prepared using polyphenylsulfone
(PPSU) /cellulose acetate (CA) and polyphenylsulfone (PPSU) /cellulose acetate phthalate
(CAP), including enhanced dosages of zirconium oxide (ZrO2; 0.6, 1 and 1.5 wt %) by non-
solvent induced phase separation (NIPS) process. Scanning electron microscopy (SEM) and
atomic force microscopy (AFM) were employed to analyze the neat and ZrO: contained
membrane’s cross-section along with surface morphologies and topological structures.
Transmission electron microscopy (TEM) and X-ray diffraction (XRD) were employed to
determine the morphologies and crystalline structures of the nanoparticle. Membrane
hydrophilicity was confirmed by determining contact angle, porosity, water uptake and pure
water permeation studies. Bovine serum albumin (BSA) has been employed to assess each of
the membrane's antifouling properties. Measurement of the Fourier transform infrared (FTIR)
and X-ray photoelectron spectroscopy (XPS) confirmed the presence of the integrated
additives (CA and CAP) and nanoparticle (ZrOz) in the blended membranes. Using zeta
potential analysis, measurement of surface potential of the best-performed membrane was
carried out. The improved concentrations of ZrO, in the blended membranes resulted in
improved arsenic-V removal. The efficient properties of arsenic-V rejection can be observed
from the membranes prepared by 1 wt % of ZrO; in PPSU/CA (PZCA-1) and 0.6 wt % of
ZrOz in PPSU/CAP (PZCAP-0.6) were proven to be effective for arsenic-V removal (i.e.
PZCA-1 as 87.24 % and PZCAP-0.6 as 70.48 % and arsenic-V permeability of 89.94 L/m?h
bar and 70.59 L/m?h bar respectively) using 1 ppm of standard arsenic-V solution in a pH
range of 6.8+0.2. Moreover, arsenic-V rejection tendency was observed to be decreased with

excess dosages of ZrO> due to agglomerations of nanoparticles on membrane surfaces.

4.1 INTRODUCTION

In recent decades, the world’s ever-growing population has generated tremendous
demand for pure drinking water. Nevertheless, the fundamental contemplations for pollution
of drinking water in the ecosystem are rapid industrialization and urbanization. The untreated
and uncontrolled release of wastewater from industries includes different metalloids and
heavy metals such as arsenic (Li et al. 2018; Sadeghfam et al. 2021). Arsenic poisoning of
groundwater, as well as its consumption through the food chain, results in social disorders,
health risks, and socioeconomic disintegration. Arsenic contamination is considered to be
geogenic, with arsenic being released from soil under conditions that allow it to dissolve from

the solid phase on soil grains to the liquid phase in water, with fertilizer residues perhaps
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playing a moderating effect in its further amplification. Exposure to drinking water containing
arsenic results in severe health-related issues. Acute or short-term exposure to arsenic may
cause extreme throat dryness, diarrhea, severe headache, nausea, tingling of foot and hand,
jaundice, weakens of the nervous system and erythema. In addition, long-term or chronic
arsenic toxicity also leads to significant human health cancer-related risks such as lung,
bladder, kidney, darkening of the skin, abdominal pain, diabetes, numbness, cardiovascular
diseases and so on (Sharma et al. 2021; Wan et al. 2020). In its review of these safety-related
issues, the World health organization (WHO) has mentioned that, arsenic is a Class-I
carcinogenic to human health. Despite the huge advances made in decreasing arsenic
exposure to human health, WHO concluded that among 70 countries, more than 200 million
populations are suffering from arsenic-related health problems. Among countries affected by
arsenic issues, Bangladesh and Bengal basin in West Bengal, India have suffered increased
arsenic-connected symptoms. Hence, the United states environmental protection agency
(USEPA) has set 10 pg/l as a higher level of arsenic contamination in the drinking water
(Ocinski et al. 2016; Sheikhi et al. 2021).

Many industries worldwide are still facing a problem for effective arsenic removal due to
no significant improvements in conventional methods such as coagulation, flocculation, ion
exchange, precipitation and adsorption. Nevertheless, these methods are costly, high
production of sludge, ionic competition and the used adsorbents need regeneration. The
membrane filtration method is an innovative, versatile technique for removing low molecular
weight compounds such as heavy metal ions or compounds (Wang et al. 2014; Zeng et al.
2020). The key benefits of the membrane-based filtration systems are no phase transitions
during the separation of ions, less energy consumption, increased efficiency, simple operation
and high filtration performances. Generally, in membrane filtration, reverse osmosis,
ultrafiltration and nanofiltration were used for the rejection of arsenic from aqueous arsenic
solution (Mondal et al. 2017; Worou et al. 2021). Nonetheless, these methods have
demonstrated less removal of arsenic, as they have their constraints in the arsenic- separation
from arsenic-contaminated drinking water. Ultrafiltration is, a modern filtration process to
provide efficient filtration performance in terms of increased permeability with efficient

arsenic rejection, less tendency towards fouling and inexpensive (Kumar et al. 2019).

Polyphenylsulfone (PPSU) is a versatile polymer for membrane fabrication due to its
high chemical and thermal stability, increased resistance to heat, stability of hydrolysis,

excellent mechanical properties, and easy handling. Unfavorably, neat PPSU based
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membranes are more vulnerable to fouling due to their hydrophobic nature and it offers less
water permeability (Darvishmanesh et al. 2011). Fouling is one of the crucial issues related to
membrane filtration. Generally, the accumulation or adsorption of the foulants on the
membrane pores leads to a decrease in water permeability, an improvement in the reversible
fouling that greatly restricts membrane filtration efficacy and lifetime of the membrane.
Subsequently, the hollow fiber membranes were washed by chemicals or backwashing
processes for a daily period, which reduces operational costs and the membrane lifespan
(Ibrahim et al. 2018). Additionally, the PPSU ultrafiltration membrane pore size is larger than
the arsenic ions. For modifications of the membrane surfaces, metal complexing functional

groups such as —CO2H and —NH: are to be introduced.

Many researchers have exhibited surface modifying adsorbents such as alumina,
zirconium oxide, clay-like compounds, zeolite and manganese-based sorbents to modify the
membrane surfaces and enhance hydrophilic and rejection properties of the prepared
membranes. The zirconium-based sorbent (ZrO2) has gained more interest among the
adsorbents listed above due to its advantages over other adsorbents such as non-toxic, cost-
effective, more hydrated, and highly hydrated soluble. ZrO, is more stable than titanium oxide
and aluminum oxide and has a strong affinity to the arsenic species (Fausey et al. 2019; Yu et
al. 2019).

Genne et al. (1996) fabricated mixed matrix ultrafiltration membranes by polysulfone and
incremental concentrations of the ZrO. by non-solvent induced phase separation (NIPS)
process. The effect of enhanced dosages of the nanoparticle on the PSf membranes has been
well described. The membranes revealed enhanced hydrophilicity and improved porosity as
well as pure water permeability parameters. The improved dextran rejection properties were
attributed to the intensified dosages of ZrO; to PSf dope solution.

Bottino et al. (2002) fabricated n-methyl-2 pyrrolidone (NMP) and triethyl phosphate
(TEP) composite membranes with polyvinylidene fluoride (PVDF) as a base polymer and
ZrOz as nano additive. Compared to PVDF/ZrO./TEP, the membranes prepared using
PVDF/ZrO2/NMP demonstrated increased porosity. The PVDF/ZrO2/NMP membranes

demonstrated the increased flux with the decreased rejection properties.

Zhang et al. (2006) used acrylonitrile-methacrylate-sodium sulfonate acrylate (AN-MA-
SSA) as a copolymer and ZrO2 as an inorganic additive by phase inversion technique. The
objective of the present analysis was to develop acrylonitrile (AN) based copolymer
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membranes by gradual dosages of the ZrO> nanoparticle. The ZrO> concentrations in the PAN
membranes intensified overall porosity, pure water flux, hydrophilicity and improved bovine

serum albumin (BSA) removal.

Aerts et al. (2006) developed the polysulfone and sintered zirconium oxide (ZrO2) mixed
matrix membranes by immersion precipitation method. The migration of the used
nanoparticle on the blended membrane surfaces was confirmed using XPS, SEM and porosity
measurement. The increased ZrO; nanoparticle dosages enhanced the porosity on the
membrane surfaces. From SEM images, intensified dosages of ZrO» revealed enhancement of
macrovoids in the sublayer.

Zheng et al. (2011) fabricated flat sheet membranes by polyvinylidene fluoride (PVDF)
and ZrOz using the NIPS process. The membranes have been characterized by studying SEM,
AFM, water uptake and arsenic rejection properties. The ZrO; blended membranes exhibited
drastic improvement in surface roughness and expanded finger-like projections. The FTIR
and XPS studies revealed the presence of nanoparticles in the blended membranes. The
improved arsenic adsorption was noticed with the intensified dosages of ZrO,.

He et al. (2014) developed polysulfone (PSf) hollow fiber membranes with incremental
dosages of ZrO> nanoparticles by the non-solvent induced phase separation (NIPS) method.
The main objective of the present work was to improve the hydrophilicity, pure water flux
and arsenic uptake capacity of the PSf membrane by improved concentrations of ZrO». The
modified membranes exhibited the expanded finger-like structure and the spongy structure
from SEM images. There is an improved flux along with arsenic rejection properties as the

content of ZrO> increases in the PSf dope solution.

Zhao et al. (2016) prepared the flat sheet membranes using PVDF as base polymer and
the improved concentration of novel ZrO>/polyvinyl alcohol (PVA) to remove organic arsenic
from drinking water. The adsorption of the arsenic was observed to be improved with the
increased pH of an aqueous solution. Furthermore, the hydrophilic ZrO,/PVA content in the
PVDF improved hydrophilicity and pure water permeability. Also, the increased nanoparticle
dosages improved adsorptive properties, resulting in enhanced arsenic uptake from the

arsenic-contaminated aqueous solution.

Sigwadi et al. (2019) fabricated Nafion membranes by intensifying ZrO»-carbon nanotube

(CNT) nanoparticle concentrations. The objectives of the study were to interpret the influence
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of nanoparticles on the membrane in terms of the surface hydrophilic properties, morphology,
AFM, thermal and mechanical properties. The ZrO,-CNT contained membranes exhibited
improved properties and porous membrane structure. Increased dosages improved the surface

roughness of the membrane.

Obaid et al. (2020) developed nanocomposite membranes using PSf- ZrO, nanofibers
(NFs) by the non-solvent induced phase separation process as-fabricated ZrO, modified
nanocomposite membranes exhibited superior mechanical strength, a high degree of
hydrophilicity, a large pore size and high pure water permeability without compromising the
selectivity. The morphology of nanocomposite membranes was altered by ZrO> NFs, which
modified the finger-like morphology of the pristine membrane to more finger-like macrovoids
morphology. With the enhancement of the flux recovery ratio (FRR) and decreased
irreversible fouling (Rir) the ZrO, contained PSf membranes exhibited increased antifouling

properties.

However, neat ZrO, membranes are susceptible to the absence of various functional
groups such as amine (—NH>) and carboxylic (-COOH), which are extremely important for
arsenic ions rejection (He et al. 2014; Shih 2005). Different dosages of hydrophilic additives
prepared hollow fiber membranes to manage the above needful. Versatile hydrophilic bio-
sorbents were chosen in the present research, such as cellulose acetate derivatives (cellulose
acetate and cellulose acetate phthalate), rich in hydroxyl, amine and carboxylic functional

groups.

Liu et al. (2017) developed mixed matrix membranes by zwitterion and cellulose acetate
by the NIPS method. In the current experimental results, cellulose acetate derivatives provide
enhanced features than other additives in terms of their high hydrophilicity, less tendency

towards fouling, cost-effectiveness and bio-compatibility.

In overviewing the literature, no any research work was documented related to ZrO>
incorporated polyphenylsulfone and cellulose acetate derivatives hollow fiber membranes for
the decontamination of arsenic-V from aqueous solution. To satisfy as mentioned research
gap, it was planned to prepare hollow fiber membranes using incremental dosages of ZrO>
along with cellulose acetate /polyphenylsulfone and cellulose acetate phthalate
/polyphenylsulfone by non-solvent induced phase separation method (NIPS) (lbrahim et al.
2017; Nayak et al. 2017). The impact of polymer blending ratio on morphologies and
membrane performance was thoroughly investigated. The blended pristine and ZrO-
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membranes surface and cross-section structural morphologies were analyzed using SEM and
topographical configuration by AFM analysis. TGA investigated the thermal stability of the
membranes. FTIR and XPS studies confirmed the presence of the nanoparticle (ZrO.), CA
and CAP in the blended membranes. The zeta potential analysis was carried out to measure
the surface charge of the membranes. In addition, water uptake, pure water permeability,
contact angle measurement and fouling analysis were investigated for the performance of the
hollow fiber membranes. Additionally, the removal of AsOs* from prepared hollow fiber
membranes was also performed. Finally, TEM and XRD characterization was carried out for

ZrO- nanoparticles.

4.2 RESULTS AND DISCUSSION
4.2.1 Morphological studies of prepared hollow fiber membranes

Figure 4.1 and Figure 4.2 demonstrated the cross-section and surface morphologies of
scanning electron microscopy (SEM) images of the fabricated neat and ZrO, contained
hollow fiber membranes. From Figure 4.1, as fabricated, hollow fiber membranes revealed
asymmetric structure with the finger-like projection on either side, which is sandwiched by a
thin layer of the sponge-like structure. The neat membrane contains the less dense top layer
and the porous-like sublayer (Shukla et al. 2017). Also, the neat membranes have less porous
structure i.e., micropores on the surfaces of the membranes. The microporous structure in the
neat membrane in turn expanded as the incremental dosages (0.6, 1 and 1.5 wt %) of ZrO; to
the PPSU neat dope solution. The steep finger-like projections of neat membranes become

bulged as the nanoparticle (ZrOz) concentrations were increased in the neat dope solution.

Furthermore, from Figure 4.3(e) — (h), the migration of the increased dosages of
nanoparticles (ZrOz) onto the membrane surfaces results in the enhancement of surface
roughness of the membrane. However, from Figure 4.3(a) — (d), the homogeneous dispersion
of the used additives (CA and CAP) and nanoparticle (ZrO.) resulted in less agglomerated
membrane surfaces. From Figure 4.3, the surfaces of the CAP hollow fiber membranes
contain a more porous structure because CAP behaves as a better pore former than CA
membranes (Kumar et al. 2019). The improved porous structure of the CAP further facilitated
the improvement in membrane overall porosity, water uptake, pure water permeabilities and
increased arsenic-V removal properties (Kumar et al. 2020). The outer/inner diameter and
mean pore radius of the hollow fiber membranes were illustrated in Table 4.1. The detailed

SEM complete view of fabricated hollow fiber membranes was illustrated Figure 4.2.
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Figure 4.1 Cross-sectional scanning electron microscope (SEM) images of neat membranes
PZCA-0 and PZCAP-0 as (a and b). Followed by the enhanced dosages (0.6, 1 and 1.5 wt %)
of ZrO; in PZCA-0 as PZCA-0.6, PZCA-1 and PZCA-1.5 as (c, €, and g). ZrO, dosages in the
PZCAP-0 as PZCAP-0.6, PZCAP-1 and PZCAP-1.5 as (d, f and h) respectively.
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Figure 4.2 Cross-sectional (complete view) SEM images of the neat membranes PZCA-0 and
PZCAP-0 as (a and b). Followed by the enhanced dosages (0.6, 1 and 1.5 wt %) of ZrO: in
PZCA-0 as PZCA-0.6, PZCA-1 and PZCA-1.5 as (c, e, and g). ZrO, dosages in the PZCAP-0

as PZCAP-0.6, PZCAP-1 and PZCAP-1.5 as (d, f and h) respectively.
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Figure 4.3 SEM surface images of the prepared neat membranes PZCA-0 and PZCAP-0 as (a
and b) and ZrO, modified membranes as PZCA-0.6, PZCA-1, PZCA-1.5 as (c, e, g) and
PZCAP-0.6, PZCAP-1, PZCAP-1.5 as (d, f, h) respectively.
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Table 4.1 Outer/ inner (OD/ID) diameter and mean pore radius of the hollow fiber

membranes
Hollow fiber | Outer diameter (OD | Inner diameter (ID | Mean pore radius
membranes in um) in um) (m)
PZCA-0 815 486 1.315x10°7
PZCA-0.6 652 385 8.322x10°8
PZCA-1 649 381 8.616x108
PZCA-15 615 383 8.242x10°®
PZCAP-0 710 405 1.349x10”
PZCAP-0.6 651 382 2.319x10°8
PZCAP-1 686 396 6.699x10°
PZCAP-1.5 693 398 6.009x10°
Spinneret dimension, inner diameter: 550 um, outer diameter:1100 pm

4.2.2 Contact angle measurement

Figure 4.4 illustrates the hydrophobic/hydrophilic performances of the fabricated neat and

ZrO. contained hollow fiber membranes. From the figure, the neat membrane with less

porous and hydrophobic nature exhibited higher parameters of contact angle. The neat

membranes revealed the increased parameters of contact angle for PZCA-0 and PZCAP-0 as

83.86" and 77.12" respectively. The gradually increased concentrations of ZrO; in the neat

dope solution decrease parameters of contact angle. Increased ZrO, concentrated membranes
PZCA-1.5 and PZCAP-1.5 revealed the contact angle parameters as 50.18" and 48.95
respectively. The intensified ZrO. concentrations (0.6, 1.0 and 1.5 wt%) in the neat PPSU/CA

and PPSU/CAP dope solution improve the hydrophilicity of the membranes. Also, various

hydrophilic functional groups such as —O, —OH and —CH on the membranes surfaces facilitate

the enhanced affinity for water to the metal adsorbent (Sivakumar et al. 2005).
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Figure 4.4 Contact angle measurement of the fabricated hollow fiber membranes.
4.2.3 Study of percentage porosity and water uptake measurement

Figure 4.5 demonstrated the porosity and water uptake outcome from the fabricated
membranes. Hydrophilic membrane functional groups on membrane surfaces affect the
properties of the prepared membranes in terms of water uptake and porosity respectively.
From Figure 4.5 the porosity for the neat membrane PZCA-0 was 22.41% and PZCAP-0 was
25.20% respectively. The intensified dosages of the ZrO; in the neat dope solution, PZCA-1.5
and PZCAP-1.5 were 71.24% and 51.23% respectively. The improved percentage porosity of
the membrane was due to the following reasons. Firstly, the thermal instability on the
membrane surfaces is due to the intensified dosages, leading to a rapid demixing of the
solvent in the coagulation bath (Sajitha and Mohan 2005). Secondly, the small amount of
leaching of the ZrO> in rapid demixing of the solvent in the non-solvent coagulation bath
leads to the porosity on the membranes surfaces (Genne et al. 1996). From Figure 4.5, the
water uptake parameter for neat membrane PZCA-0 was 54.21% and PZCAP-0 was 54.60%
respectively. The enhanced dosages of ZrO2 contained membranes PZCA-1.5 was 72.26%
and PZCAP-1.5 was 82.42% respectively. The enhancement of porosity and water uptake
parameters further indicated increased membrane’s hydrophilic property. Finally, amine and
carboxylic functional groups on the CAP membranes exhibited the increased water uptake

and porosity of the hollow fiber membranes (Kumar et al. 2019).
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Figure 4.5 Porosity and water uptake of the prepared neat and ZrO> incorporated PPSU/CA
and PPSU/CAP modified hollow fiber membranes.

4.2.4 Pure water permeability (PWP) of fabricated membranes

Figure 4.6(a)—(b) illustrated the water permeability of the prepared pristine and zirconium
oxide immobilized PPSU/CA and PPSU/CAP hollow fiber membranes. Due to more
hydrophobic and less porous structures, the neat membrane exhibited the least parameter of
water permeability for PZCA-0 was 48.36 L/m?h bar and PZCAP-0 was 61.28 L/m?h bar. The
increased parameter of the water permeability was evidenced from membranes PZCA-0.6 was
84.05 L/m?h bar and PZCAP-0.6 was 100.96 L/m?h bar. The enhanced permeability
parameter was evidenced due to the presence of a huge amount of oxygen (—O-) from ZrO>
nanoparticles in the PPSU/CA and PPSU/CAP dope solution that creates an affinity for
hydrogen bonding in the PPSU casting solution (Thuyavan et al. 2014). The pure water
permeability property of the membrane also depends on the parameter of hydrophilicity and
porosity. From the figure, the increased dosages of nanoparticle influence increased the
hydrophilicity by enhancing the membrane porosity and water uptake. Fabricated CAP
membranes exhibited improved water permeability as it acts as better pore former
(Rahimpour and Madaeni 2007). It was evidenced from SEM images; cellulose acetate
membranes have less porosity.
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Figure 4.6 Pure water permeability of the prepared (a) PPSU/ZrO,/CA and (b)
PPSU/ZrO,/CAP hollow fiber membranes.

4.2.5 Antifouling properties of the fabricated hollow fiber membranes

Figure 4.7 shows the antifouling study of the fabricated hollow fiber membranes, which
includes three stages: pure water permeability, BSA permeability and water permeability,
later washing with the water. The behavior of fouling from the prepared hollow fiber
membranes hinders the durability performance of the membrane and finally reduces the
efficiency (Liu et al. 2017; Lv et al. 2017). From the figures, the neat membrane exhibited the
decreased parameter of pure water permeability in all the three stages due to its high
hydrophobicity and less porous structural features. There is an improved BSA permeability
parameters exhibited from modified hollow fiber membrane due to increased adsorption and
hydrophilicity of the membrane surface (Arockiasamy et al. 2017; Lv et al. 2017). The
augmented FRR parameter for the membranes PZCA-1.5 and PZCAP-1.5 were 79.01% and
81.94% respectively, due to the polar functional groups such as carboxylic, hydroxyl and
oxygen functional groups from the nanoparticle and additives on the membrane surfaces. The
enhancement of the FRR value further indicated better hydraulic cleaning from the membrane
(Hebbar et al. 2014; Rahimpour and Madaeni 2007). Furthermore, from figure 4.8(a) and
4.8(b) the other parameter, such as reversible fouling (Ry) and total fouling (R:) for neat
membranes PZCA-0 and PZCAP-0 were 42.20% and 74.71% respectively. The modified
membranes increased ‘Ry’ and ‘R¢” parameter to 55.07% and 76.99% respectively for PZCA-
1.5. In addition, the decreased ‘Rir’ parameter of modified membranes were 20.98% and
18.08% for PZCA-1.5 and PZCAP-1.5 respectively, compared to neat membrane Rir value of
32.50%. In conclusion, the increased parameter of the R; and Rt and reduced parameter of Rir

exhibited good antifouling behavior of the membrane. The lesser parameter of the Ri
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exhibited the improved reversible
Pereira et al. 2014).

cleaning of the modified membrane (Kumar et al. 2019;
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Figure 4.7 Antifouling permeability properties of fabricated neat and ZrO, contained PPSU

membranes for (a) the cellulose acetate (b) the cellulose acetate phthalate hollow fiber

membranes.
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and irreversible fouling (Rir) of the neat membrane, along with (a) ZrO, modified CA/PPSU

membranes and (b) ZrO. contained CAP/PPSU hollow fiber membranes.

4.2.6 Topography images of the membranes

Figure 4.9 demonstrated 3-dimensional topological surface roughness pictures of the

fabricated pristine and modified hollow fiber membranes. The tapping mode of the atomic

force microscopy for analyzing the surface topology was explained in the literature (Hebbar et

al. 2018a). Generally, the surface roughness parameter (Ra) was considered to study the
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membrane surfaces roughness (Kumar et al. 2019b). In this analysis, the value ‘Ra’ for neat
membrane was found to be 22.51 nm and 27.26 nm for PZCA-0 and PZCAP-0 respectively.
As ZrO> concentration increased in the dope solution, the membrane surface roughness
parameter was improved (Zheng et al. 2011). From Table 4.2, the ‘Ra’ value for PZCA-1.5
and PZCAP-1.5 was 49.75 nm and 53.62 nm respectively. The SEM pictures also promise the
enhancement of the porosity from the modified blended membranes. Also, from Figure
4.9(9)—(h) the nodular configuration was evidenced as the enhanced ZrO, concentrations in

neat dope solutions.

Table 4.2 Surface roughness properties of fabricated hollow fiber membranes

Membranes Rmax Rz (nm) Ra (nm) Rq (nm)
code

PZCA-0 203 8.26 22.51 29.62
PZCA-0.6 264 11.42 27.26 35.01
PZCA-1 324 19.52 39.48 49.54
PZCA-1.5 456 26.02 49.75 63.16
PZCAP-0 252 12.53 26.35 39.31
PZCAP-0.6 310 15.20 37.01 46.35
PZCAP-1 372 27.78 45.20 58.40
PZCAP-1.5 508 34.56 53.62 65.21
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Figure 4.9 3- dimensional membranes topological images of the neat membrane PZCA-0 and
PZCAP-0 (a and b) and increased dosages of ZrO: in cellulose acetate membranes (0.6 wt%
of ZrOz in PPSU/CA) PZCA-0.6, PZCA-1 and PZCA-1.5 as (c, e and g) and cellulose acetate
phthalate (0.6 wt% of ZrO; in PPSU/CAP) PZCAP-0.6 membranes, PZCAP-1 and PZCAP-
1.5 as (d, f and f) respectively.
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4.2.7 Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR)

Figure 4.10 illustrated the ATR-FTIR spectra for prepared neat hollow fiber membranes
(PZCA-0 and PZCAP-0) and ZrO, contained membranes (PZCA-1 and PZCAP-0.6). From
Figure 4.10(a) PZCA-0 membrane mainly attributed to the following functional groups as —
CH (alkane group), —OH (stretching), —-C=0 (carbonyl), O=C-OR (alkyl), and -C-O-
(cyclic ether functional group), attributed to the peaks related to 2833.25-2932.12 cm™,
3324.32 cm’, 1584.1653.23 cm™, 1484.25 cm™ and 1233.40 cm™ respectively. The peak at
1103.12 cm™ attributed to the —C—O—C— functional group of stretching vibration. The -C—H
stretching vibration was assigned at the peak of 870 cm™. From the membrane PZCAP-0,
Figure 4.10(b) the peak 2835.42 —2937.12 cm™ assigned to CH, group which is methyl
symmetric stretching functional group —C-H. The peak 3360 cm™ attributed to —OH
vibrational stretching. The carbonyl functional group (-C=0) was attributed to the peak at
1740 cm™. The cyclic ether group of CAP was assigned at the peak of 1237 cm™. The -C—H-
vibrational stretching at the peak of 868 cm™, in addition the vinyl aromatic conjugated group
was assigned at the peak of 1600 cm™ respectively (Kumar et al. 2019b; Manjunath and
Sailaja 2014b).

In a similar way from the Figure 4.10(c) the functional group of membrane PZCA-1, the
peak of 3419.33 cm™ was assigned to —OH stretching cellulose vibration, 2918.76 cm™
attributed to the CH> functional group. The group of —Zr—-O—C— was assigned at the peak of
1579.13 cm*. The stretching vibrational methyl functional group (CHs) at peak appeared at
1485.85 cm™. The -C-O-C functional group was assigned to the peak of 1104.48-1147.48
cm? respectively. From the Figure 4.10(d), membrane PZCAP-0.6 functional groups are, —
CH_ group at a peak of 2926.66 cm™. The peak at 1582.92 cm ascribed to —Zr—O—C which
was coupled to the —C—O—. The peak at 1640.88 cm™ is attributed to the —OH bending
vibration. The peak at 1104.06-1149.86 cm™ was assigned to the —C—O—C—, stretching
vibration. Therefore, the existence of the —Zr-O-C— groups attributed on to the ZrO;
containing membranes as PZCA-1 and PZCAP-0.6 confirmed the proper blending mixture of
ZrOz along with CA and CAP in the PPSU dope solution (Maximous et al. 2010; Zheng et al.
2011).
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Figure 4.10 Fourier transform infrared spectra of the neat membrane (a) PZCA-0 (b) PZCAP-
0 (c) PZCA-1.0 and (d) PZCAP-0.6 hollow fiber membranes.

4.2.8 Zeta potential of the membrane

The best performing membrane PZCA-1 surface potential measurement was performed
by illustrating pH and surface potential on the X- and Y- axis, respectively, as shown in
Figure 4.11. From pH 2.5 to 8.0, the membrane surface was negatively charged. The
increased zeta potential -28.13 mV was recorded at neutral pH (pH 7). The other pH
parameter, at pH 8.09, the surface potential recorded as -28.19 mV. In addition, the reduced
zeta potential of -14.49 mV was noted at pH 4.88. The negative parameter of the surface
potential was also observed at pH 3.58 as -8.06. The higher positive surface potential of 0.43

mV was recorded at pH 2.46. The membrane surfaces became more negatively charged with
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increased pH value and hence the negatively charged arsenate oxide (AsO4>) was repelled
(Lohokare et al. 2008). Due to the de-protonation of cellulose acetate, the hydrophilic
functional group as —CO2H and —OH imposes a negative charge to the ZrO contained
membrane surface. The membrane isoelectric point was noted at pH 2.53. At this pH, no
surface potential was observed. The negative membrane surface potential enables the
enhancement of the hydrophilicity and repulsion properties (Gupta et al. 2013; Luo et al.
2013).
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Figure 4.11 Surface potential (Zeta potential) measurement of the membrane PZCA-1.
4.2.9 TEM images of the nanoparticle

High-resolution transmission electron microscopy (HR-TEM) pictures of the nanoparticle
(ZrO2) are shown in Figure 4.12(a)—(d) along with the ZrO; selected area diffraction pattern
(SAED) was illustrated in Figure 4.12(e). Agglomerated ZrO; particles were observed from
Figure 4.12. The nanoparticles were not dissolved evenly in the ethanol solution because of
the agglomeration of ZrO; in the solvent. The counter-ions electrostatic attraction between the
nanoparticle leads to agglomeration in the ethanol solution. Furthermore, ZrO; revealed the
uniform shape and size in the 3-5 nm diameter range. The lattice finger-like projection was
evidenced. The distance between the finger-like projections was maintained as 0.254 nm. The
lattice structures were observed in HR-TEM microstructural images because of the edge
dislocation (Ibrahim et al. 2018a). Owing to the occurrence of the tiny spots and particles in

the rings, ZrO- exhibited polycrystalline behavior (Doyen et al. 1991).
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Figure 4.12 TEM images of ZrO, nanoparticles with different magnifications (a-d) and
SAED pattern (e).

4.2.10 XRD of nanoparticle

The intensity of the peaks concerning the diffraction angle is represented in Figure 4.13.
The crystalline behavior of the ZrO. nanoparticle was analyzed in detail using X-ray
diffraction (XRD). The behavior of the nanoparticle was amorphous and polycrystalline with
corresponding angle peaks at 27.78°, 29.81°, 31.26" and 31.90" with respect to the plane of (1 1
1),(101),(101)and (11 1) respectively. From the two theta values of XRD, there is no
such differences concerning with the diffracted angle in comparison to a reference pattern
(Ren et al. 2011).
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Figure 4.13 X-ray diffraction image of zirconium oxide nanoparticle.
4.2.11 Particle size distribution of the nanoparticle

The ZrO2 nanoparticle’s dynamic light scattering (DLS) and zeta potential have been
illustrated in Figures 4.14(a)-(b). The measured 20 wt% of ZrO: nanoparticle was

homogeneously blended by probe sonicator in the water for about 15 min. From Figure
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4.14(a), the average particle size is specified as 1638 nm in the diameter from the DLS

process. From Figure 4.13(b), the zeta potential measurement of the nanoparticle has negative

polarity along with the zeta potential of -142.9 mV and zeta charge of the nanoparticle

1.56449 Coloumb (Dos Santos et al. 2014).
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Figure 4.14 (a) Particle size analysis by dynamic light scattering (DLS) method and (b) zeta

potential parameter of the zirconium oxide nanoparticle.
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4.2.12 Thermogravimetric analysis (TGA) of the membrane

The percentage weight loss of the membrane represented on the Y-axis and with respect
to temperature ('C) on the X-axis of neat (PZCA-0 and PZCAP-0) and ZrO; containing
membranes (PZCA-1 and PZCAP-0.6) are shown in Figure 4.15. From the figure, the
decomposition temperature of the neat membrane was higher than the ZrO: incorporated
membranes. The primary stage of degradation starts from temperature 25 'C to 205 C. This
stage was related to the volatilization of the volatile matter and the adsorbed water
evaporation. Due to the decomposition of the sulphuric acid chains present in the membrane,
the most important second stage of degradation happens from 210 'C to 555 C. The final
stage of decomposition occurs from 560 'C to 850 'C. The polymeric blended chains were

absolutely broken into ash at this temperature range.

In addition, the initial stage of thermal degradation for PZCA-1 and PZCAP-0.6 was from
room temperature to 190°C. This is due to the vaporization of the adsorbed water. The next
stage of thermal degradation was from 195 'C -590 C due to the decomposition of the
nanoparticle (ZrO) and additives (CA and CAP). Lastly, the chains of polymers decompose
to form ash above 600 C. Due to the incorporation of the hydrophilic additives and
nanoparticle (ZrO-) into the PPSU polymer matrix, there is a notable thermal miscibility. The
ZrO> contained membranes have superior thermal stability from TGA analysis (Gupta et al.
2013; Shukla et al. 2017c).
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Figure 4.15 Thermogravimetric analysis (TGA) of the prepared membrane.

96



Chapter 4

4.2.13 Molecular weight cut off study of prepared hollow fiber membrane

The molecular weight cut off (MWCO) analysis of the fabricated best performing
membrane (PZCA-1) was illustrated in Figure 4.16. The MWCO of the best-
performing membrane was analyzed using different molecular weights of PEG. The measured
MWCO of the beast performing membrane (PZCA-1) was 17745 Da, confirming that the
prepared membrane was an ultrafiltration membrane. The PZCA-1, PEG rejection was
62.98%, 67.97% and 94.24% corresponding PEG molecular weights of 4,000, 6,000 and
20,000 Da respectively. It was observed that when the molecular weight of the PEG

improved, the proportion of membrane rejection increased as well.
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Figure 4.16 Molecular weight cut off study of the prepared membrane.
4.2.14 XPS images of the membrane sample

The chemical bonds such as 532.11 eV, 284.78 eV and 167.91 eV were attributed to the
Ols, Cls and S2p respectively were illustrated in Figure 4.17(a). The exertion peaks at 284.79
eV, 532.10 eV and 167.90 eV were attributed to the presence of deconvoluted elements of
Cls, Ols and S2p respectively. In addition, the deconvolution of O1s, C1s and S2p outcomes
are shown in Figure 4.17(b) — (d). The binding energies 531.90 eV and 533.10 eV were
attributed to the functional group —C=0 and —C—O-H functional groups corresponding to the
O1s group. From Figure 4.17(c) the binding energies 287.97 eV, 286.10 eV and 284.97 eV
were related to -C—O—, —-C=0 and —C-C- for C1s bonds respectively (Rodrigues-Filho et al.
1996). From Figure 4.17(d), the 167.86 eV, sulphur binding energy S2p were attributed to
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82p(§) as SO4®) (sulphate) and 168.94 eV attributed to SZp(%) as the SO,-C (sulphone)

respectively (Castner et al. 1996). From Figure 4.17(e), the Zr3d binding energy peaks
attributed to 183.6 eV as Zr3d(§) and 181.71 eV attributed to Zr3d(§) respectively. Therefore,

the XPS outcomes also confirmed the existence of the blended additives and nanoparticles on

the PPSU ultrafiltration hollow fiber membranes.
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Figure 4.17 (a) XPS wide angle spectra, (b), (c), (d) and (e) deconvoluted narrow spectra of

the bonding element of O 1s, C 1s, S 2p and Zr-3d respectively of the PZCA-1 membrane.
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4.2.15 Arsenic-V removal from prepared membranes

The arsenic-V rejection efficiency of as-fabricated neat and zirconium oxide incorporated
PPSU/CA and PPSU/CAP hollow fiber membranes was demonstrated in Figure 4.18. Prepared
membranes were subjected to a laboratory-made 1 ppm arsenic-V aqueous solution with
transmembrane pressure of 0.1 MPa. After ionization of H3AsOs in water (H20), it was
converted to arsenate oxide (AsOs’") solution as represented in Equation 3.1. HAsO4,
HAsO*>~ and AsO4* are the various forms of arsenate (Hao et al. 2018a). From Figure 4.18,
membranes PZCA-1 and PZCAP-0.6 demonstrated improved arsenate oxide removal than the
other membranes. From Figure 4.18 and Figure 4.19, less arsenic-V removal properties can be
observed as 18.89% and 28.53% with corresponding permeability of 41.54 L/m?h bar and
58.19 L/m?h bar respectively for neat PZCA-0 and PZCAP-0 membranes. The lesser removal
behavior of arsenic-V from neat membranes is because of the hydrophobicity and the absence
of the amine and carboxylic functional group (Shukla et al. 2018). Therefore, to improve the
various functional groups and hydrophilicity on the membrane surfaces, zirconium oxide
(ZrOy2) as a nanoparticle was selected. The incremental dosages of ZrO; (0.6, 1 and 1.5 wt%) to
the pristine membrane PZCA-0 and PZCAP-0 resulted in a dramatic increase of arsenic-V
removal. Membranes PZCA-1 and PZCAP-0.6 showed enhanced arsenic-V rejection of
87.24% and 70.48% with arsenic-V membrane permeability of 89.94 L/m?h bar and 70.59
L/m?h bar respectively. This is due to the improved repulsive ability and the homogeneous
blend of the additives (CA and CAP) and ZrO> nanoparticle in the PPSU dope solution, which
further helps to increase arsenic-V removal efficiency. Also, because of the presence of the —
COOH and —NH: functional group on the membrane surfaces, increased rejection of arsenate
oxide from the membranes was witnessed, which provides more electrostatic-repulsive force
between negatively charged membrane surface and negatively charged arsenate oxide (AsO4*)
(Pérez-Sicairos et al. 2009a). However, PZCA-0.6 demonstrated 13.53% arsenate oxide
rejection without the influence of ZrO, dosages in the PPSU/CA membranes. Increased
nanoparticle dosage in the PPSU dope solution showed arsenic-V removal as 41.28, 10.35 and
31.14% for membranes PZCA-1.5, PZCAP-1 and PZCAP-1.5 respectively. The decrease in
arsenic-V rejection properties is because of the increased concentration polarization on the
surfaces of the membranes (Hao et al. 2018b; Pessoa-Lopes et al. 2016). Figure 4.19(a)-(b)
lowered arsenic-V permeability 84.18 L/m?h bar and 105.52 L/m?h bar for PZCAP-1.5 and
PZCAP-1 membranes respectively. The reduced permeability for arsenic-V removal of

PZCAP-1.5 is attributed to the increased zirconium oxide concentration (1.5 wt%), leading to
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nanoparticle agglomeration, that blocks the membrane surface pores. The concentration
polarization for arsenic-V removal of the fabricated hollow fiber membranes were illustrated
in Table 4.3.
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Figure 4.18 Comparison of the arsenic-V removal properties of the neat membrane (PZCA-0
and PZCAP-0) and ZrO, in PPSU/CA membrane as (PZCA-0.6, PZCA-1
and PZCA-1.5) and ZrOz in PPSU/CAP membranes as (PZCAP-0.6, PZCAP-1 and PZCAP-
1.5).
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Figure 4.19 Arsenic-V permeability of the (a) neat membrane (PZCA-0) and ZrO> modified
CA membranes as (PZCA-0.6, PZCA-1, and PZCA-1.5), (b) neat membrane (PZCA-0) ZrO>
modified CAP membranes as (PZCAP-0.6, PZCAP-1, and PZCAP-1.5).
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Membrane | Velocity (v) | Mass transfer | Concentration
codes (s) coefficient polarization (%)
(K) (m/s)

PZCA-0 0.00256 1.085% 10°° 1.110
PZCA-0.6 0.00482 1.44x10° 1.153
PZCA-1 0.0784 3.696 x10° 1.780
PZCA-1.5 0.1330 4.55x107° 1.197
PZCAP-0 0.0697 3.339x10° 1.122
PZCAP-0.6 0.02132 2.374x10° 1.655
PZCAP-1 0.0689 3.403x10° 1.077
PZCAP-1.5 0.0957 3.786x10° 1.139

Table 4.3 Concentration polarization for arsenic-V removal of the fabricated membranes

4.2.16 Positron annihilation lifetime spectroscopy (PALS) analysis of the membranes

The neat (PZCA-0) and ZrO, contained (PZCA-1) membranes positron annihilation was
carried out using radioactive isotope sodium (?Na) as a source of positrons. The sodium
chloride (NaCl) was dissolved in hydrochloric acid (HCI) solution and deposited drop by drop
on HCI solution. The foil of pure and well-annealed Ni (thickness of 2 mm) until the
necessary strength of around 5 Ci was obtained. The non-deposited component of the foil was
then folded to protect deposition. In this form, the source used on either side to get
sandwiched between specimens of the samples where the positrons were released are stopped
and annihilated. From a few meV to 545 keV. 22Na emits positrons of all possible energies.
The formula R measured the positron spectrum of 545 keV endpoint energy
(mm)=1.86/density. In this instance, the membrane sample thickness was much smaller than
the maximum range of the positron. To ensure that all positrons were stopped inside the
samples, a membrane had to be folded to create enough layers. The total thickness was more
significant than the maximum range of positrons. The positron properties were illustrated in
Table 4.4.
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Table 4.4 Positron properties of the membranes

Sample Mass | Area  of | Thickness | Density | Range of | No.  of | No. of
9) the (cm) (gcm™) | positrons | foils foils used
membrane (mm) needed in the
(cm?) to stop | experiment
positrons
Neat 0.7788 | 283.34 0.008 0.3436 541 67.62 80
membrane
(PZCA-0)
Modified | 0.1658 74.61 0.007 0.3167 5.85 83.50 80
membrane
(PZCA-1)

Two tests have been performed: Positron annihilation lifetime spectroscopy (PALS) and
Doppler broadening spectroscopy (DBS). In PALS measurement, the time of interval between
the 1.26 MeV emissions emitted at the same time as the positron and the time of interval
between the two 0.511 MeV gamma rays emitted at the time of annihilation were calculated
using a gamma-gamma coincidence method. As gamma rays detectors paired with the
XP2020Q photomultiplier tubes and nuclear electron module chain to process the signals, the
setup consisted of BaF. scintillators. In PALS, with a peak to background ratio of about
8000:1, approximately 0.8 million counts were obtained. Using PALSfit, the data collected

were analyzed.

The PALS findings are given in Table 4.5. As shown in Figure 4.20, the predicted multi-
exponential decay nature of the spectra for the two samples is more or less overlapping,
suggesting very little or no change between them. In terms of four lifetimes and intensities,
each spectrum was analyzed. The first and second lifetimes, t1 and t2 are those positrons that
are annihilated in the free state and then caught in defects and eventually annihilated. The
third and fourth lifetimes t3 and t4 are those of orthopositronium (o-Ps) atoms that are formed
within the samples in free volume cavities of two different size regimes and annihilated by

surrounding electrons.

102



Chapter 4

—PZCA-0
—PZCA-1

Coincidence counts
I— —
(—] (—)
w N
1 sl

—
>
~
sl

i

0 200 400 600
Channel number

b
<>
1
e

Figure 4.20 PALS lifetime spectrum for neat membrane (PZCA-0) and zirconium oxide
contained membrane (PZCA-1) samples.

In terms of four lifetimes and strength, each spectrum was analyzed. The first and second
lifetimes of t1 and 12 are those positrons annihilated in the free state and stuck in defects and
eventually annihilated. The third and fourth lifetimes t3 and 4 are those of orthopositronium
(0-Ps) formed inside the samples in free volume cavities of two different size regimes and

annihilated by electrons from the atmosphere. The outcome was summarized in Table 4.5.

As already mentioned, the changes are too small to attribute any real significance. But still,
we observe a small increase in all the positron/o-Ps lifetimes. This shows that the open
volume defects have slightly grown in size. The Tao-Eldrup equation connects the measured
0-Ps lifetime t3 (ns) or 14 (ns) with the respective radii Rs or R4 of the free volume defects in

which o-Ps are formed by the relation using Equation 4.1.

-1
1 R 1 . 27R
e -7 sin 3/4 41

Where, 7, is expressed in ns (nanosecond), Rz is the free volume cavity radius represented

in A and Ro is Raa + AR where, A is the parameter of the empirical electron layer thickness,
taken in 1.66 A, across the cavity. The free volume fraction f, was also reported using
Equation 4.2.

fuaia = AViszalssa (4.2)
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where V3= (4/3)1R34° is the size of the free volumes and A= 0.0016 A2 is a constant.

Table 4.5 Positron lifetime and intensity properties from the prepared membranes

Sample | t1(ns) |t2(ns) | T3 (ns) |[7a(ns) | 11(%) | 12(%) | 13 (%) | l4 Tm (NS)
(%0)

Neat 0.1109 | 0.3532 | 1.5362 |2.9786 |25.70 |48.95 |21.21 |4.14 |0.6505
membran | + + + + + + + + +

e (PZCA- | 0.0055 | 0.0099 |0.0851 |0.3343 |1.54 |1.18 |1.35 |0.80 |0.0200
0)

Modified | 0.1223 | 0.3694 | 1.6322 |4.1221 |25.30 |49.12 |23.47 |2.11 |0.6825
membran | + + + + + + + + +

e (PZCA- | 0.0071 | 0.0115 |0.0549 | 05131 [1.91 |155 |0.49 |0.69 |0.0230
1)

Table 4.6 The results of these calculations are given below

Sample R3 (A) Ra4 (A) fus (%0) fua (%0) S parameter

Neat 2.38 3.62 1.92 1.32 0.4209+0.0008
membrane
(PZCA-0)
Modified 2.49 4.31 2.42 1.13 0.4215+0.0008
membrane
(PZCA-1)

Results have indeed shown from Table 4.6 that the free volume cavities have increased in
size. The fractional free volumes (fv) values indicated that, although the smaller free volumes
increase the concentration marginally, the more significant one decreases, likely suggesting a

kind of free volume agglomeration.

Also, a DBS experiment was performed, and spectra have been presented in Figure 4.21.
The S parameter is derived from each spectrum as the ratio of counts under 0.511+0.00058
MeV to the total counts under the full spectrum. The energy interval chosen around 0.511
MeV corresponds to the magnitude of the doppler shift that can affect the annihilation

gamma-ray energy (0.511 MeV) by the momentum of the low momentum (valence and free)
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electrons in the material. The S parameter is proportional to the total defect volume within the
sample. The values are shown in the last column of the above table. The observed change is
within the error bars; hence, little can be derived from this result. A tiny increase of the ‘f’
parameter, the ‘S’ parameter in the case of the modified membrane has slightly more defect
volume than the neat membrane (PZCA-0). This is consistent with the positron lifetimes
results, which show the overall defect volume fv3 + fv4 as 1.92+1.32 = 3.24% in the neat
sample, whereas 2.42+1.13 = 3.55% in the modified sample.
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Figure 4.21 Doppler broadening spectroscopy (DBS) spectra for neat membrane (PZCA-0)

and zirconium oxide modified membrane (PZCA-1) samples.

4.2.17 Leachability study of the neat and ZrO: contained membranes

The leachability nature of the Zr from the hollow fiber membrane with different pH
values (4.3, 7.1 and 9.1) was illustrated in Table 4.7. It was witnessed from the table that there
was much less leaching (<0.08 ppb) of Zr from modified hollow fiber membranes. This is due
to the reason that, in presence of water, the surface of the ZrO- is protonated by a surface
hydroxyl group, which undergoes acidic pH protonation. The protonation tended to weaken
and break the surfaces of the Zr-O bonds, resulting in greater release of the Zr in the acidic
permeate pH solution than the neutral pH solution. The pH of the water increases, the
leachability from the prepared membranes decreases. There is no considerable leakage of the

nanoparticle (Zr), because of the homogeneous solubility of the zirconium oxide in the PPSU
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dope solution. Due to the increased solubility and reduced leakage of the zirconium implies

increased stability of the modified membranes.

Table 4.7 Leachability of zirconium oxide with different pH

Membranes pH-4.3 pH-7.1 pH-9.1
code

PZCA-0.6 0.055 ppb 0.03 ppb <0.01 ppt
PZCA-1 0.026 ppb <0.01 ppt <0.01 ppt
PZCA-15 0.094 ppb 0.015 ppb 0.011 ppb
PZCAP-0.6 0.026 ppb 0.015 ppb 0.008 ppb
PZCAP-1 0.038 ppb 0.024 ppb 0.024 ppb
PZCAP-1.5 0.066 ppb 0.005 ppb <0.01 ppt

4.3 SUMMARY OF THE PRESENT WORK

The zirconium oxide incorporated cellulose acetate derivatives in polyphenylsulfone

novel ultrafiltration hollow fiber membranes were fabricated. The fabricated membranes have

successfully removed arsenic-V from arsenic-V-contaminated aqueous solution. The effect of
different dosages of ZrO, on CA/PPSU and CAP/PPSU polymeric matrix was well

understood. FTIR and XPS analysis confirmed the implementation of additives and

nanoparticle (ZrO2) into the PPSU matrix in terms of their different functional groups and

chemical bonds. Incorporating ZrO> into the neat membranes causes expansion of the finger-

like projections and improves overall porosity on the membrane surfaces. The membrane

surface hydrophilicity was improved with intensified dosages of ZrO», which enhanced the

pure water permeability and water uptake.
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The ZrO> containing membranes revealed enhanced antifouling behavior compared to the
pristine membranes. Because of the increased antifouling behavior, the hollow fiber
membranes exhibited the improved flux recovery ratio (FRR), as noticed from membranes
PZCA-15 as 67.49% and PZCAP-0 as 70.02% respectively. The increased repulsion of
arsenate oxide from negatively charged ZrO> containing membranes influences the increased
percentage of arsenic-V removal from arsenic-V aqueous solution. As such, 87.23% and
70.48% with permeability of arsenic-V as 89.94 L/m?h bar and 70.59 L/m?h bar was observed
for PZCA-1 and PZCAP-0.6 respectively. There is an improved removal of arsenic-V in the
pH range of 2.1-8 from fabricated membranes. Increased ZrO; nanoparticle concentration has
also shown decreased arsenic-V removal behavior. This is due to the ZrO agglomeration on
the membrane surfaces. Therefore, the modified membranes can be used for efficient removal
of arsenic-V from aqueous solution, as the membranes exhibited improved arsenic-V rejection

properties.
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Abstract

In many parts of the world, arsenic contamination continually threatens the safety of drinking
water. Ingestion of drinking water contaminated with chronic arsenic can cause serious health
concerns. The synthesis of novel efficient materials plays a vital role in the systematic
rejection of arsenic-V from the aqueous solution. The effect of incremental dosages (0.6, 1
and 15 wt%) of zinc-magnesium oxide (ZnO-MgO) to cellulose acetate
(CA)/polyphenylsulfone (PPSU) and cellulose acetate phthalate (CAP)/polyphenylsulfone
(PPSU) hollow fiber membranes for arsenic-V removal from aqueous solution was
performed. As used ZnO-MgO was characterized using x-ray diffraction (XRD), transmission
electron microscopy (TEM) and particle size distribution analysis. The properties of the
fabricated hollow fiber membranes were analyzed in detail using scanning electron
microscopy (SEM), x-ray photoelectron Spectroscopy (XPS), atomic force microscopy
(AFM), fourier transform infrared spectroscopy (FTIR), zeta potential, antifouling studies and
thermogravimetric analysis (TGA). The outcome revealed that the overall efficiency and
lifetime of the membrane were significantly enhanced. An improvement in the arsenic-V
removal properties was demonstrated in 0.6 wt % of ZnO-MgO in CAP/PPSU (ZMCAP-0.6)
membrane as 81.31% with an arsenic-V permeability of 69.58 L/m?h bar respectively.
Similarly, by 1 wt% of ZnO-MgO in CA/PPSU (ZMCA-1) membrane removed 78.48% of
arsenic-V with the permeability of 198.47 L/m?h bar respectively with a prepared arsenic-V
aqueous solution (pH 6.8+0.2) at 0.1 MPa transmembrane pressure (TMP). Furthermore,
improved antifouling properties were observed related to increased flux recovery ratio (FRR)
and enhanced thermal stability of the membranes for incremental dosages of ZnO-MgO in
PPSU membrane matrix. Thus the ZnO-MgO containing membranes improved arsenic-V

removal tendency without compromising the permeability.

5.1 INTRODUCTION

Freshwater contributes for about 2.5% of the world's total water. Only 0.3% of this is
available on the surface, with the remainder being groundwater. As a result, the majority of
living things rely on groundwater. However, different natural and manmade sources have
contaminated groundwater in many places (Karmakar et al. 2018). The primary source of
drinking water is groundwater. The toxic arsenic contamination in the drinking water has
created a global issue and a great disaster to the health of millions of population and the

environment. The arsenic content in the environment is usually low. Still, it rises as the
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contributions from different sources such as volcanic activities, fossil fuel consumption,
industrial activities and smelting are the sources for arsenic (He et al. 2017; Meharg and
Meharg 2021). Ingestion of low level of arsenic-contaminated water results in harmful health
diseases such as nausea, jaundice, erythema, diarrhea, vomiting, throat dryness and headache.
Chronic arsenic consumption causes health-hazardous severe problems such as cancer,
disease related to cardiovascular, abdominal pain, diabetes, stomach pain and even death
(Shan et al. 2019; Yadav et al. 2021b). These health issues revealed how unsafe drinking
water in the human body accumulated with arsenic. Arsenic is therefore considered
hazardous, toxic and carcinogenic to human health. According to a World health organization
(WHO) report, Bangladesh and the Bengal basin in West Bengal of India are significant
regions impacted by the possibility of drinking water polluted with arsenic. The united state
environmental protection agency (USEPA) sets 10 ppb as the maximum permissible level of
arsenic pollution in drinking water. More than 200 million population have reportedly been
suffering from arsenic-related health-hazardous issues (Kumar et al. 2019c). Therefore,
developing a cost-effective system for efficiently removing arsenic from arsenic-contaminated

water is very much essential.

Many of the technologies have been reported for treating the arsenic-contaminated water
such as ion exchange (Epsztein et al. 2019b), phytoremediation (Delgado-Gonzalez et al.
2021; Li et al. 2018a), coagulation-flocculation (Ma et al. 2019) and membrane-based
filtration process like nanofiltration (He et al. 2018; Rajendran et al. 2021) and reverse
osmosis (Abejon et al. 2015b; Jarma et al. 2020). Nevertheless, the processes demonstrated
their demerits for the removal of arsenic from the drinking water (Crini and Lichtfouse 2019).
The ultrafiltration membrane process is versatile in membrane technology to remove arsenic
(Kumar et al. 2019c; 2020a). The key benefits of using the ultrafiltration process are the high
throughput of the filtered products with low-pressure intake and less maintenance
requirement. Moreover, the high surface area to volume ratio associated with hollow fiber
membranes was more dominant than flat sheet membranes. The increased surface area
improved permeability and increased fouling resistance and high filtration performance
(Kumar et al. 2020a; Mukherjee et al. 2019).

Many of the researchers used varieties of organic polymers to fabricate membranes and
enhance the membranes efficiency. Researchers were attracted by polyphenylsulfone (PPSU)

because of well-known properties such as high thermal stability (T4-220 °C) higher than
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polysulfone (T4-190 ‘C) most equivalent to polyethersulfone (T4-210 'C) and better chemical
stability (Golpour and Pakizeh 2018a).

Sani et al. (2014) fabricated membranes with varieties of properties using the phase inversion
process. The results unveiled that with increasing concentrations of polymer in the dope, the
enhanced solute rejection was witnessed because of the reduced pore size on the membrane
surface, which was more effective at preventing solutes from passing through the membrane.
The sponge-like morphological structures were enhanced with the increased concentrations of
the PPSU in the dope from SEM images. The high contact angle and reduced methanol flux

were evidenced with enhanced dosages of PPSU.

Shukla et al. (2018) developed nanofiltration PPSU membranes using carboxylated graphene
oxide as nanoparticles for various heavy metal rejection from an aqueous solution. The

modified PPSU membranes exhibited enhanced thermal stability.

Golpour and pakizeh (2018) reported polyamide/ metal-organic framework graphene oxide
incorporated PPSU based mixed matrix membranes. Membranes produced were exhibited
enhanced properties. However, the pristine PPSU membranes were less porous, hydrophobic,
and vulnerable to fouling and less water permeability. In addition, the inclusion of inorganic
nanoparticles in the polymer matrix enhances the hydrophilicity, porosity, fouling resistance,

pure water permeability, arsenate rejection properties and membrane mechanical properties.

Moreover, in the current application, ZnO nanoparticle has raised concerns due to their
excellent thermal and chemical stability, antimicrobial and antibacterial properties, and high
surface area to volume ratio. Hence, magnesium oxide (MgQO) was introduced as a preferred
nanoparticle for preparing and improving membrane properties through homogeneous
dispersion of the nanoparticles and additives in the dope solution preparation (Durthi et al.
2018c). MgO nanoparticle is well known to have contributed to a wide bandgap and high
surface area, which improves membrane filtration performance and selectivity (Han et al.
2016). The literature demonstrated that, incorporating inorganic binary oxide nanoparticles
into organic polymers would increase the overall efficiency of the membrane (Chung et al.
2017; Tan et al. 2017).

Hong and He (2012) developed PVDF microfiltration membranes with the increased dosages
of the nano-ZnO nanoparticles. From SEM and AFM analysis, the surface roughness

increased with an incremental nanoparticle dosage. Also, finger-like projections and
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microporous structures were expanded with nanoparticle concentrations. The enhanced peaks
and valleys were witnessed from modified membranes compared to neat membranes. The
improved hydrophilicity of the membranes was promised with ZnO dosage in PVDF
membranes, which was established from porosity/water uptake and contact angle

measurement.

Rajabi and co-workers (2015) modified PES hydrophobic membranes with various ZnO
nanomaterials such as ZnO nanoparticles and ZnO nanorods. The performance of each
membrane was evaluated and compared. The nano-fillers incorporated membranes showed
enhanced morphologies and hydrophilicity. The increased reusability and durability were
witnessed with the ZnO nano-rods than the ZnO nanoparticle. The ZnO nanorods were
outperformed with PES membranes in enhancing antifouling and improved surface roughness

than the ZnO nanoparticle with PES membranes.

Wu et al. (2016) have reported polysulfone (PSf) ultrafiltration membranes by including
polydopamine/ zinc complex coating on flat sheet membranes. This contributed to higher
water flux and antifouling properties of Zn-PDA/PSf composite membranes than neat
(PSf/IPDA) membranes. More importantly, the Zn-PDA/PSf membranes exhibited
considerably improved stability in the both basic and acidic solutions, because the complexity
of the zinc species and PDA helps to cross-link the self-assembled PDA oligomers. The zinc
complex coating can thus resist electrostatic repulsion force between the charged PDA

oligomers and under harsh conditions, maintain the integrity of the thin PDA coatings.

Han and group members (2016) developed hybrid membranes of polyethersulfone
(PES)/magnesium hydroxide Mg(OH>) by phase inversion process. The dosage of MgOH> on
the PES membrane matrix has a significant outcome in terms of increased hydrophilicity,
porosity and pure water permeability. The enhanced antifouling behavior exhibited a 73.8%
of flux recovery ratio (FRR) for the prepared membrane for egg albumin as a model protein

with increased Mg(OH.) dosages in the PES membrane matrix.

Tan and group members (2017) fabricated ultrafiltration membranes by non-solvent induced
phase separation process using polyvinylidene fluoride (PVDF) and zinc-iron oxide (ZiO)
nanoparticles. The ZiO contained membranes showed enhanced membrane properties interms
of their high surface area, increased hydrophilicity and enhanced antifouling properties with

negative surface charge.
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Chung et al. (2017) have reported mixed matrix membranes prepared using binary oxide
nanoparticles ZnO-graphene oxide (ZnO-GO). The best performing membrane output was
shown from membranes containing 2 wt% ZnO and 0.6 wt% ZnO-GO. These two membranes
had significantly better hydrophilicity, water permeability, porosity, higher humic acid
rejection rate and antibacterial control. The modified ZnO-containing membranes showed
enhanced antifouling behavior with the increased flux recovery ratio. To an extent, these
nano-hybrid membranes have excellent antimicrobial potential proved to be a suitable

candidate for resolving biofouling problems.

Ekambaram and co-workers (2017) have reported nanocomposite membranes using PVDF as
base polymer and ZnO-carboxymethyl chitosan (ZnO-CMC) as binary oxide nanoparticles by
NIPS process. The modified membranes exhibited increased membrane properties. From the
literature, MgO as a binary oxide nanoparticle for membrane preparation is limited. Because
of the absence of several functional groups, incorporating the ZnO-MgO binary oxide in the
PPSU polymer matrix may present inadequate arsenic rejection from the prepared
ultrafiltration hollow fiber membranes. To overcome the above issue, hydrophilic cellulose
acetate and cellulose acetate phthalate was introduced to improve functional groups such as
hydroxyl (-OH), carboxyl (—-CO2H) and carbonyl (—C=0) on the membrane surface. The —
OCOCH3 group implanted the cellulose acetate membrane, which facilitated the excellent
rejection of the arsenic species from the aqueous solution through the surface complexation

process.

Ayyaru et al. (2020) have developed PVDF membranes with graphene oxide /zinc oxide
(GO/ZnO) as additives. The additive dosage membranes exhibited 48% increased pure water
flux than the pristine membrane. The increased FRR values suggested the modified
membranes have increased antifouling properties. The decreased irreversible fouling (Rir) was
observed from 15.09% for the pristine membrane to 7.21% for modified membranes. This
further indicated the enhanced lifetime of the membranes. In addition, the Go-ZnO
membranes exhibited enhanced porosity, hydrophilicity and surface roughness properties

compared to neat PVDF membranes.

Also, cellulose acetate bio-sorbents derivatives consist of glycosidic linkages (-1-4,
which assist in amplifying hydroxyl functional group and superior properties in reported
membranes (Kumar et al. 2019c, 2020a; Shenvi et al. 2014b). In addition, the cellulose

acetate as an adsorbent exhibited the following benefits: moderate permeability, non-toxic,
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renewable source and low cost (Durthi et al. 2018c). Previously hollow fiber membranes had
different dosages of ZrO» (0.6, 1 and 1.5 wt%) of PPSU/CA derivatives for enhanced uptake
of the arsenic-V along with increased hydrophilic properties. Membranes prepared by 1 wt%
of ZrO; in CA/PPSU and 0.6 wt% of ZnO-MgO in CAP/PPSU revealed improved arsenic-V
rejection of 87.27% and 70.48% corresponding permeabilities were 89.94 L/m?h bar and
70.59 L/m?h bar respectively. However, the neat membrane 0.3 wt% of CA in PPSU and 0.3
wt% of CAP in PPSU as 18.89% and 28.53% corresponding permeability for arsenic-V were
41.54 L/m?h bar and 58.19 L/m?h bar respectively (Kumar et al. 2020a). The enhanced amine
and carboxylic functional groups on the membrane surface enable membrane surfaces to be
negatively charged. The increased arsenic-V rejection properties from ZrO contained
membranes were reported. Furthermore, the negatively charged membrane surfaces tend to
improve the repulsion of negatively charged arsenate oxide (AsOs%). Still, no any analysis
described the advantages of ZnO-MgO in membrane filtration processes. However, binary
ZnO-MgO nanoparticle has been used in nanocomposites and thin-film development
applications. The key benefits of ZnO-MgO nanoparticles are high thermal stability, high

antimicrobial and antibacterial properties and enhanced photocatalytic properties.

Nonetheless, no scientific research on the use of ZnO-MgO as a binary oxide
nanoparticle for the fabrication of polyphenylsulfone based hollow fiber membranes has been
reported from the literature. The main objective of this work is to fabricate and characterize
the ultrafiltration hollow fiber membranes containing different dosages of ZnO-MgO
integrated into the CA/PPSU and CAP/PPSU polymer matrix (Kumar et al. 2019c). The
influence of the ZnO-MgO on the morphologies and topographies of the CA/PPSU and
CAP/PPSU membranes, thermal properties and antifouling properties were studied. In
addition, prepared hollow fiber membranes were subjected to the transmembrane pressure of
1 bar for arsenate oxide (AsOs%) using laboratory prepared 1 ppm standard arsenic-V solution
at pH 6.8+0.2.

5.2 RESULTS AND DISCUSSION
5.2.1 High-resolution transmission electron microscopy

The high resolution-transmission electron microscopy (HR-TEM) images of the ZnO-
MgO are shown in Figure 5.1(a) — (e). Figure 5.1(f) demonstrated the selected area electron
diffraction (SAED) configuration of used ZnO-MgO. The nano-sized and aggregated ZnO-

MgO particle was observed from the images. A noticeable agglomeration resulted and was
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noticed in Figure 5.1 due to ZnO-MgO improper sonication in the ethanol solution. The
agglomeration was due to the electrostatic attraction between the counter-ions. The sheet-like
thin film from the MgO nanoparticle was deposited on the ZnO nanoparticle sphere-like
structure. The behavior was similar to the GO-ZnO nanoparticle literature (Mahlangu et al.
2017).

Figure 5.1(e) shows lattice predictions with the distance between the lattices were
maintained as 0.281 nm from each other. The finger-like lattice structures were noticed
because of the nanoparticle dislocations related to the edge of the grains. As utilized, ZnO-
MgO nanoparticles demonstrated the improved surface area to volume ratio by illustrating
ZnO-MgO crystalline and ferromagnetic features (Rao et al. 2018). The importance of
magnetism behavior has been explained (Hu et al. 2005; Lops et al. 2019; Watson et al.
2000). This process further measures the removal of arsenate oxide (AsOs>) from prepared
membranes. Figure 5.1(e) is categorized as crystalline form owing to several light rings and
spots of ZnO-MgO nanoparticle’s (Fakhri and Behrouz 2015).

Figure 5.1 (a-e) High-resolution TEM images and (f) SAED pattern of ZnO-MgO

nanoparticle.
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5.2.2 X-ray diffraction analysis of the ZnO-MgO

The XRD graph of ZnO-MgO shows the peak intensities in the X-axis and the Y-axis
diffraction angle (20) are shown in Figure 5.2. The crystalline behavior of the used ZnO-MgO
nanoparticle was demonstrated from the diffraction angles from ZnO as 31.80°, 34.51", 36.26",
47.49°, 56.61°, 62.99°, 66.55°, 67.84° and 77.53" related to the diffraction planes100,002, 1
01,102,110,103,200,112and 20 2 respectively with the JCPDS —code as 36-1451
for hexagonal phase along with wurtzite structure (Chung et al. 2017). The diffraction angles
for MgO are 42.90°, 62.30° and 78.61" related to the 20 0, 2 2 0 and 2 2 2 diffraction planes
from JCPDS-code 45-0946 respectively containing a hexagonal cubic MgO structure (Noori
and Kareem 2019). The adequate blending of ZnO-MgO nanoparticles demonstrated the

occurrence of different diffraction peaks with subsequent planes.
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Figure 5.2 X-ray diffraction analysis (XRD) of ZnO-MgO.
5.2.3 Particle size distribution of the ZnO-MgO

The dynamic light scattering (DLS) and zeta potential characteristics of the ZnO-MgO
nanoparticle are shown in Figures 5.3(a) — (b). The known quantity of ZnO-MgO was
dispersed homogeneously using a probe sonicator for about 20 min. From Figure 5.3(a), the
hydrodynamic particle size of the nanoparticle from the histogram is 1483 nm in diameter.
From Figure 5.3(b) the nanoparticle was negatively polarized as -1 mV with a zeta charge was
-0.00099 coulomb from zeta-potential analysis (Raliya and Tarafdar 2014).
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Figure 5.3 Particle size distribution data from (a) Dynamic light scattering (DLS) and (b)

Zeta potential measurement.

5.2.4 Morphological study of the fabricated membranes

The cross-section and surface scanning electron microscopy (SEM) pictures of the ZnO-
MgO contained membranes were illustrated in Figures 5.4 and 5.6. The asymmetric
configuration morphological structure was witnessed from all prepared hollow fiber
membranes. The top layer of the membrane morphology shows a dense layer and porous
structure on the sublayer. There are considerable changes in the membrane cross-sectional
configuration, with the dosages of hydrophilic ZnO-MgO to the PPSU dope solution. The
pristine hollow fiber membranes (ZMCA-0 and ZMCAP-0) showed more extended finger-
like and macro-void structures. The sponge-like structure in between the outer and inner
sublayer was also evidenced, as shown in Figure 5.4(a). The incremental dosages of the ZnO-
MgO (0.6, 1 and 1.5 wt%) into the PPSU dope solutions contributed to the considerable
morphological modifications. The long finger-like structure was tiny and bulged in shape with
increased concentrations of nanoparticles as shown in Figure 5.4(c) — (h). The possible reason
behind such an outcome is the difference in dope solution viscosity. Viscosity played an
essential role in establishing the specific morphological structure of the prepared membranes
and the selectivity. The viscosity of the polymer dope solution is enhanced as the
concentrations of the polymers increase from a neat membrane to an increased dosage of
ZnO-MgO incorporated membranes. Higher viscosity hinders the non-solvent molecule by

reducing the diffusion mechanism, resulting in a delayed phase inversion process. Also, the

119



Chapter 5

delayed demixing was the fundamental cause for the increase in length of the finger-like

morphological structures witnessed from Figures 5.4(g) and (h).

Increased dosages of nanoparticles also influenced the macrovoids morphological
structure. The macrovoids are enlarged pear like structures shown in Figures 5.4(c) — (f),
which cannot be identified in the neat membrane. The membrane morphological configuration
with tear-drop structure is illustrated in the literature (Chong et al. 2017, 2018; Mondal and
De 2015). In addition, in ZnO-MgO contained membrane, the vertical finger-like elongated
structure was observed, leading to increased pure water permeability. Figure 5.6 showed the
surface morphologies of the virgin and ZnO-MgO contained PPSU/CA and PPSU/CAP
hollow fiber membranes. As illustrated in Figures 5.6(c) — (d), with lower dosages of
nanoparticles, the membrane surface-displayed uniform and homogeneous dispersion of the
nanoparticle. As demonstrated in figures 5.6(g) — (h), incremental nanoparticle dosage (1.5
wit%) causes agglomerations, which reduces the rejection performance of the fabricated
hollow fiber membranes. The detailed SEM cross sectional (complete view) images were
illustrated in Figure 5.5. Inner/outer diameter (ID and OD) and mean pore radius of the
fabricated hollow fiber membranes were illustrated in Table 5.1.
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Figure 5.4 Scanning electron microscopic (SEM) cross sectional images of ‘a’ and ‘b’ neat
membrane (ZMCA-0 and ZMCAP-0), ‘¢’ cellulose acetate/polyphenylsulfone/ZnO-MgO-0.6
wt % (ZMCA-0.6), ‘¢ ZMCA-1 and ‘g ZMCA-1.5, ‘d’ cellulose acetate
phthalate/polyphenylsulfone/ZnO-Mg0O-0.6 wt% (ZMCAP-0.6), ‘f* ZMCAP-1 and ‘N’
ZMCAP-1.5 respectively.
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Figure 5.5 Scanning electron microscopic (SEM) cross sectional (complete view) images of
‘A’ and ‘D> neat membrane (ZMCA-0 and ZMCAP-0), ‘¢’ cellulose
acetate/polyphenylsulfone/ZnO-MgO-0.6 wt % (ZMCA-0.6), ‘¢> ZMCA-1 and ‘g’ ZMCA-
1.5, ‘d’ cellulose acetate phthalate/polyphenylsulfone/ZnO-MgO-0.6 wt% (ZMCAP-0.6), ‘f’

ZMCAP-1 and ‘h’ ZMCAP-1.5 respectively.
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Agglomeration of Nanoparticle

Figure 5.6 Scanning Electron Microscopy (SEM) surface images of ‘a’ and ‘b’ neat
membrane (ZMCA-0 and ZMCAP-0), ‘¢’ cellulose acetate/ polyphenylsulfone/ZnO-MgO-0.6
wt% (ZMCA-0.6), ‘e¢° ZMCA-1 and ‘g ZMCA-1.5, ‘d* cellulose acetate
phthalate/polyphenylsulfone/ ZnO-MgO-0.6 wt % (ZMCAP-0.6), ‘© ZMCAP-1 and ‘N’
ZMCAP-1.5 respectively.
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Table 5.1 Outer/ inner (OD/ID) diameter and mean pore radius of the fabricated hollow fiber
membranes

Hollow fiber | Outer diameter | Inner diameter (ID | Mean pore radius
membranes (OD in pm) in pum) (m)

ZMCA-0 658 354 1.365x10
ZMCA-0.6 657 376 2.308x108
ZMCA-1 618 357 2.473x1078
ZMCA-1.5 649 416 2.403x1078
ZMCAP-0 675 356 1.293x10°7
ZMCAP-0.6 686 412 1.840x10®
ZMCAP-1 879 541 1.796x10°
ZMCAP-1.5 633 354 1.899x10°8
Spinneret dimension, inner diameter: 550 um, outer diameter:1100 pm

5.2.5 Hydrophobicity/hydrophilicity of the hollow fiber membranes

The hydrophobic and hydrophilic characteristics of the prepared pristine and ZnO-MgO
contained hollow fiber membranes are shown in Figure 5.7. The sessile droplet technique was
used to determine the hydrophilic/phobic properties of the hollow fiber membranes. From the
literature, as the hydrophilicity of the membrane surface increased, the contact angle reduced
and vice versa (Hebbar et al. 2018b). From Figure 5.7, the contact angle for neat ZMCA-0
and ZMCAP-0 were 71.56" and 68.85" respectively. The incremental dosage of ZnO-MgO to
the neat membrane resulted in increased hydrophilicity and reduced parameter of the contact
angle. For the increased dosage of membranes ZMCA-1 and ZMCAP-1, the contact angle
parameters were 60.81" and 57.32" respectively. The reduced contact angle behavior is due to
the migration of the additives and nanoparticles on the surfaces of the hollow fiber
membranes (Rabiee et al. 2015). The contact angle for higher dosage ZMCA-1.5 and
ZMCAP-1.5 membranes were 63.85" and 60.77" respectively. The slight increase in the
contact angle with the inclusion of the nanoparticle is due to the aggregation of ZnO-MgO on

the surfaces of the membrane.
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Figure 5.7 Contact angle measurement of the fabricated pristine and ZnO-MgO contained

membranes.

5.2.6 Water uptake and porosity measurement studies of fabricated membranes

The percentage water uptake and porosity of the fabricated pristine and ZnO-MgO
contained membranes are shown in Figure 5.8. The water absorption parameters for pristine
membranes ZMCA-0 and ZMCAP-0 were 42.32% and 44.52% respectively. Due to the less
porous structure and more surface hydrophobic nature, the lower the water uptake behavior
(Ibrahim et al. 2018b) was observed. Incremental dosages of ZnO-MgO to the neat dope
solution resulted in the increased water uptake parameters. The membrane’s ZMCA-1 and
ZMCAP-1 enhanced water uptake was 72.81% and 63.12% respectively. With increased
concentrations of the ZnO-MgO to the pristine membrane, higher the water absorption
parameters, which implies enhanced hydrophilicity by uniform dispersion of the nanoparticles
provided to the hollow fiber membranes surfaces. However, nanoparticle aggregation
contributes to the agglomeration on the surfaces of the membranes with a higher
concentration of ZnO-MgO. It was evidenced from SEM images Figure 5.6(g) —(h)
respectively. The parameters of water uptake for ZMCA-1.5 and ZMCAP-1.5 were 70.12%
and 59.63% respectively. The neat ZMCA-0 and ZMCAP-0 membranes exhibited porosity
parameters as 21.26% and 24.49% respectively. Thereafter, there is an enhancement in the

porosity parameters as the incremental dosages of ZnO-MgO to the neat dope solution.
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Membrane ZMCA-1 and ZMCAP-1 exhibited 59.73% and 55.52%, respectively. The main
factors for the enhancement of the porosity are as follows. At first, the dense-like
morphological structures improved due to the increased dope solution viscosity. The
increased viscosity often caused delayed demixing of the phase inversion process (Kasi and
Seo 2019). Secondly, the improved dosages of nanoparticles leading to thermodynamic
instability causing an enhancement of the porosity on the membrane surfaces. Due to the
agglomerations of further dosages of nanoparticles to PPSU dope solution, there was decrease
in the porosity. It was evidenced from membranes the parameters of porosities for ZMCA-1.5
and ZMCAP-1.5 as 50.52 % and 41.38 % respectively.
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Figure 5.8 Percentage (a) porosity and (b) water uptake of fabricated neat along with

increased dosages (0.6, 1 and 1.5 wt%) of ZnO-MgO incorporated membranes.

5.2.7 Pure water permeability analysis of fabricated membranes

The effect of incremental dosages of ZnO-MgO on the neat membrane (PPSU/CA and
PPSU/CAP) was investigated by pure water permeability. It was illustrated in Figure 5.9(a)
and (b) respectively. The pure water permeability for neat membranes ZMCA-0 and ZMCAP-
0 were 49.89 and 61.34 L/m?h bar respectively. From Figure 5.9(a) pure water permeabilities
for the incremental dosages of the ZnO-MgO on the PPSU/CA membranes ZMCA-O0.6,
ZMCA-1 and ZMCA-1.5 were 94.66, 221.51 and 181.82 L/m?h bar respectively. Also, from
Figure 5.9(b), the pure water permeability for PPSU/CAP membranes with increased dosages
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ZMCAP-0.6, ZMCAP-1 and ZMCAP-1.5 were 75.10, 86.44 and 77.38 L/m?h bar
respectively. The incorporation of 1.5 wt % of ZnO-MgO to the neat dope solution decreases
water permeability because of the agglomeration of the nanoparticle on the membrane
surfaces. It was evidenced from the SEM Figure 5.6(g) — (h). The increased nanoparticle
dosages further enhanced the dense morphologies on the top surface of the membrane, which

resulted in decreased water permeability (Muhamad et al. 2015).

It was proved that increased hydrophilicity from contact angle measurement also
confirmed the enhancement of the pure water permeability of modified membranes. However,
the water permeability has decreased because of the less porous and hydrophobic behavior.
Moreover, the increase in water permeability depends on two important factors. Firstly, the
incorporation of the polar functional groups (-OH and —CO) and carboxylic (-COOH)
functional group on the membrane surfaces (Rabiee et al. 2015). Secondly, leaching of the
ZnO-MgO and cellulose acetate derivatives in the phase inversion process improves
porosities for the modified membrane. The enhanced porosity and water holding capability of
the modified membranes in turn helps to improve the pure water permeability. The water
permeability has reduced as the filtration time was increased, as can be observed from the
membrane due to the fouling nature (Hebbar et al. 2018b; Ibrahim et al. 2017a).
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Figure 5.9 (a) Pure water permeabilities of the prepared (a) pristine membrane ZMCA-0, 0.6
wt% of the ZnO-MgO in CA/PPSU (ZMCA-0.6), ZMCA-1, ZMCA-1.5 and (b) pristine
membrane ZMCAP-0, 0.6 wt% of the ZnO-MgO in CAP/PPSU (ZMCAP-0.6), ZMCAP-1,
ZMCAP-1.5 respectively.
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5.2.8 Antifouling properties of the membranes

The fabricated hollow fiber membrane’s antifouling properties were demonstrated in
Figures 5.10(a) — (b). There is a considerable fouling issue on the membrane surfaces, which
reduces the hydrophilicity and pure water permeability of the membrane. With two principal
classifications, membrane fouling can be reversible and irreversible fouling (lbrahim et al.
2018b). In reversible fouling, the foulants adhered to the membrane surfaces were wiped by
simple backwashing. The adhered foulants were wiped off using various chemical methods in
the irreversible fouling process (Hebbar et al. 2018b). Figures 5.10(a) — (b) shows
considerable decrease in water permeability from the neat membranes ZMCA-0 and ZMCAP-
0 respectively. This outcome is due to the more hydrophobic and highly vulnerable nature of
the membrane fouling. The improved pure water permeability of the modified membranes
which is due to the incorporation of the incremental dosages of ZnO-MgO and cellulose
acetate derivatives to PPSU dope solution (Chung et al. 2017; Muhamad et al. 2015).
Furthermore, from Figures 5.11(c) — (d), the flux recovery ratio of the neat membranes
ZMCA-0 and ZMCAP-0 was 65.42% and 69.45% respectively. The enhanced FRR of the
modified membrane ZMCA-1.5 and ZMCAP-1.5 were 91.08% and 90.11% respectively.
According to the role, the intensified FRR parameters suggested that the membranes have
outstanding antifouling properties (Hebbar et al. 2018b).
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Figure 5.10 Antifouling permeability properties of the prepared (a) neat membrane ZMCA-0,
0.6 wt% of the ZnO-MgO in CA/PPSU (ZMCA-0.6), ZMCA-1, ZMCA-1.5 and (b) neat
membrane ZMCAP-0, 0.6 wt% of the ZnO-MgO in CAP/PPSU (ZMCAP-0.6), ZMCAP-1,
ZMCAP-1.5 respectively.
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Figure 5.11 Antifouling properties (FRR - flux recovery ratio, Ry - reversible fouling and Rj -
irreversible fouling) of the prepared (a) pristine membrane ZMCA-0, 0.6 wt% of the ZnO-
MgO in CA/PPSU (ZMCA-0.6), ZMCA-1, ZMCA-1.5 and (b) pristine membrane ZMCAP-O0,
0.6 wt% of the ZnO-MgO in CAP/PPSU (ZMCAP-0.6), ZMCAP-1, ZMCAP-1.5

respectively.

5.2.9 Attenuated total reflectance—Fourier transform infrared spectroscopy (ATR-

FTIR) of the fabricated membranes

ATR-FTIR studies of the fabricated neat membranes (ZMCA-0 and ZMCAP-0) along
with ZnO-MgO contained membranes (ZMCA-1 and ZMCAP-0.6) illustrated in Figure 5.12.
From Figure 5.12(a), ZMCA-0 membrane, the peaks at 2834.41 — 2933.51 cm™ assigned to —
CH> (alkane group) vibrational stretching, 3325.41 cm™ assigned to hydroxyl (-OH) group,
peaks 1585.12 — 1654.21 cm™ were due to carboxyl group (~C=0). The peak observed at
1482.12 cm™ was assigned as O=C—OR group, —C—O- group due to the cyclic ether peak
appeared at 1234.10 cm™ and —C—H functional group appeared at 869.81 cm™ due to the
vibration stretching respectively. From Figure 5.12(b), the membrane ZMCAP-0
demonstrated the peak at 2834.12 — 2936.21 cm™ allocated to the —CH, group as associated to
—C—H methyl group in symmetric stretching. The 3359.52 cm™ attributed to a stretching
group of —OH, carbonyl C=0 group at the peak of 1739.39 cm™ respectively. Additionally,
1236.5 cm™ functional group was assigned to the ether-cyclic group (-C—O-). The C—O—C
group was assigned to the peak of 1036 — 1105 cm™ for vibrational stretching. The peak
1600.98 cm functional group attributed to aromatic ring related to conjugated vinyl -C=C—

group (Kumar et al. 2019c).
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Furthermore, from Figure 5.12(c), the membrane ZMCA-1 showed the peak at 3538.02 —
3605.79 cm™? attributed to the —OH strong stretching vibration, —CH, stretching vibration
attributed to the peak 2851.82 — 2927.11 cm™, the -C—-O- stretching vibration was attributed
to the peak 1103.37 — 1148.99 cm™ respectively. The peak at 1031.99 — 1103.37 cm™
ascribed to —C—O—C stretching vibration and 1234.35 cm™ associated with cyclic ether group.
The peak 664.21 cm™ represents the ZnO stretching vibration. From Figure 5.12(d),
membrane ZMCAP-0.6 demonstrated the following peaks at 3423.83 — 3550.60 cm
considered to —OH stretching vibration, 2853.39 — 2927.51 cm™ was ascribed to —CH;
vibration stretching (alkane), peak at 1140.94—1150.43 cm™ attributed to C—O—C vibrational
stretching, the peak 1643.98 cm™ assigned to the carbonyl functional groups. The peak 664.22
cm™is due to the ZnO stretching vibration (Gurunathan et al. 2019).
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Figure 5.12 ATR-FTIR of fabricated neat membranes (a) ZMCA-0 (b) ZMCAP-0 and best-
performed membranes (c) ZMCA-1 and (d) ZMCAP-0.6.
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5.2.10 X-ray photoelectron spectroscopy (XPS) studies of the fabricated membrane

The XPS wide and narrow spectra of the best performing membrane (ZMCAP-0.6) was
illustrated in the Figure 5.13. The important three binding exertion peaks were at 531.92 eV,
284.90 eV and 168.10 eV assigned to oxygen (O1s), carbon (Cls) and sulfur (S2p)
respectively. Figure 5.13(a2) — (d) exhibited deconvolution of the O1s, C1s and S2p elements
respectively. From Figure 5.13(b), the energies 534.7 eV, 534.1 eV, 533.3 eV, 532.6 eV,
531.9 eV and 530.9 eV were attributed to —-02/H20, -C-O-C, -C-O, -O=C-O, -C-OH and
—COOH respectively for Ols element (Sotoma et al. 2015; Yu et al. 2018). The binding
energy 530.9 eV is also attributed to the sulfonyl functional group (O=S=0) (Muleja and
Mamba 2018). From Figure 5.13(c), the energy peaks 287.7 eV, 286.6 eV, 286 eV, 285 eV
and 284.2 eV assigned to —-C=0, -C-OH, -C—N, —C—C and —C=C groups respectively for Cls
element (Thirukumaran et al. 2019). From Figure 5.13(d), binding energies 170.6 eV, 169.2
eV, 168.1 eV and 167.3 eV were attributed for oxidized sulphur (-Sox"), sulphate (SO4>), C-
S0%.Na™ group, sulphite (SOs?) group respectively. The important energy peaks 168.1 eV
and 169.2 eV attributed to S2p@rz) and S2psz) respectively (Siow et al. 2018; Wang et al.
2019). The binding energy 1045.1 eV was assigned Zn2p.2) and the peaks at 1023.04 eV
attributed to Zn2ps2) respectively (Ray et al. 2019). The magnesium oxide peaks Mgls
occurred at 1023.04 eV respectively (Hu et al. 2019). Therefore, the occurrence of
incorporated nanoparticle and additives on the hollow fiber membrane surfaces were shown

from XPS analysis.
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Figure 5.13 (al) X-ray photoelectron spectroscopy (XPS) wide spectrum of the ZMCAP-0.6
membrane, (a2) narrow spectrum of zirconium (Zn2p) and (b), (c) and (d) are narrow

spectrum of O1s, C1s and S2p respectively.

5.2.11 Thermogravimetric analysis (TGA) of the fabricated membranes

The thermal decomposition of the neat and ZnO-MgO blended hollow fiber membranes
is illustrated in Figure 5.14, which illustrates the degradation in respective three stages with
different concentrations of the ZnO-MgO to neat membranes. The initial deterioration begins
from room temperature to 185 ‘C because of the evaporation of the volatile matters on the
membrane surfaces. The next degradation level was from 190 'C to 570 ‘C showing

remarkable thermal degradation of the cellulose acetate derivatives polymeric chains. The
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degradation was above 600 ‘C in the third step is due to the carbonization of the used
polymers, which degraded into ash. This illustration was equivalent to literature (Dehkordi et
al. 2015a). Additionally, the temperature decomposition in the case of ZnO-MgO contained
membranes ZMCA-1 and ZMCAP-0.6 was more or less similar and illustrated as follows.
During the initial stage of the process, the volatilizing of the moisture content was initiated
from room temperature to 190 ‘C. The following process of degradation step revealed
substantial temperature degradation of the polymer chains from 200 ‘C to 600 ‘C. The
polymeric chains completely degraded and resulted into ash in the final level above 610 C
(Pandas and Fazli 2018). It is also noted that weight loss was reduced as the nanoparticle
concentration increased in the PPSU dope solution. This in turn helped for the enhancement
of the thermal stability of the modified membranes.
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Figure 5.14 Thermogravimetric analysis (TGA) of the neat membranes (ZMCA-0 and
ZMCAP-0) and 1 wt % of ZnO-MgO contained CA/PPSU membrane (ZMCA-1), 0.6 wt % of
Zn0O-MgO contained CAP/PPSU (ZMCAP-0.6) respectively.

5.2.12 Molecular weight cut off study

The molecular weight cut off of the good performing membrane (ZMCAP-0.6) was
demonstrated in Figure 5.15. The membrane molecular weight cut off was determined to be
17089 Da. The PEG rejection percentage from ZMCAP-0.6 was found to be 67.86%, 80.14%
and 92.66% for PEG-4000, PEG-6000 and PEG-20000 respectively. From the molecular
weight cut off study it is demonstrated that, as fabricated membrane was ultrafiltration

membrane.
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Figure 5.15 Molecular weight cut off study of the membrane (ZMCAP-0.6).

5.2.13 Atomic force microscopy (AFM) of fabricated membranes

Three-dimensional photographs containing pristine and ZnO-MgO incorporated
membranes were illustrated in Figure 5.16. It showed reasonably high surface roughness
properties for incremental concentrations of ZnO-MgO in PPSU neat membranes. From Table
5.2, the surface roughness (Ra) parameters for pristine membranes ZMCA-0 and ZMCAP-0
were 14.51 nm and 21.35 nm respectively. In addition, the pristine membranes represented
more valleys and peaks like structures on the membrane’s surfaces. ZMCA-1 and ZMCAP-1
membranes exhibited R, parameters as 49.75 nm and 53.62 nm respectively. The incremental
concentrations of the ZnO-MgO in neat (CA/PPSU and CAP/PPSU) dope solutions revealed
the enhancement of the agglomerations of the nanoparticle on the membrane. From Figure
5.6, the increased surface roughness of the membrane was also confirmed by SEM surface
morphologies. The incremental dosages of ZnO-MgO resulted in the enhancement of the
peaks and valleys on the membranes surface, which also exhibited the enhanced surface
roughness. It intends to increase the filtration area and the pore size on the membrane surface
(Verliefde et al. 2008a). The increased surface area was also verified by enhanced surface
roughness properties such as root mean square (Rq) and the average of the five highest peaks

and valleys (Ry).
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Table 5.2 Roughness properties of fabricated membranes surfaces

Hollow fiber Rmax (%0) Rz (nm) Ra (nm) Rq (nm)
membranes

Code

ZMCA-0 203 8.26 14.51 29.62
ZMCA-0.6 264 11.42 27.26 35.01
ZMCA-1 324 19.52 39.48 49.54
ZMCA-15 456 26.02 49.75 63.16
ZMCAP-0 252 12.53 21.35 39.31
ZMCAP-0.6 310 15.20 37.01 46.35
ZMCAP-1 372 27.78 45.20 58.40
ZMCAP-1.5 508 34.56 53.62 65.21
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Figure 5.16 3-Dimensional surface roughness of the prepared ‘a’ neat membrane ZMCA-0,
‘¢’ 0.6 wt% of the ZnO-MgO in CA/PPSU (ZMCA-0.6), ‘e’ ZMCA-1, ‘g’ ZMCA-1.5 and ‘b’
neat membrane ZMCAP-0, ‘d’ 0.6 wt% of the ZnO-MgO in CAP/PPSU (ZMCAP-0.6), ‘f
ZMCAP-1, ‘h> ZMCAP-1.5 respectively.
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5.2.14 Surface potential analysis of the fabricated membrane

The good-performing membrane (ZMCAP-0.6) surface potential measurement was
carried out, illustrating the zeta potential and different pH ranges on the X-axis and y-axis
respectively, represented in Figure 5.17. The presence of intensity of surface potential with
respect to different pH was measured using zeta potential analysis (Ibrahim et al. 2017a). The
ZMCAP-0.6 membrane surface was negatively charged in the pH range of 2.5 to 9.45. From
Figure 5.17, the surface potential (zeta potential) was subjected to an acidic level as the pH
was intensified. The ZMCAP-0.6 best performing membrane experienced the isoelectric point
(IEP) at pH 2.4. At this pH level, no surface potential was noticed on the membrane. The
surface of the membrane was positively charged at pH 1.9 with the surface potential of 11.20
mV and negatively charged with the surface potential of -51.19 mV at pH 9.46 respectively.
The negatively charged surfaces repelled more negatively charged arsenate oxide (AsOs>).
The existence of the carboxyl acid group and hydroxyl groups from the used nanoparticle and
additives is the main cause for the negative charge of the membrane (Hebbar et al. 2018b;
Kumar et al. 2020a).

20 —— Zeta Potential

10

0 T T T T T M T T T M T T T T T T T
] 2 \ 3 4 5 6 7 8 9 10
=10 1 pH

=20 4

=30 -

Zeta Potential (mV)

40

504 T

-60

Figure 5.17 Surface potential measurement of ZMCAP-0.6 membrane with respect to pH.

5.2.15 Studies of arsenate oxide rejection from fabricated hollow fiber membranes

The removal of arsenate oxide (AsOs*) from fabricated hollow fiber membranes were
represented in Figure 5.18(a) — (b). The arsenic-V removal from membranes was analyzed
with 1 ppm laboratory prepared arsenic-V aqueous solution (pH~6.8+0.2) from standard
arsenic solution (HsAsO4) at 1 bar transmembrane pressure. The H3zAsOs solution was
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converted to AsO4> after ionizing with water (H20) which was demonstrated in Equation 3.1.
The arsenate oxide rejection for the neat membranes ZMCA-0 and ZMCAP-0 was 19.89%
and 27.53%, with the permeability of 40.01 and 54.75 L/m?h bar respectively. The decreased
AsO:* rejection parameter was observed from neat membranes is due to the increased
hydrophobic and less negative charge sites on the membrane (Kumar et al. 2019c). Intensified
Zn0O-MgO concentrations (0.6, 1 and 1.5 wt%) in the neat dope solution offer a significant
enhancement in arsenate rejection properties. The efficient decontamination of the arsenate
oxide was witnessed with increased dosage membranes ZMCA-1 and ZMCAP-0.6 as 78.48%
and 81.31% with the permeability of 198.47 L/m?h bar and 69.58 L/m?h bar respectively. The
hollow fiber membranes incorporated with ZnO-MgO exhibited negatively charged surfaces,
which in turn helps in the electrostatic repulsion of negatively charged AsOs%of the synthetic
solution of arsenic (Verliefde et al. 2008a). The mechanism for the arsenate oxide removal
from the membrane surfaces is demonstrated in Figure 5.20. Also due to the homogeneous
blend of additives (CA and CAP) along with nanoparticles (ZnO-MgO) in the dope solution
helps in efficient rejection of arsenic-V from the membrane surfaces (Durthi et al. 2018c). As
such, the possible interaction between polyphenylsulfone/cellulose acetate and
polyphenylsulfone/cellulose acetate phthalate was illustrated in Figures 5.21(a) and (b). The
rejection of arsenate oxide from ZMCA-0.6 was 16.86%. It was lesser than the arsenate
removal properties from neat membrane ZMCA-0, which doesn’t indicate the influence of the
Zn0O-MgO dosage on the membrane surfaces. With the highest dosage of ZnO-MgO (1.5
wt%) membranes, ZMCA-1.5 and ZMCAP-1.5 were 6.34% and 41.28%, with permeability of
61.02 L/m?h bar and 142.30 L/m?h bar respectively. The decreased rejection parameter for
arsenic-V is due to the concentration polarization on the membrane surfaces and less
availability of negatively charged sites on the membrane (Kumar et al. 2020a). The blocking
of the membrane surface pores due to the agglomeration, influences the reduced permeability
with increased nanoparticle dosage membranes was observed from Figures 5.19(a) and (b). In
previous studies, we fabricated hollow fiber membranes for the enhanced rejection of arsenic-
V. Membranes prepared by 1 wt% of ZrO, in PPSU/CA (PZCA-1) and 0.6 wt% of ZrO> in
PPSU/CAP (PZCAP-0.6) membranes removes 87.27% and 70.48% with permeability of
89.94 L/m?h bar and 70.59 L/m?h bar respectively (Kumar et al. 2020a). The improved
rejection of arsenate from the ZMCA-1 membrane was 78.48% with the rejection
permeability of 198.47 L/m?h bar at 1 bar transmembrane pressure. Therefore, CA/PPSU and
CAP/PPSU immobilized with incremental dosages of ZnO-MgO hollow fiber membranes
were desirable for the enhanced arsenate rejection without compromising the permeability of
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arsenate oxide rejection. The concentration polarization for arsenic-V removal of the

fabricated hollow fiber membranes was illustrated in Table 5.3.
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Figure 5.18 Comparison of arsenate oxide (AsO+*") removal studies from fabricated (a) neat
membrane ZMCA-0, 0.6 wt% of the ZnO-MgO in CA/PPSU (ZMCA-0.6), ZMCA-1, ZMCA-
1.5 and (b) neat membrane ZMCAP-0, 0.6 wt% of the ZnO-MgO in CAP/PPSU (ZMCAP-

0.6), ZMCAP-1 and ZMCAP-1.5 respectively.
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Figure 5.19 Arsenate oxide (AsO4*") permeability of the prepared (a) neat membrane ZMCA-
0, 0.6 wt% of the ZnO-MgO in CA/PPSU (ZMCA-0.6), ZMCA- 1, ZMCA-1.5 and (b) neat
membrane ZMCAP-0, 0.6 wt% of the ZnO-MgO in CAP/PPSU (ZMCAP-0.6), ZMCAP-1

and ZMCAP-1.5 respectively.
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Figure 5.20 Proposed arsenic (AsO4+*) removal mechanism from membranes.
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Figure 5.21 (a) Possible interactions between polyphenylsulfone and cellulose acetate and (b)

Possible interactions between polyphenylsulfone and cellulose acetate phthalate.
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Table 5.3 Concentration polarization for arsenic-V removal of the fabricated hollow fiber
membranes.

Membrane Velocity (v) | Mass transfer Concentration
codes () coefficient (K) | polarization (%)
x10° (m/s)
ZMCA-0 0.06671 2.057 1.1008
ZMCA-0.6 0.00521 1.441 1.1079
ZMCA-1 0.01296 2.019 3.74
ZMCA-1.5 0.01328 2.127 3.54
ZMCAP-0 0.07938 3.55 1.1059
ZMCAP-0.6 0.00502 1.444 1.626
ZMCAP-1 0.00443 1.272 1.727
ZMCAP-1.5 0.00403 1.296 1.0483

Possible interactions of polyphenylsulfone and zinc-magnesium oxide

Polyphenylsulfone-zinc —magnesium oxide (ZnO-MgO) interaction. For interpretation of
PPSU-ZnO-MgO, it was noted that there is no hydrogen bonding interaction between the
polymers. However, there is a ‘Van der Waals’ interaction and ion-dipole interaction between
Zn-PPSU and Mg-PPSU polymer.

5.3 SUMMARY OF THE PRESENT WORK

Hollow fiber membranes from polyphenylsufone/cellulose acetate derivatives and
increased dosages of ZnO-MgO ultrafiltration were fabricated using the non-solvent induced
phase separation (NIPS) process. The crystalline nature of the ZnO-MgO nanoparticle was
confirmed from TEM and XRD analysis. The FITR and XPS analysis confirmed the blending
of additives and nanoparticles on the membrane surfaces with different exertion peaks and
binding energies. The extended finger-like projections and macrovoids with increased
nanoparticle concentrations on the neat membranes were confirmed using SEM analysis.

From AFM topographical analysis, surface roughness (Ra) from neat membranes ZMCA-0
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and ZMCAP-0 were 14.15 nm and 21.35 nm respectively. The roughness was increased with
increased dosages of nanoparticle for ZMCA-1.5 and ZMCAP-1.5 was 63.16 nm and 65.21
nm respectively. Additionally, the increased concentrations of the ZnO-MgO also enhances
the hydrophilicity, water uptake and pure water permeability. The gradual enhancement in the
FRR parameter for pristine membrane ZMCA-0 and ZMCAP-0 was 65.42% and 69.95% to
increased dosage membranes ZMCA-15 and ZMCAP-1.5 were 91.08% and 90.11%
respectively. Furthermore, the increased FRR parameters from pristine membranes to the
highest additive dosage membranes imply significant improvement of antifouling behavior.
The zeta potential study showed that the surface of the membrane was negatively charged
from pH 2.4 to pH 9.46, with an increased surface potential of -51.59 mV. The rejection
properties of arsenate oxide from the pristine membranes were ZMCAP-0.6 and ZMCA-1
was 81.31% and 78.48% corresponding permeabilities were 69.58 L/m?h bar and 198.47
L/m?h bar respectively. The enhanced removal of the arsenate from the ZnO-MgO modified
membranes was due to the oxidation of arsenic (HsAsOs) to arsenate oxide (AsOs*) and
increased electrostatic repulsion from negatively charged membrane surfaces. In addition,
arsenate oxide rejection from the aqueous solution is often due to amine and carboxylic
functional sites on the membrane surfaces. However, there is a decreased arsenate rejection
with the increased concentrations of ZnO-MgO to the neat dope solution. The reduced
arsenate oxide is due to the concentration polarization on the hollow fiber membrane surfaces.
This consequence revealed that prepared membranes were suitable for enhanced arsenate

removal from arsenic-V contaminated aqueous solution.
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Abstract

Hollow fiber ultrafiltration membranes were prepared using intensified concentrations of
nano-aluminum oxide (0.6, 1 and 1.5 wt%) in cellulose acetate /polyphenylsulfone and
cellulose acetate phthalate /polyphenylsulfone by a non-solvent induced phase separation
process. The crystalline structure and morphology of the used nano-aluminum oxide (nano-
Al>O3) were analyzed using X-ray diffraction (XRD) and transmission electron microscopy
(TEM) respectively. The effect on membrane morphology and topographical structures of
different dosages of nano-aluminum oxide, cellulose acetate and cellulose acetate phthalate
was studied using scanning electron microscopy (SEM) and atomic force microscopy (AFM).
Fourier transform infrared spectroscopy (FTIR) and x-ray photoelectron spectroscopy (XPS)
studies have been evaluated the presence of nano-aluminum oxide, cellulose acetate and
cellulose acetate phthalate on membranes surfaces. Thermogravimetric analysis (TGA)
revealed the thermal stability of hollow fiber membranes. The 1.5 wt% of nano-aluminum
oxide in cellulose acetate /polyphenylsulfone (ALCA-1.5) membranes surface potential was
analyzed using zeta potential analysis. In addition, the incremental dosages of nano-aluminum
oxide also contributed to increased arsenic-V removal from membranes. As such ALCA-1.5
and 1 wt% of nano-aluminum oxide in cellulose acetate /polyphenylsulfone (ALCA-1),
hollow fiber membranes decontaminated 98.67% and 94.89% with permeabilities were 88.41
L/m?h bar and 53.53 L/m?h bar respectively with 1 ppm of arsenic-V aqueous solution (pH
6.8+0.2) at 1 bar transmembrane pressure. Reduced arsenic-V removal properties from nano-
aluminum oxide /cellulose acetate phthalate /polyphenylsulfone hollow fiber membranes have
also been established with increased concentrations of nano-aluminum oxide. Antifouling
investigation of the fabricated membranes was also carried out by bovine serum albumin
(BSA).

6.1 INTRODUCTION

Nowadays, for better employment opportunities and a professional lifestyle, the citizens
migrating to urban cities lead to urbanization and progressive growth of various industrial
sectors. The groundwater in the environment is continually poisoned as a result of numerous
effluents, heavy metals, and metalloids emitted by a variety of industrial resources. Arsenic
mobilization in groundwater is aided by natural causes such as geochemical weathering of
soil as well as biological activity (Chatterjee and De 2017). The poor quality and insufficient

supply of pure drinking water are critical issues worldwide. The water is getting polluted from
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one of the harmful heavy metalloids like arsenic. Arsenic can be mobilized under both acidic
and basic conditions amongst other heavy metals. The anthropogenic sources include smelting
of iron ores, wood preservative medium and arsenic-contained pesticides (Li et al. 2020b). In
addition, forest fires, minerals, erosion of rocks and volcanic activities are the significant
natural resources of arsenic polluted drinking water (Zaid et al. 2020). Over a long period,
drinking water containing toxic arsenic poses life-threatening severe health-related issues to
millions of population (Saha and Rahman 2020). Arsenic, therefore, has been classified by the
International Agency for research on cancer (IARC) as a class-A poisonous and carcinogenic
to human health. There is also a limitation for maximum arsenic concentration in drinking
water as 10 pg/l by the United states environmental protection agency (USEPA) (Kumar et al.
2020b). This noticeably encouraged the researchers and scientists to identify the innovative
methods and procedures for retreat and reuse of arsenic-contaminated water for various

applications that can be implemented.

Many of the different methods for treating arsenic-contaminated water have been used.
The performance of the various treatment techniques for arsenic depends on the arsenic
chemical and physical properties. In water, arsenic is usually present in an inorganic form
depending on the redox potential and pH levels. The two main species of arsenic in water are
arsenite (As™) and arsenate (As*™) respectively (Kumar et al. 2019a). Due to its high
solubility and more volatility arsenite is not easier to decontaminate from water (Qiu et al.
2020). As a result, several researchers have demonstrated several methods for the
decontamination of arsenic, such as coagulation (Song et al. 2017), flocculation (Pallier et al.
2010c), oxidation (Li et al. 2020a), adsorption (Wu et al. 2018) along with membrane
filtration using reverse osmosis (Jarma et al. 2020) along with nanofiltration (Song et al.
2015). Many processes have certain disadvantages, such as precipitation, which can generate
a considerable amount of toxic sludge, posing serious environmental issues (Boddu et al.
2008). For the rejection of arsenic, the ion exchange process was well described. However,
the weak selectivity for (As™) was influenced by extreme competition from some co-existing
anions and prohibitively discouraged the process of ion exchange. Therefore, the
ultrafiltration membrane process is gaining significant importance for the filtration of
varieties of heavy metals, including toxic arsenic ions. The ultrafiltration process provides
high permeability, cost-effective and efficiency with a minimal fouling effect (Kumar et al.
2019a).
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Many research studies have shown that arsenate-containing solution (As*®) can be
recycled as pure water according to the allowable contaminant water quality condition of EPA
(Qiu et al. 2020; Sanchez and Rivas 2010). However, the arsenite (As*3) must be processed
with pre-oxidation before passing through the membrane surfaces for the reduction to arsenate
species (As™) (Liu et al. 2019). The electrostatic repulsion depends on the properties of
surface charge and hydrophilicity of the membrane surface (Trzaskus et al. 2015; Verliefde et
al. 2008b). From our previous work, membrane 1 wt% of ZrO; in CA/PPSU and 0.6 wt% of
ZrO2 in CAP/PPSU exhibited 87.27% and 70.48% with the permeabilities of 89.94 and 70.59
L/m?h bar respectively (Kumar et al. 2020b). Membranes prepared by adding 1 wt% zinc-
magnesium oxide (ZnO-MgO) in CA/PPSU (ZMCA-1) and 0.6 wt% of ZnO-MgO in
CAP/PPSU (ZMCAP-0.6) removes 78.48 and 81.31% of arsenic-V with the permeability of
198.47 and 69.58 L/m?h bar respectively (Kumar et al. 2020c). With 41.01 L/m?h bar as
permeability, the neat membrane removes 22% of arsenic-V (Kumar et al. 2019a). An
aqueous solution interacts with the membrane's feed sides and one of the aqueous solutions
has been removed (Eftekhari et al. 2020). The concentration polarization is the liability in the
membrane filtration process, which occurred due to the accumulation of the rejected arsenic-
V species on the membrane surfaces. In addition, the dimensional size of the arsenic-V
species is less than the surface pores of the membranes (Guha et al. 2017). Many of the
researchers employed varieties of the polymers to modify the membranes surfaces and
provide better membrane performances by improving its hydrophilicity, surface charge

density and minimizing the concentration polarization.

Polyphenylsulfone (PPSU) has drawn significant attention in membrane fabrication and
enhanced various membrane properties. High chemical resistance and thermal stability are
vital properties due to the presence of the biphenyl functional group from the PPSU
membrane surfaces (Dai et al. 2019). Additionally, many of the researchers introduced several
inorganic additives and nanoparticles in the neat polymer matrix to provide enhanced PPSU
membrane properties and rejection of different heavy metals (Nayak et al. 2020; Shukla et al.
2017d). A reliable, versatile inorganic nanomaterial, nano-Al.Osz, was used to increase the
performance of the blended membranes. Furthermore, nano-Al;O3 is an impressive material
for membrane fabrication with low cost, chemically stable, high abrasive and high surface

area to volume ratio (Kumar et al. 2011).

Youngran et al. (2007) studied the arsenic (V) removal by iron oxide and aluminum oxide

adsorbents from arsenic polluted wastewater. The rejection of arsenic (V) was efficient for
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aluminum oxide than the iron oxide due to the higher affinity of arsenic ions with aluminum

oxide adsorbent.

Maximous et al. (2009) fabricated polyethersulfone (PES) ultrafiltration membranes with
increased dosages of Al>Os for wastewater treatment. The fabricated membranes including
Al>O3, showed lower flux parameters and improved antifouling tendency properties than neat

membranes.

Garcia-lvars et al. (2014a) prepared polymeric ultrafiltration membranes using PES as an
organic additive and Al,Oz as an inorganic additive. The increase in hydrophilic and
antifouling behavior has resulted from the gradual additive dosages in the PES dope solution.

Ghaemi and Daraei (2016) fabricated intensified concentrations of polypyrrole (PPy)@AIl2O3
in PES mixed matrix membranes. However, virgin Al,Oz membranes suffer from functional
sites such as amine (—NH>) and carboxylic (-COOH).

Dilshad et al. (2019) prepared membranes using cross-linking of the incremental
concentrations of the Al>Os, polyvinyl alcohol (PVA) and polyethylene glycol (PEG). With
the improved concentrations of Al>Os, the fabricated membranes exhibited enhanced thermal
stability and hydrophilic properties.

Sherugar et al. (2021) fabricated mixed matrix membranes by zinc doped aluminum oxide
(ZnO- Al2O3) in polysulfone as a base polymer. The ZnO-Al,O3 dosage membranes exhibited
enhanced hydrophilic properties in terms of enhanced porosity, water uptake and pure water
permeation studies. The antifouling properties of modified membranes also increased with the
enhanced flux recovery ratio. From scanning electron microscopy, the improved finger-like
and porous structures were evidenced. The modified mixed matrix membranes exhibited

enhanced arsenic and lead removal from laboratory-prepared aqueous solution.

Additionally, cellulose acetate (CA) and cellulose acetate phthalate (CAP) hydrophilic
functional sites make effective hydrophilic membrane surfaces. Furthermore, owing to the
combination of the polar functional along with B-1-4 glycosidic linkages, cellulose acetate
bio-sorbents are more hydrophilic and adsorptive (Shenvi et al. 2014c). The implementation
of cellulose derivatives to the hydrophobic polymer matrix to enhance membrane properties

has been documented in many research studies (Kumar et al. 2019a, 2020b; d).

Gholami et al. (2014) prepared a polyvinylchloride (PVC) nanocomposite nanofiltration

membrane blended with cellulose acetate/iron oxide as nanoparticles. Improved
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hydrophilicity, water absorption and pure water permeation were demonstrated from the
modified membranes. Aluminum is used extensively in the automotive, aerospace,
construction, electric industries and alloys. It is also used in food packaging and cooking
utensils. Also utilized in water treatment to lower bacteria, organic matter, color and turbidity
levels. In the water treatment process, it acts as a suitable adsorbent. It is widely used in the
pharmaceutical industry, for example, in the production of antacids. Antiperspirants and food
additives also contain nano-Al,Oz (DeFriend et al. 2003; Huang et al. 2020). No research
work was documented from the literature on implementation of appropriate dosages of nano-
aluminum oxide and cellulose acetate derivatives to the PPSU for membrane fabrication and
enhancing the rejection of arsenic-V. The main objective of this research work is to prepare
hollow fiber membranes for arsenic-V rejection from contaminated arsenic-V solutions to

access the above-specified research gap.

In current contemporary work, polyphenylsulfone and the constant dosages of cellulose
derivatives as additives and intensified concentrations of nano-aluminum oxide (nano-Al,Oz3)
as nanoparticle were implemented to prepare ultrafiltration hollow fiber membranes by non-
solvent induced phase separation process (Ibrahim et al. 2017d). The effect of increased
concentrations of the nano-Al.Oz on the CA/PPSU and CAP/PPSU membrane matrix was
thoroughly analyzed. The used nano-Al,Oz nanoparticle was tested for the XRD and TEM
analysis. The prepared membrane surfaces were well characterized using various analyses
such as SEM, AFM, TGA, zeta potential, FTIR and XPS, to study the membrane surface
morphologies/topologies, thermal properties, surface potential and existence of various
functional groups. The influence of the hydrophilic nanomaterials on membrane surfaces was
confirmed by contact angle analysis, porosity/water uptake and pure water permeability
measurement. In addition, the prepared membranes were further tested for the extraction of

arsenic-V from arsenic-V contaminated water.
6.2 RESULTS AND DISCUSSIONS

6.2.1 Transmission electron microscopy (TEM) of the nanoparticle (nano-Al203)

High resolution- transmission electron microscopy (HR-TEM) pictures and selected area
electron diffraction (SAED) pattern have been demonstrated in Figure 6.1(a) — (d)
respectively. The morphologies represented the nanopowder rod-like agglomerated structure.
In addition, particles were aggregated due to the nanoparticles high surface energy, and

eventually nanoparticle agglomeration was observed in the ethanol solvent. In addition, with
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dimensions of 20-25 nm in length, the nanoparticle contains tiny nanorods. From Figure
6.1(e) SAED pattern, the presence of many white rings and patches, which represented the

polycrystalline structure of the nano-Al,O:s.

Figure 6.1 (a—d) High resolution-Transmission electron microscopy (HR-TEM) and (e)
selected area electron diffraction (SAED) pattern of the used nano-aluminum oxide

nanoparticle.
6.2.2 X-ray diffraction (XRD) analysis of the nanoparticle (Al203)

As used nanoparticle (nano-Al20s3), 2-theta diffraction peaks were demonstrated in Figure
6.2. The presence of diffraction pattern crystallinity for nano-Al>O3 was described in detail. It
was notable that with the reference plane 111,200,220,3 1 1and 2 2 2 corresponding
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diffraction angles 39.48", 45.91°, 66.95°, 80.59" and 84.99" respectively from the JCPDS file
number 01-075-0921. From the data as used nanoparticle was amorphous. No noticeable
difference was observed in the peaks as a reference pattern as mentioned in the literature
(Pakrashi et al. 2012).

1204 (JCPDS-01-075-0921)
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Figure 6.2 Nano-aluminum oxide nanoparticle’s X-ray diffraction (XRD) analysis.
6.2.3 Particle size distribution analysis of the nanoparticle (Al203)

The size of the nano-Al.O3 was determined by dynamic light scattering (DLS) along with
zeta potential analysis was shown in Figures 6.3(a) and (b) respectively. By the sonication
process of about 30 min, a 20 wt% of nano-Al.Oz in water was allowed to dissolve
homogeneously with the viscosity of 0.8859 cP. A homogeneous solution was tested in the
Nano-track particle size analyzer for particle size distribution analysis. From Figure 6.3(a),
from the DLS process histogram, the particle size in terms with a diameter of 199.2 nm. From
Figure 6.3(b), the zeta potential showed that the particles were polarized with -10.7 mV and a
charge -0.00180 fColumb on the particle surface. In addition, the homogeneous solution was

procured by sonicating the prepared solution for about 3h (Krause et al. 2018).
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Figure 6.3 Aluminum oxide nanoparticle size distribution analysis by (a) dynamic light

scattering (DLS) method and (b) zeta potential analysis of nano-Al.Oz nanoparticle.

6.2.4 Scanning electron microscopy (SEM) analysis of fabricated hollow fiber

membranes

Morphological images of the prepared pristine and nano-Al,O3 incorporated membranes
cross-sectional and surface images were illustrated in Figure 6.4. The cross-sectional
asymmetric morphological images were witnessed from fabricated hollow fiber membranes.
In the coagulation bath, the strong interaction between water and NMP was responsible for
forming a thin selective layer on the surfaces of the hollow fiber membrane’s inner and outer
layers. The morphological structure consisted of a finger-like structure, thin top layer, thick
middle layer (sponge layer) and supporting layer. As-fabricated hollow fiber membranes SEM
morphologies are the direct evidence for determining the characteristics of the membrane, i.e.,
the top layer governs the selectivity, the middle layer affects efficiency and base layer or

supporting layer responsible for the mechanical strength (Shukla et al. 2017d).
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Hollow fiber membranes absence of nanoparticles (neat membranes; ALCA-O and
ALCAP-0) contains macrovoids and closed-end narrow finger-like structures as shown in
Figure 6.4. Moreover, due to the difference in thermodynamic properties and kinetics of the
dope solution in phase inversion, a significant improvement was observed in the SEM
morphological configurations with the influence of nano-Al2Os. In addition, a broadened
structure becomes macrovoids and small finger-like morphologies. The expansion of the
sponge-like morphologies between finger-like structures has also been seen as a result of
increased nanoparticle concentrations due to the delayed solvent-nonsolvent demixing, as
shown in Figure 6.4. Improving the morphological structure of the membrane have an
essential effect on permeability and is selectively related to the membrane (Nayak et al.
2018b). The detailed cross sectional (complete view) scanning electron microscopy (SEM)

images was represented in Figure 6.5.

The membrane surface morphology and energy dispersive x-ray (EDX) observation with
-3000x magnification for neat membranes (ALCA-0 and ALCAP-0) and nano-Al;Os
contained membranes (ALCA-1.5 and ALCAP-1.5) were illustrated in Figure 6.6. The neat
membrane revealed less porous and evenly distributed membrane surfaces. The porous
structures were expanded with the increased dosages of nano-Al.Os, promising the
incorporation of the nanoparticle on the surfaces as shown in Figures 6.6(c) — (b) respectively.
From Figure 6.6, EDX analysis revealed the blending and presence of nano-Al.O3
nanoparticle on modified membranes surfaces AICA-1.5 and ALCAP-1.5 respectively. The
absence of aluminum oxide on the membrane surfaces in pristine membranes ALCA-0 and
ALCAP-0 respectively from Figure 6.6. Inner/outer diameter (ID and OD) and mean pore
radius of the fabricated hollow fiber membranes were illustrated in Table 6.1.
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Figure 6.4 Cross-sectional scanning electron microscopy (SEM) images of neat membrane (a
and b) as ALCA-0 and ALCAP-0 followed by incremental dosage (0.6, 1 and 1.5 wt%) of
Al;03 in CA/PPSU membranes as ALCA-0.6, ALCA-1 and ALCA-1.5 as ‘c’, ‘e’ and ‘g’
respectively and Al,Oz in CAP/PPSU membranes as ALCAP-0.6, ALCAP-1 and ALCAP-1.5

as ‘d’, ‘f” and ‘h’ respectively.
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Figure 6.5 Cross sectional (complete view) scanning electron microscopy (SEM) pictures of
neat membrane (a and b) as ALCA-0 and ALCAP-0 followed by incremental dosage (0.6, 1
and 1.5 wt%) of Al,O3 in CA/PPSU membranes as ALCA-0.6, ALCA-1 and ALCA-1.5 as
‘c’, ‘e’ and ‘g’ respectively and Al,O3 in CAP/PPSU membranes as ALCAP-0.6, ALCAP-1
and ALCAP-1.5 as ‘d’, ‘f” and ‘h’ respectively.
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Figure 6.6 Surface morphologies field emission-scanning electron microscopy (FE-SEM)

images (with the magnification of -3000x) of the neat hollow fiber membranes (ALCA-0 and
ALCAP-0) was ‘a’ and ‘b’ respectively, nano-Al,Oz contained CA/PPSU and CAP/PPSU
(ALCA-1.5 and ALCAP-1.5) was ‘c’ and ‘d’ respectively. Energy-dispersive X-ray
spectroscopy (EDX) images of the neat membranes (ALCA-0 and ALCAP-0) was ‘al’ and
‘b1’ along with (ALCA-1.5 and ALCAP-1.5) was ‘c1’ and ‘d1’ respectively.
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Table 6.1 Outer/ inner (OD/ID) diameter and mean pore radius of the fabricated hollow fiber
membranes

Hollow fiber | Outer diameter (OD | Inner diameter (ID | Mean pore radius
membranes in pm) in um) (m)

ALCA-0 579 394 1.543%x10°8
ALCA-0.6 561 369 1.501x10®
ALCA-1 509 323 8.93x107
ALCA-15 615 353 1.396x10°8
ALCAP-0 520 341 6.620x10°®
ALCAP-0.6 o547 321 1.420x1078
ALCAP-1 545 362 9.241x10°
ALCAP-1.5 589 384 1.571x107
Spinneret dimension, inner diameter: 550 um, outer diameter:1100 pum

6.2.5 Porosity/water uptake studies of the fabricated hollow fiber membranes

The fabricated pristine and nano-Al,O3 contained membrane’s porosity and the water
uptake of the hollow fiber membranes were illustrated in Figure 6.7(a) and (b). The outcome
of porosity and water uptake of the fabricated membranes were revealed that the pristine
membranes were dominated by nano-Al.Oz blended membranes. From Figure 6.7(a) and (b),
the neat membranes without the influence of nanoparticle exhibited the porosities as ALCA-0
and ALCAP-0 showed 22.01% and 25.08% respectively. The water uptake parameters for
pristine membranes ALCA-0 and ALCAP-0 were 48.72% and 51.32% respectively. With the
less porous and hydrophobic membrane surfaces, the pristine membrane surface demonstrated
less porosity in the morphologies. Incremental dosages of the nano-Al;Osz into the dope
solution of CA/PPSU and CAP/PPSU were shown to improve porosity parameters. As such,
ALCA-1.5 and ALCAP-1.5 were 71.28% and 76.91% respectively. The water uptake for the
increased concentrated membranes ALCA-1.5 and ALCAP-1.5 were 69.67% and 84.26%
respectively. The higher percentage of hydrophilic additives contributes to thermal instability,
resulting in rapid demixing in the co-angulation bath further enhancement in the porosity on
the membrane surfaces (Hebbar et al. 2018c). During the phase inversion process, the
leaching of used additives and nanoparticles helps to increase the surface porosity of the

membrane (Kumar et al. 2019a).
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Figure 6.7 The prepared neat and nano-aluminum oxide incorporated hollow fiber

membranes porosity and water uptake measurement.

6.2.6 Hydrophilicity/phobicity of the fabricated hollow fiber membranes

The hydrophobicity and hydrophilicity of the fabricated neat and nano-Al.Oz contained
hollow fiber membranes was illustrated in Figure 6.8. The neat membrane with a less porous
structure and hydrophobicity exhibited the higher contact angle parameter for ALCA-0 and
ALCAP-0 were 87.74" and 82.12" respectively. The hydrophilicity and hydrophobicity natures
of the prepared pristine and nano-Al>Oz contained hollow fiber membrane. With the influence
of increased dosages (0.6, 1 and 1.5 wt% of nano-Al20s) into the pristine membrane dope
solution, considerably decreasing parameter of contact angle can be observed. The
membranes showed 70.14" and 68.47" respectively, with the increased concentrated hollow
fiber membranes ALCA-1.5 and ALCAP-1.5 respectively. The migration of these functional
groups from nanoparticles and additives further leads to pore interconnectivity. In addition, in
the sulphuric acids group, the hydroxyl group has a strong affinity for water. 1t forms H-bonds
with water molecules, increasing surface wettability and membrane hydrophilicity (Tavangar
et al. 2020). The water rejection capacity of the membrane was also increased as the affinity
for water absorption was increased. Additionally, with the additive concentration of 1.5 wt%
of nano-Al203 in CA/PPSU and CAP/PPSU dope solution, the hollow fiber membranes
hydrophilicity was improved due to the presence of the enormous number of functional

groups (—OH, —CH and —CO) on the surfaces of the membrane (Kumar et al. 2020c).
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Figure 6.8 Contact angle measurement of the fabricated hollow fiber membranes.
6.2.7 Pure water permeability (PWP) of the prepared hollow fiber membranes

The fabricated pristine and nano-Al>Os modified membranes pure water permeability was
illustrated in Figure 6.9(a) — (b). The neat (ALCA-0 and ALCAP-0) membranes showed
26.45 L/m?h bar and 41.43 L/m?h bar respectively. Pure water permeability was revealed as
88.87 L/m?h bar and 102.13 L/m?h bar respectively for ALCA-1.5 and ALCAP-1.5
membranes with more hydrophilic functional sites. Due to the hydrophobic and decreased
porous behavior of the PPSU, decrease in PWP parameters were observed for the pristine
membranes rather than the membranes containing nano-Al2Os. In addition, with incremental
concentrations (0.6, 1 and 1.5 wt%) of the nano-Al>O3 along with additives in the PPSU dope
solutions, PWP parameters were substantially improved. Due to the leaching of the
nanoparticle and the additive content in the membrane fabrication, increased porosity was
observed on the hollow fiber membranes. As porosity increases on the hollow fiber
membranes, the membrane water holding capacity also increases as more pores were present.

The two main factors, the permeability of the nano-Al,O3z/CAP/PPSU hollow fiber
membrane is greater than that of nano-Al,O3/CA/PPSU and pristine hollow fiber membranes.
Firstly, the occurrence of the carboxylate group on the nano-Al.Os/CAP/PPSU membrane
surfaces, the presence of the carboxylated group reduces the concentration polarization and

improved membrane hydrophilicity and pure water permeability. Secondly, the CAP additive
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itself acts as a pore former. Consequently, the incremental dosages of nano-Al.O3 in the
hydrophobic PPSU dope solution will render enhanced pore visibility. This can be evidenced
by SEM morphological structure.
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Figure 6.9 Pure water permeability of the fabricated (a) CA/PPSU with incremental dosages
of nano-aluminum oxide membranes and (b) CAP/PPSU with incremental concentrations

aluminum oxide membranes.

6.2.8 Antifouling analysis of the fabricated hollow fiber membranes

The antifouling efficacy of the fabricated hollow fiber membranes is shown in Figure
6.10. Generally, the primary cause of membrane fouling is the deposition or adsorption of the
BSA protein molecules on the hollow fiber membranes surfaces. The three comprehensive
fouling steps from the prepared membranes are shown in Figure 6.10(a) — (b). The mechanical
deformation was due to more porous nature of the membrane surfaces. Due to the deposition
or adsorption of the used protein molecules on the membranes surface pores, there is a drastic
decrease in the permeability. In this analysis, the neat hollow fiber membranes (ALCA-0 and
ALCAP-0) in three filtration stages showed lower permeability performance. The reduced
permeability was witnessed because of the smaller pore size, hydrophobic and more fouling
nature of the neat membranes. There is a substantial increase in permeability as increased
nano-Al20Oz concentrations to the neat dope solution, since nano-Al>O3 contained membranes
are more vulnerable to hydrophilic and have less fouling tendency. This is due to the presence
of more hydrophilic groups (-COOH and —OH) on the membrane surface, which creates more
affinities with water molecules, converting PPSU membrane hydrophobic surfaces into more
hydrophilic adsorptive hollow fiber membrane surfaces. From Figure 6.10(c) — (d), the FRR
parameters for pristine membranes ALCA-0 and ALCAP-0 were 72.03% and 77.49%
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respectively. The improved FRR of the nano-Al2O3 concentrated membranes was observed to
be 85.09% and 89.24% respectively, for ALCA-1.5 and ALCAP-1.5 hollow fiber membranes,
which further suggested that the membranes were hydraulically cleaning and highly resistant
to fouling. Other remaining increased antifouling-related parameters are R and decreased
parameters of Rir and Rt with increased nano-Al2Os concentration showed better antifouling
properties from modified hollow fiber membranes.
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Figure 6.10 Antifouling permeability behaviours of the prepared membranes (a) nano-
Al203/CA/PPSU (b) nano-Al,03/CAP/PPSU membranes. Antifouling properties (FRR, Rr and
Rir) of (c) nano-Al,O3/CA/PPSU and (d) nano-Al,O3/CAP/PPSU membranes.

6.2.9 Atomic force microscopy (AFM) analysis of the hollow fiber membranes

Atomic force microscopy (AFM), three-dimensional topological pictures of the pristine
and nano-Al2O3 incorporated hollow fiber membranes was shown in Figure 6.11. Generally,
the surface roughness parameters (Ra) was interpreted for topological analysis. The roughness
(Ra) parameters for neat membranes AICA-0 and ALCAP-O were 8.6 nm and 18.3 nm
respectively from Table 6.2. The gradual dosages of nano-Al>03 (0.6, 1 and 1.5 wt%) into the
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neat polymeric dope solutions, such as ALCA-1.5 and ALCAP-1.5 were 32.5 nm and 43.9 nm
respectively. There is an increase in surface roughness parameter. An enhanced Ra parameter
indicated an improved surface pore on the membrane surfaces. This in turn promotes reduced
fouling nature and increased hydrophilicity. Also, the enhanced concentrations of the nano-
Al>0O3 dosages, the mean square Z information related to roughness (Rq), peak difference
between few maximum peaks and minimum peak (R;) parameters were increased.

In addition, the presence of a small amount of nanoparticle segregation and distribution
of small pores on the membrane surfaces was shown by bright side and darkest portion
relative to the membrane surface. A high concentration (1.5 wt%) of nano-Al>O3 in CA/PPSU
and CAP/PPSU showed increased peaks (bright surfaces) as the highest percentages of nano-
Al>,O3 were present in the corresponding dope solution, confirming the improvement of the
membrane surface roughness. Previous studies have shown that rough membrane surfaces
increase the overall effective surface area, thus increasing water permeability. This finding
was favored by the increased porosity, water contact angle and measurement of pure water

permeability shown in Figure 6.7, Figure 6.8 and Figure 6.9 respectively.

Table 6.2 Properties of roughness for fabricated hollow fiber membrane surfaces

Membranes Ra (nm) Rq (nm) Rmax (nm)
code

ALCA-0 8.62 10.2 79
ALCA-0.6 10.3 13.5 105
ALCA-1 14.6 21.7 174
ALCA-15 32.5 43.8 315
ALCAP-0 18.3 23.4 125
ALCAP-0.6 22.8 30.4 194
ALCAP-1 25.6 37.3 333
ALCAP-1.5 43.9 61.8 612
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Figure 6.11 Atomic force microscopy (AFM) pictures of the fabricated pristine and nano-

Al>O3 contained hollow fiber membranes.

6.2.10 Thermogravimetric analysis (TGA) of the prepared hollow fiber membranes

The temperature decomposition of the prepared pristine and nano-Al,Os integrated

CA/PPSU and CAP/PPSU hollow fiber membranes was demonstrated in Figure 6.12. For
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each membrane, thermal degradation behavior can be represented in three different phases. It
is clear from the TGA investigation that the membranes contained in nano-Al.O3 (ALCA-1.5
and ALCAP-1.5) have better thermal stability than the neat membranes (ALCA-0 and
ALCAP-0). In the case of neat membranes, the initial temperature degradation of the ALCA-0
and ALCAP-0 starts at room temperature to 132.73 °C and for the ALCAP-0 membrane starts
at 29.10 'C — 132.73 'C respectively. The initial thermal degradation is due to the
volatilization of moisture content present on the membrane surfaces. The second level of
thermal degradation for the ALCA-0 from 135.24 'C — 368.51 'C and ALCAP-0 from 139.5°C
to 293.84 "C respectively. This stage of thermal degradation is for the degradation of
polymeric hydrophilic groups of the sulphuric acid group and cellulose acetate (Golpour and
Pakizeh 2018b; Kumar et al. 2020b).

In the temperature range of 464.85 'C — 685.45 "C for the ALCA-0 membrane, the last
thermal decomposition step is to disrupt all-polymer content and eventually form ash content.
The final step of temperature decomposition for ALCA-O and ALCAP-O membrane was
505.02 °C — 706.6 ‘C respectively. The second degradation stage for ALCA-1.5 was 129.34 'C
-276.42 'C and for the ALCAP-1.5 membrane was 130.64 'C -285.07 ‘C for the
decomposition of the polymers on the membrane surfaces. The thermal degradation for the
final stage for ALCA-1.5 and ALCAP-1.5 membrane was 467.02 'C —691.41 °C and 475.02 'C
—715.30 °C respectively. The polymers were broken at that temperature and started to form
ash. Increased nanoparticle concentrations to the neat membranes internally result in
improved decomposition temperature and reduced weight loss from modified hollow fiber
membranes. The figure noted that, because of the high surface area to volume ratio and
increased porosity, the ALCAP-1.5 membrane demonstrated significantly increased weight
loss relative to the ALCA-1.5 membrane (Kumar et al. 2020d). Also, from the ALCAP-0
membrane, the degradation of the phthalic anhydride. However, due to the improved thermal
miscibility of the used cellulose acetate derivatives and increased nano-Al,Os nanoparticle in
the PPSU membranes. The nano-Al>Os integrated membranes showed improved thermal

stability as compared to pristine membranes (Prihatiningtyas et al. 2020).
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Figure 6.12 Thermogravimetric analysis (TGA) of the neat membrane (ALCA-0 and
ALCAP-0) along with increased dosages membranes (ALCA-1.5 and ALCAP-1.5).

6.2.11 Molecular weight cut off study of the membrane

The best performing membrane (ALCA-1.5) molecular weight cut off was demonstrated
in Figure 6.13. The molecular weight cut off of the best performing membrane was found to
be 17403.1 Da. The PEG rejection percentage for ALCA-1.5 membrane was 61.23%, 70.81%
and 94.52% with corresponding to molecular weight of PEG-4000, PEG-6000 and PEG-

20000 respectively.
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Figure 6.13 Molecular weight cut off study of the prepared hollow fiber membrane.
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6.2.12 Surface potential (Zeta potential) of the best performing membrane

The measurement of the surface potential of the prepared best performing membrane
(ALCA-1.5) was represented in Figure 6.14, by pH on the X-axis and zeta potential on the Y-
axis respectively. At pH 1.05, which was 7.45 mV the ALCA-1.5 membrane was positively
charged. The negative zeta potential was reported at different pH parameters of 3.10, 5.2, 7.3,
9.1 and 10.1 as -18.1 mV, -40.3 mV, -49.5 mV and -53.6 mV respectively. Typically, the
enhanced negative charge was result of hydroxyl (—-OH) and carboxylic (-COOH) groups
accumulation (Kumar et al. 2020c). In addition, the deprotonation of the used hydrophilic
functional groups on the membrane surfaces. The modified negatively charged membrane
surfaces help to enhance rejection of the arsenate oxide (AsOs>) by repulsion phenomenon.
The negative surface potential helps increase the membrane’s surface area, which appears to
increase hydrophilicity and pure water permeability (Bai et al. 2020). At pH 1.39, a
considerable isoelectric point (IEP) was also recorded. The membrane surface exhibited no

surface charge at this pH, i.e., the surface potential parameter is zero.
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Figure 6.14 Zeta potential (surface potential) measurement of ALCA-1.5 membrane surface.

6.2.13 Attenuated total reflectance- Fourier transform infrared spectroscopy (ATR-

FTIR) investigation of the prepared membranes

The ATR-FTIR spectra of prepared neat (ALCA-0 and ALCAP-0) along with increased
dosaged of nano-Al,Oz nanoparticle in CA/PPSU and CAP/PPSU membranes (ALCA-1.5
and ALCAP-1.5) was represented in the Figure 6.15. From Figure 6.15(a), neat membrane
ALCA-0, the peak 3324.85 cm™ assigned to —OH (hydroxyl) group and 2833.95 cm™ —
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2932.67 cm™ attributed to —CH. group respectively. The peak 1584.95-1654.82 cm
attributed to —C=0O (carbonyl) group and 1481.85 cm? —O=C-OR functional group
respectively. Peaks 869.54 cm™ and 1233.99 cm™ were attributed to —-C—-O— and —C—H—
functional groups respectively (Kumar et al. 2019a, 2020b). From Figure 6.15(b), neat
ALCAP-0 membrane 3358.93 cm™ assigned to —~OH group and 2834.85 cm™ —2936.95 cm™
was attributed to —CH. group of stretching group of methylene —C—H- group respectively.
The peak at 1739.45 cm! attributed to —C=0- carbonyl functional group which was absent in
ALCA-0 neat membrane. 1236.50 cm™ peak was assigned to cyclic ether group —-C—O— of
cellulose acetate phthalate, 1035.85 cm™ — 1104.85 cm™ attributed to —C—O—C— vibrational
stretching respectively. Peaks 867.85 cm™ and 1600.95 cm™ were assigned to -C—H— and —

C=C- groups of vinyl aromatic conjugated ring (Garcia-Ivars et al. 2014b).

However, for ALCA-1.5 and ALCAP-1.5 membranes there is a shift was perceived in the
FTIR spectra for -CH,, —-C-O- and —C-O-C- functional sites, due to the occurrence of
hydrogen bonding in-between nano-Al>Os nanoparticle and cellulose acetate constitutes. As
such for ALCA-1.5 membrane, from Figure 6.15(c), the peak 3400 — 3300 cm™ attributed to
hydroxyl group (-OH), 1487 cm™ and 1236 cm™ attributed to —C—C bond stretching and —C—
O stretching vibration respectively. Peaks 1039.01 cm™ and 1647 cm™ corresponds to —
0=S=0- symmetry stretching and carbonyl stretching group, 1036 — 1000 cm* attributed to
complex vibration of Al-O group respectively. The peak 1577 cm™ assigned to benzene
stretching group. Peak at 790.02 cm™ — 1039.50 cm stretching vibration and the symmetric
ending modes of AI-O-Al bond respectively. Peak at 2350 cm™ and 2959 cm™ were
attributed to —CH stretching vibration of the methyl group and asymmetric stretching

vibration respectively (Garcia-Ivars et al. 2014b).

Similarly, in case of the ALCAP-1.5 membrane from Figure 6.15(d), the peak at 3100 cm”
1 _ 3400 cm™ correspond to hydroxyl group (—OH), peak at 1483 cm™ and 1236.50 cm™
assigned to —C—C bond stretching and —C-O- stretching vibration respectively. Peaks
1038.16 cm™ and 1647.82 cm™ attributed to -O=S=0- and —O—C=0- carbonyl stretching
group respectively. the peak 1582.82 cm™ benzene stretching vibration. Peak at 1038.36 cm™
to 1000.83 cm assigned to complex vibration of Al-O. The peak at 780.12 — 1038.85 cm
corresponds to stretching vibration and the symmetric bending modes of the Al-O-Al bend
respectively. The 2381.68 cm™ and 2951.20 cm™ peak attributed to —C—H stretching vibration
of methyl group and —CH> asymmetric stretching vibration respectively (Garcia-lvars et al.
2014b; Kumar et al. 2020c).
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Figure 6.15 ATR-FTIR studies of the fabricated neat membranes (ALCA-0 and ALCAP-0)
as (a and b) along with aluminum oxide contained membranes (ALCA-1.5 and ALCAP-1.5)

as (c and d) respectively.

6.2.14 X-ray photoelectron spectroscopy (XPS) analysis of the membrane

The best performing x-ray photoelectron wide and narrow range of prepared ALCA-1.5
membrane was shown in Figure 6.16. The 283.9 eV, 530.5 eV and 166.4 eV binding energies
respectively reported the existence of functional elements Ols, Cls and S2p respectively
(Ibrahim et al. 2018c). the deconvoluted results of Ol1s, C1s and S2p were shown by Figure
6.16(b) — (d). the —-C-H/-C-N, —-C—-C and —C=0 and —O-C=0 bonds were attributed to C1s
binding energies of 283.6 eV, 284.5 eV, 286.9 eV and 289.5 eV respectively. The relatively

weak of 282.2 eV was attributed to the presence of a carbon atom in the nano-Al.Os lattice,
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further confirming the replacement of a small amount of C** with Al** and the existence of C-
Al-O bonds. The functional group —CO2H, —-O=C-O, -C-OH, —-C=0 and —-C—-O-C bonds
attributed to the O1s binding energy peaks of 529.2 eV, 529.8 eV, 530.6 eV, 531.2 eV and
531.8 eV respectively (Barathi et al. 2014). The S2p binding energy peaks 165.2 eV, 165.7
eV, 166.5 eV and 166.7 eV are related to sulphite (SO3??), S2pus), sulphone (SO,—C),
oxidized sulphur (-Sox) and S2pr2) sulphate group SO4?) respectively (Fantauzzi et al. 2015).
The functional groups AI-O, AI(OH)3, AI-FO-C and nano-AlO3 were assigned the Al2p
binding energy peaks of 73.0 eV, 74.1 eV, 75.3 eV and 75.9 eV respectively (Hu et al. 2015).
The homogeneous blend of the various additives and nanoparticle was verified by different

binding energies on the membrane surfaces.
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Figure 6.16 X-ray photoelectron spectra’s (XPS) wide spectrum (a) and broadened images of

(b), (c), (d) and (e) are narrow binding energies spectrum of O1s, C1s, S2p and nano-Al20O3

for best performing (ALCA-1.5) membrane.
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6.2.15 Arsenic-V removal from fabricated hollow fiber membranes

The percentage arsenic-V removal from various concentrations (0.6, 1 and 1.5 wt%) of
nano-Al20z in CA/PPSU and CAP/PPSU membranes and the pristine membrane was
demonstrated in Figure 6.17. Initially, after ionizing with water (H20), neutral arsenate acid
(H3AsO4) was reduced to arsenate oxide (AsOs*) for fast decontamination of membrane
surfaces, which can be shown in Equation 3.1. This is because uncharged arsenate ions in
water are inconvenient in the pH range of 6 to 9 for the removal. In addition, due to the
electrostatic repulsion, negatively charged arsenate ions can easily be repelled from
negatively charged membrane surfaces (Zheng et al. 2012). The decreased arsenate oxide
from the neat membrane surfaces was witnessed. The membrane ALCA-0 removes 17.12%
and ALCAP-0 of 25.85% with the little negative surface charge hydrophilic sites shows
negligible arsenic-V properties from aqueous solution. From Figure 6.18(a)-(b), the arsenic-V
permeability properties for neat membranes ALCA-0 and ALCAP-0 were 23.06 L/m?h bar
and 39.89 L/m?h bar respectively. The removal percentage of arsenic-V was considerably
improved by adding the cumulative dosages of nano-Al.Oz to pristine CA/PPSU membranes.
The ALCA-1.5 and ALCA-1 modified membranes extract 98.67% and 94.89% with the
arsenic-V permeabilities as 88.41 L/m?h bar and 53.42 L/m?h bar respectively. The membrane
removed increased arsenic-V, however, the active sites are saturated and the membrane needs
to be regenerated. The significant improvement in decontamination of arsenic-V is due to the
better distribution of the used nanoparticle (nano-Al.O3) and additives (CA and CAP) on
membrane surfaces. The potential interaction between CA/PPSU and CAP/PPSU has been
shown in Figure 6.19(a) — (b) respectively. The interaction of nano-AlO3z/PPSU was also
observed; there is an interaction between Van der Waals and ionic dipole interaction. In the
polymers, the hydrogen bonding interaction was absent.

The negative charge on the membrane surfaces was exerted by the presence of the
carboxylic (-CO2H) and amine (-NH) functional sites (Pérez-Sicairos et al. 2009b). In
addition, the occurrence of negatively charged —SOsH functional group on the membrane
surface also influence negatively charge on the membrane surface (Abdullah et al. 2019).
Increased negative charged membrane surfaces, which repels arsenic-V species that are
negatively charged. The indecent of the negatively charged surfaces is also due to aqueous
solution deprotonation by the acetate group (Kumar et al. 2020b). In this study, with
improved dosages of nano-Al>Os in CAP/PPSU dope solution, the percentage rejection of
arsenic-V was increased and then reduced. As such the ALCAP-0.6 membrane shows 21.73%
and small improvement in arsenic-V rejection of 34.02% from ALCAP-1 membrane, with
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permeabilities as 61.35 L/m?h bar and 86.71 L/m?h bar respectively. A decrease in percentage
arsenic-V removal with 1.5 wt% of nano-Al.O3 in CAP/PPSU (ALCAP-1.5) dope solution
extracts 25.75% with the permeability 99.24 L/m?h bar respectively. We fabricated in our
previous work, hollow fiber membranes by 1 wt% of ZrO; in CA/PPSU (PZCA-1) and 0.6
wit% of ZrOz in CAP/PPSU (PZCAP-0.6) for the removal of arsenic-V from aqueous solution.
Membranes PZCA-1 and PZCAP-0.6 removes 87.27% and 70.48% of arsenic-V with
permeabilities of 89.94 L/m?h bar and 70.59 L/m?h bar respectively (Kumar et al. 2020b). In
another chapter of this thesis, 1 wt% on zinc-magnesium oxide (ZnO-MgO) in CA/PPSU
(ZMCA-1) and 0.6 wt% of ZnO-MgO in CAP/PPSU (ZMCAP-0.6) removes arsenic-V as
78.48% and 81.31% with permeabilities 198.47 L/m?h bar and 69.58 L/m?h bar respectively
(Kumar et al. 2020c). In addition, with 44.01 L/m?h bar permeability, the neat PPSU
membrane removed 22% arsenic-V respectively (Kumar et al. 2019a). Additionally, the
percentage of arsenic-V removal was reduced due to the concentration polarization from
increased agglomeration on the membrane surfaces. Substantial dosages of the nano-Al,Oz do
not affect the CAP/PPSU dope solutions with arsenic-V permeability. The concentration
polarization for arsenic-V removal of the fabricated hollow fiber membranes was illustrated in
Table 6.3.
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Figure 6.17 Arsenic-V removal properties from fabricated hollow fiber membranes.
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Figure 6.18 Arsenic-V permeabilities of (a) nano-Al,Os/CA/PPSU and (b) nano-
Al,O3/CAP/PPSU from prepared membranes respectively.
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Figure 6.19 (a) Possible interaction of polyphenylsulfone and cellulose acetate, (b) Possible

interaction of polyphenylsulfone and cellulose acetate phthalate.
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Table 6.3 Concentration polarization for arsenic-V removal of the fabricated membrane

Membrane | Velocity (v) | Mass transfer | Concentration
codes x10° (m/s) | coefficient (K) | polarization (%)
x10° (m/s)

ALCA-0 3.26 1.425 1.066
ALCA-0.6 3.82 1.480 1.142
ALCA-1 6.23 1.777 2.164
ALCA-15 4.10 1.358 5.713
ALCAP-0 3.86 3.063 1.3
ALCAP-0.6 4.56 1.491 1.241
ALCAP-1 5.81 1.740 1.341
ALCAP-1.5 7.55 1.811 1.096

6.3 SUMMARY OF THE PRESENT WORK

The novel hollow fiber ultrafiltration membranes were successfully fabricated from
aluminum oxide concentrated with cellulose acetate/polyphenylsulfone and cellulose acetate
phthalate/polyphenylsulfone. The effect on the CA/PPSU and CAP/PPSU ultrafiltration
membranes of increased aluminum oxide nanoparticles was well understood. The structure
was interpreted as a crystalline morphological structure from TEM and XRD results. As the
nano-Al>Os concentrations increased, the finger-like and micropores were expanded. The
introduction of nano-Al>O3 concentrations has improved surface roughness from atomic force
microscopy (AFM) of the modified membranes. The temperature stability of the fabricated
hollow fiber membranes has been improved by various dosages of nano-Al,Osz from TGA
analysis. The doping of the various nano-AlOz concentrations improved hydrophilic
properties such as pure water permeability, water uptake and porosity. With the results of
nano-Al20z in the CA/PPSU and CAP/PPSU dope solution, the improved pure water
permeabilities were 88.87 L/m?h bar and 102.13 L/m?h bar respectively for ALCA-1.5 and
ALCAP-1.5 hollow fiber membranes. The increased antifouling efficacy was demonstrated by
a high flux recovery ratio (FRR). The enhanced properties of arsenic-V removal were

witnessed by improved electrostatic repulsion from the modified nano-Al.Osz membranes.
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Due to the concentration polarization on the surfaces of the charged membranes, a decreased
tendency to extract arsenic-V was observed from increased dosages of nano-Al.O3 and CAP
additives on the polymeric (PPSU) dope solution. With the arsenic-V permeabilities of 88.41
L/m?h bar and 99.24 L/m?h bar, the improved arsenic-V removal properties from ALCA-1.5
and ALCA-1 were recorded as 98.67% and 94.64% respectively. The fabricated hollow fiber
membranes are suitable for the efficient decontamination of arsenic-V from the arsenic-V-

contaminated aqueous solution.
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Abstract

In this chapter, the polyphenylsulfone (PPSU) hollow fiber membranes were prepared
using increased dosages of the polydopamine (PDA; 1, 2, 3 and 5 wt%) in the presence of
pore-forming agent as polyvinylpyrrolidone (PVP) by non-solvent induced phase separation
(NIPS) process as-fabricated membranes were tested for the morphologies and topological
studies using filed emission scanning electron microscopy (FESEM) and atomic force
microscopy (AFM) respectively. The used PDA nanoparticle was investigated using x-ray
diffraction (XRD) to interpret the PDA crystallinity analysis. The hydrophilicity
/hydrophobicity behavior of the hollow fiber membranes was confirmed using contact angle
measurement, porosity/water uptake, pure water permeability and antifouling studies. Also,
the fourier transform infrared spectroscopy (FTIR) and x-ray photoelectron spectroscopy
(XPS) were also employed to interpret the different functional groups and binding energies.
An attempt to investigate the arsenic-V removal from the hollow fiber membranes was also
carried out. Also, increased arsenic-V rejection was observed from 3 wt% of PDA in
PPSU/PVP (PDA-3) membrane as 87.15% with the flux of 31.80 L/m?h, which was superior
as compared to the neat membrane (PDA-0) as 67.70% with arsenic-V flux of 15.07 L/m?h at
a transmembrane pressure of 0.2 MPa with laboratory prepared 5 mL/L of arsenic-V solution.

7.1 INTRODUCTION

In recent decades, groundwater depletion and degradation has a significant impact on
climate, poor resource management and environmental instability hampered the availability of
clean drinking water (Vairavamoorthy et al. 2008). Freshwater is required for life-sustaining
human activities including cooking, cleaning, farming, and drinking pure water. Modern
activities, on the other hand, have thrown off the balance between use and purification,
resulting in a scarcity of drinkable water. The demand for fresh drinking water is skyrocketing
as the world's population and urbanization continue to grow (Cohen 2006). The world's total
population is currently around 7.1 billion people and it is expected to exceed 9 billion people
by 2050. As a result, annual water demand is expected to rise by 64 billion cubic meters.
Untreated heavy industrial wastes, such as heavy metals and metalloids, are often the primary
sources of metallic contaminants in aquatic environments. Heavy metals, which are needed
for industrial production, have also been identified as an essential contaminant for wildlife,

plants and humans (Hinrichsen and Tacio 2002). Scientists and researchers face a significant
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challenge in extracting harmful waste pollutants from aqueous solution and reusing it for

other purposes.

Due to its high toxicity and carcinogenicity, arsenic poses a severe threat to human
health and the environment. Arsenic pollutes the atmosphere from various natural and
anthropogenic causes, contaminating freshwater. Exposure due to long-term causes cancer of
the kidney, bladder, lungs, liver and skin, and a variety of non-cancerous symptoms including
black foot disease, keratosis pigmentation and nausea, among others (Saha et al. 1999). As a
result, the Indian Agency of Research on Cancer (IARC) classified arsenic as a potent
carcinogen (IARC, 2012). Arsenic is found mainly inorganic arsenic oxides, such as arsenite
As(l11), arsenate As(V) and methylated structures. Arsenic in its reduced form, arsenite
As(111), is more toxic than arsenate. Due to its strong affinity for thiol-groups in arsenic (V).
As(I11) is 25-60 times more detrimental to human health than As(V) (Rasul et al. 2002). As a
result, preoxidation of As(lll) to As(V) is usually necessary prior to the arsenic removal
process. Many research studies showed that various oxidizing agents converted As(IIl) to
As(V). As a result, the most effective oxidizing agents were determined to be chlorine, ozone
and permanganate. Chlorine dioxide and monocloramine are also commonly used for
converting As(I11) to As(V) (Katsoyiannis and Zouboulis 2006).

According to WHO documentation, arsenic is a leading cause of death for thousands of
people worldwide. Because of the possible health risk posed by arsenic, the United States
Environmental Protection Agency (USEPA) lowered the average toxicity level for distilled
water from 50 pg/L to 10 pg/L in 2001 (Dambies 2005; Shao et al. 2021). To address the
issue concerning arsenic toxicity, a cost-effective, environmentally sustainable technology for
removing arsenic from contaminated water and safe for human health is essential. Several
arsenic treatment methods have been investigated for removing arsenic from drinking water.
Different arsenic treatment processes adsorption, biological treatment, chemical-sorption,
filtration, ion exchange and membrane filtration are few to mention (Ng et al. 2004).
Nonetheless, environmental and operational restrictions such as higher costs, complicated and
time-consuming separation methods. Nevertheless, realistic implementations are hampered by
technical and environmental limitations such as higher costs, complex and time-consuming
separation methods. Compared to reverse osmosis and nanofiltration, the ultrafiltration
membrane technology for extracting arsenic from arsenic-contaminated water has sparked a
lot of interest because it is less costly, has a lower operating pressure and needs less energy,

and has higher permeability with efficient arsenic rejection (Brandhuber and Amy 2001).
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Various polymers have been used to fabricate and develop ultrafiltration membrane
characteristics, according to the literature. One of the sulfone polymer families, the
polyphenylsulfone (PPSU) has recently become an essential polymer for water filtration

applications.

Polyphenylsulfone (PPSU) has a number of essential characteristics, such as enhanced
stability, improved stress and chemical resistance and excellent mechanical properties.
Although hydrophobic and reduced porous membrane morphologies restrict its use in
membrane filtration applications due to increased fouling tendency (Gronwald et al. 2020).
Various adsorbents are being utilized to change the membrane surface and strengthen the
membrane's hydrophilic and rejection properties. Aluminum oxide (Al2Oz), zirconium oxide
(ZrO2), zinc oxide (ZnO), titanium oxide (TiO2) and graphene oxide are the adsorbents used
for the membrane fabrication (Amy 2005). Nevertheless, certain restrictions in enhancing the
membrane's properties are mentioned above. Polydopamine (PDA) has in turn constituting
benzene, catechol, quinone and amine functional sites, improving efficiency membranes
infiltration (Fang et al. 2017; Kallem et al. 2021). Recently,

Xi et al. (2009) hydrophobic polyethylene (PE), PVDF and PTFE porous membranes were
modified to more hydrophilic by surface coating of poly(DOPA) layer, under mild conditions.
The close interaction between poly(DOPA) and membrane materials maintained the
poly(DOPA) layer containing carboxyl, hydroxyl and amino groups tightly adhered to the
membranes. The water contact angle of the PDA modified membranes was slightly lower than
that of the original membranes, implying that the membrane hydrophilicity was significantly

improved.

Jiang et al. (2010) developed a novel and cost-effective method for inert polyethylene (PE)
porous membranes by surface hydrophilization and heparinization. Dopamine tends to self-
polymerize and cross-link on the surface of PE porous membranes in an aqueous solution.
The hydrophilicity and water flux of the dopamine-coated and heparin-immobilized PE

membrane surfaces was substantially higher than that of the pristine membrane.

Li et al. (2012) fabricated hydrophilic nanofiltration membranes by simply dipping in
polysulfone (PSf) ultrafiltration substrate with increased self-polymerized and strongly
adhered PDA concentrations. Water contact angle measurements were used to determine
membrane surface hydrophilicity. Membrane hydrophilicity improved significantly after

coating a polydopamine (PDA) substrate, especially after double coating. The composite
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membranes had a positively charged characteristic and good stability in the water phase NF

process.

Jiang et al. (2014) utilized PDA and polyvinylidene fluoride (PVDF) to fabricate
ultrafiltration flat sheet membrane. By blending with PDA NPs, the hydrophilicity, strength,
hydrodynamic permeability, antifouling properties and better thermal stability of PVDF
membranes are improved significantly. Due to the strong interactions among PDA NPs and
PVDF chains, PVDF/PDA blended membranes have good long-term stability and durability

in agueous environments.

Hebbar et al. (2016) developed polyethyleneimine (PEI) composite membranes along with
different concentrations of PDA by immersion precipitation method for the removal of Pb(*")
and Cd(?"). As per the outcomes, modified membranes have shown increased porosity, water
absorption capability and hydrophilicity with increased PDA concentrations. The modified
membrane exhibited superior antifouling behavior with 3 wt% modified halloysite nanotube
(MHNT) dosage in the membrane matrix, with an FRR of 74.5% and a reversible fouling

ratio of 60.7% respectively.

Fang et al. (2017) fabricated polyethersulfone (PES)/PDA mixed matrix membrane for other
heavy metal removals such as lead (Pb?*), copper (Cu?") and cadmium (Cd?*) from
contaminated aqueous solution. The improved rejection of heavy metals can be observed with
the PDA dosages membranes than the pristine membrane. Consequently, the PDA dosage also

showed significant improvement in the membrane morphologies and pure water flux studies.

Rao et al. (2017) fabricated mixed matrix membranes by MOF/graphene oxide (GO) onto
polysulfone (PSf) coated PDA for the removal of copper (Cu-1l) from the membrane surface.
At a pressure of 0.7 MPa and pH of 5.0, the rejection of copper (Il) approaches around 90%
while maintaining a relatively high flux of about 31 L/m?/h, as compared to other heavy

metals such as lead (Pb?*), nickel (Ni%*), cobalt (Co?*) and iron (Fe**) ions.

Ma et al. (2018) fabricated PDA/regenerated graphene oxide/cellulose acetate (CA) composite
membranes with vacuum-assisted filtration. The Cu(ll) removal ratio of up to 99.99% were
achieved using PDA/RGO/CA membranes. Because of the thin sheet structure of PDA/RGO,
it has a high adsorption capability. A PDA's amine and hydroxyl groups have binding sites for
heavy metal ions to coordinate. PDA also served as an excellent crosslinking agent between

the GO sheets, enhancing membrane stability.
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He et al. (2020) developed thin-film nanocomposite membranes using polyacrylonitrile
(PAN)/PDA/metal-organic framework (MOF) by interfacial polymerization. As fabricated,
PDA-contained membranes showed enhanced cadmium (Cd?*), nickel (Ni%*) and lead (Pb%")
removal from aqueous solution. The water flux of PDA/MOF-TFN membrane was increased
by 30% compared to the traditional thin-film composite (TFC) membrane, while the reverse
salt flux was decreased by 44%. The water flux of the polydopamine/metal-organic
framework thin-film nanocomposite (PDA/MOF-TFN) membrane increased by 6% over that
of the conventional MOF-TFN membrane, although the reverse salt flux reduced by 62%.
Unfavorably, PDA nanoparticles clump together and form aggregation on the membrane
surface separation layer, restricting the use of their functional groups and dramatically
lowering the hydrophilic membrane properties. However, no research work using the
polydopamine membrane filtration process to remove arsenic-V has been identified in the

literature.

Therefore, we used a constant dose of polyvinylpyrrolidone (PVP), a hydrophilic pore-
forming additive, to control the membrane morphological structure of the non-toxic PVP,
which is miscible with a wide variety of polymeric membrane materials, to illustrate as an
above-stated research gap. PVP has piqued the interest of many researchers due to its ability
to dissolve in water and a variety of other organic solvents. Increased porous morphological
structure resulted from the application of PVP to the membrane surface, which increases
hydrophilicity and pure water permeation properties (Mansur et al. 2018; Tofighy et al. 2021).

The PVP's use as a pore former in PPSU/PDA hollow fiber membranes for membrane
fabrication and arsenic rejection has yet to be reported in the literature. In the present study,
hollow fiber membranes were fabricated using increased dosages of PDA in PPSU/PVP using
non-solvent induced phase separation (NIPS). Contact angle analysis, porosity/water uptake
interpretation and antifouling studies were conducted to validate the modified membrane
surfaces hydrophilicity. The XRD analysis was also carried out for as used PDA additive. The
morphological and topological structures and PDA's effect on PPSU/PVP have been well
defined. Furthermore, using fabricated hollow fiber membranes, an arsenic-V removal
tendency was evaluated by a laboratory-developed 5 mL/L of arsenic-V solution (pH 6.8+

0.2) at 2 bar transmembrane pressure.
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7.2 RESULTS AND DISCUSSION
7.2.1 X-ray diffraction (XRD) of polydopamine

The crystallinity, x-ray diffraction (XRD) measurement of PDA was illustrated in Figure
7.1. The diffraction peaks were documented at an angle of 12.11°, 20.07°, 24.57, 34.02,
37.93', 54.54" and 62.58" with reference planes (001),(100),(002),(110),(003),(210)
and (3 0 0) respectively. The polydopamine nanoparticle peaks were attributed to JCPDS card

number 00-029-1487 and executed a crystalline structure.
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Figure 7.1 llustration of x-ray diffraction for polydopamine.
7.2.2 Scanning electron microscope investigation of fabricated hollow fiber membranes

The scanning electron microscopy analysis of fabricated virgin and PDA dosaged hollow
fiber membranes were illustrated in Figure 7.2(a) and (b). An asymmetric structure on both
sides and finger-like morphologies sandwiched between a sponge-like structure can be seen in
the morphological pictures. Because of the more hydrophobic behavior of the PPSU polymer,
the neat membrane (PDA-0) had many macrovoids and less porous structure as shown in
Figure 7.2(a). Increased concentrations of PDA to the virgin membrane in the membrane
sublayer bulged or expanded the microvoids and finger-like morphologies. The addition of
constant polyvinylpyrrolidone (PVP) into the neat dope solution increased the porous surface
structure significantly. In addition, PVVP is water-soluble polymer. When the membrane was
immersed in water, some PVP leached out from the membrane matrix in the coagulation bath.
The dosage of PVP to the dope solution can accelerate the membrane fabrication and

migration of nanoparticles on the surfaces of the membrane, which in turn resulted in
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enhanced pore interconnectivity (Kajekar et al. 2015a). The improved porous structure is also
due to the reduced viscosity of the casting solution and decrease in water miscibility,
increasing the ratio of water inflow to solvent outflow, resulted in an improved porous
structure (Hebbar et al. 2017a). With increased PDA dosage to the neat dope solution, delayed
demixing of the polymer and solvent (NMP) in nonsolvent (water) results in enhanced
sponge-like structure, as seen in Figure 7.2(d) and (e). The scanning electron microscopy
(SEM) cross sectional complete view was illustrated in Figure 7.3. The neat and increased
dosages of PDA contained PPSU/PVP hollow fiber membrane’s surface morphologies were
illustrated in Figure 7.4. From the figure it is revealed that the neat membrane surface
contains less porous structure. With the increased dosages of PDA in the membrane matrix
results in enhancement of porous structure. The enhanced porosity on the membrane surfaces
also better outcomes the hydrophilic, porosity/water uptake and antifouling properties. The
inner/outer diameter (ID/ OD) and mean pore radius of the fabricated hollow fiber membranes
were illustrated in Table 7.1.
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Figure 7.2 (a) cross sectional scanning electron microscopy (SEM) pictures of fabricated neat
membrane (PDA-0), 1 wt% (PDA-1), 2 wt% (PDA-2), 3 wt% (PDA-3) and 5 wt% (PDA-5),
of PDA in PPSU/PVP membranes represented as a, b, ¢, d and e respectively.
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Figure 7.3 (a) cross sectional (complete view) scanning electron microscopy (SEM) pictures
of fabricated neat membrane (PDA-0), 1 wt% (PDA-1), 2 wt% (PDA-2), 3 wt% (PDA-3) and
5 wt% (PDA-5), of PDA in PPSU/PVP membranes represented as a, b, ¢, d and e

respectively.
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Figure 7.4 Scanning electron microscopy (SEM) surface morphological analysis of the
prepared neat membrane (PDA -0) as ‘a’, increased polydopamine concentrations 1 wt%, 2
wt%, 3 wt% and 5 wt% in PPSU/PVP as PDA-1, PDA -2, PDA -3 and PDA -5 as ‘b’, ‘¢’, ‘d’

and ‘e’ respectively.
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Table 7.1 Outer/ inner (OD/ID) diameter and mean pore radius of the fabricated hollow fiber

membranes
Hollow fiber | Outer diameter (OD | Inner diameter (ID | Mean pore radius
membranes in um) in um) (m)
PDA-0 812 568 2.199x108
PDA-1 758 533 1.852x10°
PDA-2 823 575 1.685x108
PDA-3 859 531 2.294x108
PDA-5 765 471 1.466x10®
Spinneret dimension, inner diameter: 550 um, outer diameter:1100 pum

7.2.3 Hydrophilicity/hydrophobicity characterization of membranes

The wvirgin and PDA dosage PPSU/PVP hollow fiber membranes
hydrophobic/hydrophilic nature was illustrated in Figure 7.5. The virgin membrane (PDA-0)
shows a contact angle of 75.96'+3.87". However, incremental dosages of PDA to neat
membrane exhibited increased hydrophilic properties. The PDA-5 and PDA-3 membranes
showed 63.32'+5.38" and 60.49'+4.30" respectively. With slightly reduced PDA concentrated
membrane PDA-1 and PDA-2 revealed 68.02'+2.86" and 67.78'+1.38" respectively. The
increased contact angle parameter from the modified hollow fiber membrane is more
hydrophobic and lower surface porous morphological structures. The hydrophobic membrane
surface was internally modified to more hydrophilic as the incremental PDA is added to neat
dope solution. The existence of amine and hydroxyl functional sites on the membrane surface
leads to reducing the contact angle parameters (Jiang et al. 2014). A migrant behavior of the
as used PDA on the membrane surface was also one reason for decreasing the values of
contact angle. The catecholamine (—-NH2 and —OH) functional sites on the modified
membrane surface played a vital role in enhancing membrane hydrophilicity (Mulyati et al.
2020b).
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Figure 7.5 Contact angle measurement of the hollow fiber membranes.
7.2.4 Porosity/water uptake determination of prepared membranes

The water uptake and porosity investigation of the fabricated virgin and PDA containing
hollow fiber membranes was demonstrated in Figure 7.6. The water absorption and porosity
parameters for virgin membrane (PDA-0) were 24% and 10.93% respectively. Improved PDA
concentrations (1, 2, 3 and 5 wt%) in the PPSU/PVP dope solution, there is a considerable
enhancement of the hydrophilicity (porosity/water uptake) properties. With 1 and 2 wt% of
PDA membrane (PDA-1 and PDA-2) revealed 26.43% and 23.88% respectively.
Furthermore, the dosage of the PDA (3 and 5 wt%) membrane PDA-3 and PDA-5 were
29.78% and 50.50% respectively. The pristine hollow fiber membrane influenced the
hydrophobicity behavior, with less porosity and water uptake properties. With the enhanced
PDA dosage to pristine membrane, the SEM images indicated intensified porous and finger-
like predictions, which helped to increase water holding ability.

Furthermore, the increased PDA nanoparticle was leached out during the phase inversion
process. Increased additive leaching in the coagulation bath increased the membrane
structure's porous morphologies (Ang et al. 2020). Furthermore, increased additive dosages in
the PPSU dope solution resulted in thermal instability, strengthening the porous
morphological structures by allowing rapid demixing in the coagulation bath (Guo et al.
2019).
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Figure 7.6 Porosity and water uptake measurement of the prepared hollow fiber membranes.
7.2.5 Pure water permeation of fabricated membranes

Pure water permeation at 0.2 MPa transmembrane pressure (TMP) of prepared pristine
and PDA contained hollow fiber membranes was illustrated in Figure 7.7. Increased PDA
dosaged PPSU hollow fiber membrane exhibited increased hydrophilicity and pure water
permeability. According to figure, the enhanced pure water permeation for increased dosages
of PDA concentrations by 5 wt%. Because of the increased hydrophilicity and water
absorption capability, the PDA-5 hollow fiber membrane has a superior pure water flux of
37.44 L/m?h respectively. The enhanced pure water permeation from the modified
membranes is mainly due to the -NH2> and -OH groups on the membrane surfaces, making
them more hydrophilic (Ang et al. 2020). The high membrane surface area ensured superior
hydrophilicity because of the homogeneous dispersion of the incorporated PDA nanoparticle
into the membrane matrix. Additionally, the presence of a sulphuric acid (-SO2) functional
site on the membrane surfaces aids in the preservation of thick hydration layer which
enhances the pure water permeation of the modified hollow fiber membranes. Nevertheless,
due to the increased hydrophilicity and less porous behavior of the membrane morphological
structures of the PPSU, pure water permeation of the neat membrane (PDA-0) as 15.07
L/m2h, which was lower than PDA-5 membrane. The remaining PDA contained membranes
PDA-1, PDA-2 and PDA-3 had pure water fluxes of 16.84, 22.66 and 31.80 L/mh
respectively (Ayyaru and Ahn 2017).
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Figure 7.7 Pure water permeation study of the fabricated hollow fiber membranes.
7.2.6 Antifouling properties of prepared hollow fiber membranes

The antifouling properties of prepared neat and PDA hollow fiber membranes were
presented in Figure 7.8. The antifouling research demonstrated that the hydrophilic and
adsorptive properties of the membrane surfaces could be improved (Hebbar et al. 2016). The
pristine hollow fiber membrane exposed more fouling propensity than PDA-contained
membranes due to the more hydrophobic, less soluble and adsorptive sites on the membrane
surface (Ayyaru and Ahn 2017). The pure water permeation (Jw1), BSA (Jp) and permeation
after washing with water (Jw2) properties of the neat membrane were 18.50, 8.21 and 13.01
L/mh respectively as shown in Figure 7.8(a). The fouling phenomenon is believed to be
caused by the aggregation of foulants molecules on the membrane active layer. The fouling
has a significant impact on the membrane's separation efficiency and operating lifetime.
Fouling creates a dense blocking layer that serves as a barrier to water permeation. Increased
dosages of PDA nanoparticles (1, 2, 3 and 5 wt%) in the dope solution, on the other hand,
resulted in improved parameters for pure water flux and BSA flux (Shao et al. 2014). The
parameters of (Jwi), (Jp) and (Juz) were 36.85, 24.21 and 19.85 L/m?h respectively, as the
dosage of 5 wt% PDA in PPSU/PVP dope solution was increased. The increased hydrophilic
and absorptiveness of membrane surfaces are responsible for the improved flux properties in
each filtration stage. More —OH and —NH. groups on the surface of modified membranes
improved their hydrophilicity, antifouling nature and separation characteristics. From Figure
7.8(b) the neat PDA-0 membranes flux recovery ratio (FRR) and reversible fouling (Rr) were
70.32% and 25.94% respectively. For the PDA-5 membrane, the modified membrane with
increased PDA dosage improved FRR and R, properties by 92.83% and 38.96%, respectively.
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The intensified FRR and Rr for more extended periods without significant flux decreases,
suggesting that the modified hollow fiber membranes have a higher antifouling property.
Similarly, the lower Rjr indicated a higher degree of fouling resistance. The results of using
PDA as a nanoparticle to improve antifouling were consistent with past literature (Li et al.
2018c; Xi et al. 2009).
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Figure 7.8 (a) Antifouling flux properties (b) antifouling properties of prepared neat and PDA

contained hollow fiber membranes.

7.2.7 Surface roughness properties of hollow fiber membrane

Three-dimensional topological atomic force microscopy (AFM) images of the virgin and
PDA- containing hollow fiber membranes were demonstrated in Figure 7.9. The surface
roughness (R,) value was used to illustrate the fabricated hollow fiber membranes (Kumar et
al. 2019d). The ‘Ra’ of the pristine membrane (PDA-0) was 14.1 nm, gradually increasing as
the progressive amounts of PDA were added to the neat membrane. The ‘Ra’ parameter was
increased to 15.3, 17.1, 19.3 and 25.0 nm for membranes PDA-1, PDA-2, PDA-3 and PDA-5
respectively. It was noticeable from the increased Ra values that the percentage of PDA to the
neat membrane has increased. Adhesion and the aggregation of nano-sized PDA on
membrane surfaces can cause uneven peaks and valleys in modified membranes (Wang et al.
2017a). According to the Wengel theory, increased surface roughness is crucial in improving
surface wettability modes of super hydrophilicity or super-hydrophobicity. Higher surface
roughness of fabricated membranes was observed in the following literature with increased
PDA nanoparticle dosages (Xiang et al. 2015; Zhu et al. 2018).
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Figure 7.9 3-Dimensional atomic force microscopy (AFM) images of the fabricated neat
membrane (PDA-0) as ‘a’ increased polydopamine concentrations 1 wt%, 2 wt%, 3 wt% and
5 wt% in PPSU/PVP as PDA-1, PDA-2, PDA -3 and PDA-5 as ‘b’, ‘¢’, ‘d’ and ‘¢’

respectively.

7.2.8 Attenuated total reflection—Fourier transform infrared spectroscopy (ATR-FTIR)

analysis of the fabricated membranes

The interpretation of the best executed membrane (PDA-3) using attenuated total
reflection—fourier transform infrared (ATR-FTIR) was demonstrated in Figure 7.10. The
absorption peaks at 3082-3575.01 cm™ was due to —OH group in FTIR of the PDA-3
membrane. The peaks at 2935.42 cm™ and 2327.53 cm™ are due to the —-C—H group and —
O=C=0 stretching respectively. The —C=0, —C=N stretching and —C=C resonance vibration
have peaks at 1735.96, 1658.44 and 1585.67 cm™ respectively. The presence of polydopamine
on the membrane surface due to self-polymerization was suggested by the —C=C resonance
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vibration in the PDA/PPSU/PVP membrane. The -N—H rocking vibrations are illustrated by
the peak at 1485 cm™ (Wu et al. 2015). As a result, peaks at 1299.42, 1240.26 and 1148.58
cm* were assigned to the functional groups —C—O aromatic ester, -C—N amine stretching and
—C—-O ester stretching respectively. The functional group 630.33 cm™ corresponded to the
alkyne —C—H bending group. The presence of hydroxyl, imine and amine functional groups
on the modified membrane indicates that polydopamine nanoparticles were blended into the
PDA-3 hollow fiber membrane (Xiang et al. 2015).

—PDA-3

Transmittance (%)

————
4000 3500 3000 2500 2000 1500 1000 500
Wavelength (cm™)

Figure 7.10 ATR-FTIR spectrum of the best performing hollow fiber membrane (PDA-3).

7.2.9 Surface potential measurement of hollow fiber membrane

Surface potential measurement of the as-prepared neat membrane (PDA-0) and PDA
contained membrane (PDA-3) hollow fiber membranes was demonstrated in Figure 7.11. At
pH 7, the surface charge of the neat membrane PDA-0 was -23.40 mV, while that of the
modified membrane PDA-3 was -30.38 mV. As shown in the figure, hollow fiber membrane
surface charge parameters are positive at an acidic pH (pH 2.5) and become negative as the
pH rises to basic level (2.60 to 8). Furthermore, fabricated modified hollow fiber membranes
(PPSU/PVP/PDA) primarily contain —OH, >NH and —NH; functional groups. A positive
surface potential arises from the protonation of these groups in the membrane matrix.
Nonetheless, deprotonation of these functional sites results in a more negatively surface
potential membrane surface. As compared to the pristine membrane (IEP-2.90), the modified
membrane (PDA-3) with the increased negative surface potential had a lower isoelectric point

(IEP-2.60). The most important interpretation is that a higher PDA dosage in the membrane
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resulted in high surface potential properties than a virgin membrane (Zhang et al. 2014). As a
result of the increased PDA concentrations, the membrane's overall performance improved in
hydrophilicity, permeability, antifouling properties and separation efficiency with the

membrane's increased negative surface potential.
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Figure 7.11 Zeta potential (surface potential) of fabricated neat membranes (PDA-0) and

PDA-3 membranes.

7.2.10 Thermogravimetric analysis of the fabricated membrane

The thermogravimetric analysis (TGA) of a PDA incremental dosage membrane (PDA-3)
was shown in Figure 7.12. The degradation behaviors of the tested membrane were
interpreted using three-stage thermal degradation stages. The initial decomposition process
started at room temperature and continued to 145.83 C, due to the volatilization of volatile
matter and the removal of moisture from the membrane surface. The base polymer
polyphenylsulfone (PPSU) and additive polyvinylpyrrolidone (PVP) chain groups are
degraded in the second thermal degradation, ranging from 161.66 ‘C to 453.24 “C. The
decomposition of used polydopamine (PDA) chain groups induced the third stage of thermal
degradation, which ranged from 471.83 "C to 685.05 "C. Furthermore, at temperatures above
685.05 'C, full polymeric chains degrade and gradually become ash material (Tiwari et al.
2019). According to the TGA tests, hollow fiber membranes containing a higher dosage (3
wt%) of polydopamine (PDA-3) in PPSU/PVP had high thermal stability.

198



Chapter 7

100 - —PDA-3

90

80

Weight (%)

70
60
50

40 -

0 100 200 300 400 500 600 700 800
Temperature (Degree)

Figure 7.12 Thermogravimetric analysis of the fabricated hollow fiber membrane (PDA-3).

7.2.11 Molecular weight cut off study for hollow fiber membrane

The molecular weight cut-off for the best performing (PDA-3) membrane was found to
be 18554.26 Da in Figure 7.13. The (PDA-3) membrane’s MWCO results also demonstrated
that the produced membrane was an ultrafiltration membrane. The percentage PEG rejection

of PDA-3 was noted as 63.56%, 67.67% and 92.7% for PEG-4000, PEG-6000 and PEG-
20000 respectively.
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Figure 7.13 Molecular weight cut off study of the prepared membrane.
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7.2.12 X-ray photoelectron spectroscopy (XPS) analysis of the fabricated membrane

The narrow and wide spectrum images of the best performing membrane PDA-3 was
illustrated from X-ray photoelectron spectroscopy are shown in Figure 7.14(a) — (e). The
existence of four major emission peaks at 284.79 eV, 532.10 eV, 167.90 eV and 399.6 eV is
attributed to the occurrence of C1s, O1s, S2p and N1s respectively. In addition, deconvoluted
Cls, O1ls, S2p and N1s results were shown in Figure 7.14(b) — (d) respectively. As shown in
Figure 7.14(b), the binding energy peaks for oxygen (O1s) functional groups are 531.8 eV,
532.7 eV and 533.5 eV for —-C=0, —COH and —CO, respectively (Tsai et al. 2011; Yang et al.
2017). As shown in Figure 7.14(c), the carbon binding energy (C1s) peaks 284.22 eV, 284.78
eV, 285.41 eV, 286.47 eV and 288.19 eV were attributed to -C=C, -C-C, -C-0O, -C-0-C
and —O—C=0 respectively (Huang et al. 2011). Sulphur binding energy peaks of 167.65 eV
and 168.57 eV were assigned to S2p@r2) and S2pa) respectively as shown in Figure 7.14(d)
(Noor et al. 2018). The binding energy peaks of nitrogen (N1s) are 399.64 eV and 400.30 eV
for -N-C and —N-C=0, respectively as shown in Figure 7.13(e) (Chen et al. 2017). As a
result, the XPS study confirmed the presence of the additives and nanoparticles on the hollow

fiber membrane surfaces.
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Figure 7.14 XPS analysis of the membrane (PDA-5) wide view spectrum (a) and narrow

spectrum (b), (c), (d) and (e) for O1s, C1s, S2p and N1s binding energies, respectively.

7.2.13 Arsenic-V removal from prepared hollow fiber membranes

The arsenic-V extraction properties of pristine and PDA modified membranes were

demonstrated in Figure 7.15. Initially, the arsenic (H3AsO4) was transformed to arsenate

solution (AsO.%) after ionizing with water (3 H20), which was illustrated in Equation 3.1

(Criscuoli and Figoli 2019). To perform arsenic-V extraction tests using fabricated hollow

fiber membranes, the laboratory prepared 5000 PPM (5 mL/L) from standard arsenic stock
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solution with a pH range of 6.8+0.2 and a transmembrane pressure (TMP) of 0.2 MPa was
employed. The neat membrane exhibited lower arsenate oxide (AsO4*) rejection properties
due to the less hydrophilic and minimum number of negatively charged sites on the
membrane surface. The pristine hollow fiber membrane (PDA-0) decontaminated 67.70%
with the flux properties of 15.07 L/m?h. With incremental concentrations (1, 2, 3 and 5 wt%)
to the neat membrane, a massive improvement in extraction for arsenate oxide from the

modified fabricated membranes was witnessed.

A PDA-3 membrane showed outstanding rejection of arsenate oxide as 87.15% with an
arsenate oxide flux of 31.80 L/m?h as shown in Figure 7.15(a) and (b) respectively. The PDA-
1 and PDA-2 hollow fiber membranes extract 84.20 and 82.54% with the flux of 16.84 and
47.77 L/m?h respectively. PDA concentrations increased the hydrophilic and negatively
charged membrane surfaces. The electrostatic repulsion phenomenon removed more arsenate
oxide (AsOs*) with negatively charged membrane surfaces. Also, amine and hydroxyl sites
on the PDA-contained membrane acted as binding sites, allowing more arsenic-V ions to be
removed (Rao et al. 2017). Furthermore, PDA's functional groups interact strongly with
various polymeric materials. The PDA benzene functional sites can form a greater I1- II
stacking with the PPSU benzene group, while the catechol and amine groups can form strong
hydrogen bonding with the PPSU oxygen group (Ang et al. 2019). Moreover, a homogeneous
blend of used PDA and additive PVP in the PPSU casting solution improves arsenate oxide
removal (AsO4+*). Nevertheless, the PDA-5 membrane removed significantly reduced arsenite
oxide by 82.77% with the flux properties of 37.44 L/m?h respectively. The rate of removal of
arsenate was slightly slowed down due to the increased concentration polarization on the
membrane surfaces (Kumar et al. 2021). The concentration polarization for arsenic -V
removal of the fabricated hollow fiber membranes was illustrated in Table 7.2.

202



Chapter 7

100

—
S

(a)

80

60 4

404

Arseinc rejection (%)

20

PDA-0  PDA-1

Arsenic concentration: 1 mg/L ®) " PDA-0
* PDA-I
- 004 4 PDA-2
=
[ v PDA-}
‘_-]E ¢ PDAS
S A A,
# A4 4 A
g Aay
_-;" 01 ¢+ 0 4 , e
e L Y
E YV Y vy, M TS
g 30 TV,
E Y vy
v
7
“d v
"y gt o
el
10 T T T T
PDA-2 PDA-3 PDA-5 0.0 0.2 04 0.6 0.8 1.0
Membrane Time (h)

Figure 7.15 (a) Percentage arsenic-V removal properties (b) arsenic-V flux from the prepared

hollow fiber membranes.

Table 7.2 Concentration polarization for arsenic —V removal of the fabricated hollow fiber

membranes
Membrane | Velocity (v) | Mass transfer | Concentration
codes x10° (m/s) | coefficient (K) | polarization (cc_’;)
x10° (m/s)

PDA-0 1.186 0.928 1.291
PDA-1 1.762 1.09 1.42
PDA-2 1.726 1.083 2.686
PDA-3 1.628 0.596 1.393
PDA-5 2.267 1.088 1.277

7.2.14 Mechanical (tensile) strength of fabricated hollow fiber membranes

The prepared hollow fiber membranes mechanical (tensile) properties are clearly

illustrated in Table 7.3. Also, the stress-strain properties of hollow fiber membranes are

shown in Figure 7.16. The tensile strength and strain parameters of the pristine (PDA-0)

hollow fiber membranes were 3.03 MPa and 5.24% respectively. As the PDA concentrations

enhanced in the PPSU dope solutions, the decreased tensile stress and strain properties were
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witnessed. The membrane PDA-5 had a lower tensile strength of 1.54 MPa and strain of
2.01% respectively. The presence of polydopamine in the membrane polymer matrix affects
the mechanical properties of the modified membranes, particularly at high dopamine loadings.
This shows that the membrane morphological parameters like pore size and structure affect
the properties of polymer membrane as membrane strength decreases as the pore size

increases (Kotsilkova et al. 2018).

Table 7.3 Mechanical properties of hollow fiber membranes

Me | Ten | Sta | Stra | Sta |Elo|Sta|Lo |[Sta [|Ma |Sta |M |Sta|Elo | Sta
mbr |sile |nd |[inat|{nd |ng |[nd |[ad |nda |[xim|nda |od [nd |nga | nd
ane |stre |ar |max |ar |ati [ar |at |rd um | rd |ulu|ar |tion |ard
cod | ngt |d imu |d on (d |bre|Dev [loa |Dev |s d |at De
e h De | m De |at | De |ak |iatio|d jiati | (M | De | bre |via

(M |via |load |via [bre |via | (N) | n (N) |lon |Pa |via |ak |tio
Pa) [tio | (mm |tio |ak |tio ) tio |(m |n
n |/mm|n (% | n n |m)
) )
PD |30 |03 (005 {00 |53 |00 08 |0.00 085|000 100|127 |1.60 |0.0
004 14 |2 6 6 2 58 5

A-0

PD |22 |04 |003 |00 |32 |00 |06 |0.00 064|000 |9. |14 |098 |0.0
006 18 |2 4 5 1 4 7

PD |22 |03 [004 |00 |46 |01 |05 |0.01 [0.64|0.00 |80. |18 |1.40 |0.0
008 05 |1 2 4 9 9 05

PD |19 |01 |0.02 |00 |29 |00 |03 |0.00 | 054 |0.00 |90. |09 |0.87 |0.0
A3 01 1 7 6 7 5 4 11

PD |15 |01 |0.02 |00 |22 |00 |02 |0.00 |0.43|0.00 |103 |12 |0.67 |0.0
AS 009 2 4 5 4 3 |2 02

In addition, when 1 wt% of PDA was used in a PPSU/PVP (PDA-1) hollow fiber

membrane, the mechanical strength i.e., tensile strength was 2.28 MPa and elongation at
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break was 3.29%, when 5 wt% of PDA in PPSU/PVP (PDA-5) membrane, the mechanical
strength was 1.54 MPa and elongation at break was 2.25%. The morphologies of the
membranes were found to be closely related to the mechanical strength properties. When the
PDA dosage is increased, an enhanced porous structure is observed. This is due to the
membrane's tendency to store water, which reduces the membrane's mechanical stability
(Kotsilkova et al. 2018; Mulyati et al. 2020a).
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Figure 7.16 Mechanical properties (Stress vs strain) of the fabricated neat membrane (PDA-
0) and incremental dosages (1 wt%, 2 wt%, 3 wt% and 5 wt%) hollow fiber membranes
(PDA-1, PDA-2, PDA-3 and PDA-5) respectively.

7.3 SUMMARY OF THE PRESENT WORK

Polyphenylsulfone (PPSU) containing increased dosages of hydrophilic polydopamine
(PDA; 1, 2, 3 and 5wt%) and pore-forming agent polyvinylpyrrolidone (PVP) hollow fiber
membranes were successfully fabricated by non-solvent induced phase separation (NIPS)
process. The effects of increased PDA dosages on PPSU/PVP hollow fiber membranes have
been thoroughly investigated. The XRD analysis verified the crystalline structure of the PDA.
The increased arsenic-V rejection can be seen due to the amine and hydroxyl groups effect on
the PDA polymeric additive. The increased arsenic-V rejection can be seen due to the amine
and hydroxyl groups effect on the PDA polymeric additive. The PDA-3 membrane showed an
improved arsenic-V removal of 87.15% with an arsenic-V flux of 31.80 L/m?h respectively.
This is much higher than the neat membrane PDA-0, which has an arsenic-V rejection rate of
67.70% and flux of 15.07 L/m?h. Increased PDA concentrations to PPSU/PVP hollow fiber
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membranes resulted in major morphological and topological membrane structures
improvements as seen by SEM and AFM. The finger-like structures were expanded and the
membranes surface roughness was increased. Increased PDA concentrations to PPSU/PVP
hollow fiber membranes resulted in improvements in significant morphological and
topological membrane structures as seen by SEM and AFM. The finger-like structures were
expanded and the membrane's surface roughness was increased. The improved surface
roughness (Ra) for modified membrane PDA-5 was 25.0 nm and 14.1 nm for nascent hollow

fiber membrane PDA-0 respectively.

Consequently, the incorporation of polydopamine on the membrane surfaces was
confirmed by several functional groups and binding energies confirmed by FTIR and XPS
interpretation. At pH 7, the negatively charged modified (PDA-3) membrane surface had a
zeta potential of -29.48 mV, indicating an improvement in zeta potential. Because of the
influence of hydrophilic catechol moieties, polydopamine increased hydrophilicity, which
resulted in better antifouling behavior, as demonstrated by a flux recovery ratio (FRR) of
92.83% for charged PDA-5 membrane, which is higher than the FRR of 70.32% for nascent
membrane (PDA-0). The modified membrane (PDA-5) shows higher pure water flux of 37.44
L/m?h than the pristine membrane (PDA-0), 15.07 L/m?h. However, because of the increased
concentration polarization on the membrane surface, the PDA (5wt%) enhanced concentration
to PPSU/PVP membranes resulted in a decreased arsenic-V removal tendency. These
membranes may be used to remove arsenic-V from arsenic-VV-contaminated drinking water

effectively.
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Abstract

In this contemporary work, asymmetric polyphenylsulfone hollow fiber membranes were
fabricated using the non-solvent induced phase separation process with the intensified
concentrations (1, 3 and 5 wt%) of cellulose acetate derivatives (cellulose acetate (CA) and
cellulose acetate phthalate (CAP)). The prepared hollow fiber membrane’s morphology and
topographical structures were studied using field emission scanning electron microscopy (FE-
SEM) and atomic force microscopy (AFM) respectively. Prepared membrane’s antifouling
analysis was performed using bovine serum albumin (BSA). The thermogravimetric analysis
(TGA) was employed to interpret the thermal stability of the fabricated membranes. The
hydrophilicity/hydrophobicity of the fabricated membranes was confirmed using porosity,
water uptake and pure water permeability analysis. Furthermore, rejection of various toxic azo
dyes, namely reactive orange-16 (RO-16) and reactive black-5 (RB-5), was carried out.
Incremental concentrations of cellulose acetate and cellulose acetate phthalate in
polyphenylsulfone enhanced the hydrophilic properties of fabricated membrane. A high
percentage of separation of dyes and proteins were observed for cellulose acetate phthalate
membranes compared to cellulose acetate membranes due to the higher adsorptive nature. The
dye removal for hollow fiber membranes prepared using 5 wt% of cellulose acetate phthalate
in polyphenylsulfone (PCAP-5) and 5 wt% of cellulose acetate in polyphenylsulfone (PCA-5)
were 95.49% and 82.69%. The corresponding permeabilities were 83.45 L/m?h bar and 80.02
L/m2h bar respectively for bovine serum albumin protein. A higher rejection can be observed
from RB-5 and bovine serum albumin due to increased molecular weight than other dyes and
proteins. As additive content has been increased in the polyphenylsulfone dope solution, there
is an improvement in pure water permeability. Pure water permeabilities for PCAP-5 and
PCA-5 membranes were 64.49 L/m?h bar and 72.60 L/m?h bar respectively, higher than the
neat membrane permeability 41.26 L/m?h bar.

8.1 INTRODUCTION

Nowadays, due to the urbanization and endless growth of various industrial activities,
water bodies are being polluted. However, wastewater disposal from multiple industries
(textiles, printing, pulp and paper) is dominant. Several metal ions, toxic proteins and
different types of reactive dyes are included in the wastewater. The composition of such
hazardous materials can pose a severe risk to human health and to the environment (lbrahim
et al. 2018d; Mashkoor et al. 2018). In general, for coloring the cellulose fibers, various azo

dyes were used (Burkinshaw and Salihu 2019). Skin inflammation, permanent blindness,
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vomiting, gastric, vertigo, edema of tongue, ears, pharynx, larynx and respiratory distress are
severe human health issues related to azo dyes (Ismail et al. 2018). To mitigate these
environmental and health hazardous issues, there is an extreme need to remove various dyes
and proteins from aqueous solutions. There are several rejection processes such as
coagulation (Cheng et al. 2018; Wang et al. 2017b), flocculation (Lou et al. 2017), adsorption
(Jin et al. 2019; Li et al. 2018b) and ion exchange (Sharma et al. 2016) that are in practice.
The membrane filtration process is a promising technology, due to it’s less toxicity, simplicity
in handling, high rejection efficacy for the sustainable environment (Bet-Moushoul et al.
2016; Karim et al. 2014). Reverse osmosis, microfiltration, nanofiltration and ultrafiltration
are the efficient processes for extracting various highly toxic dyes and proteins from aqueous
solutions (Escobar et al. 2005; Othman et al. 2021). However, high transmembrane pressure
limits and concentration polarization are significant limitations because of the small pore size
on the membrane surfaces for nanofiltration and reverse osmosis. Because of the less energy
consumption, increased rejection with high permeability, cost-effectiveness and with no phase
change, the tangential flow ultrafiltration membrane process is effective compared to other
filtration methods (Al-Ani et al. 2021; Vetrivel et al. 2018c).

In recent years, different polymers have been used to improve the properties of the
membranes, such as polysulfone (PSf) (Kajekar et al. 2015b), polyethersulfone (PES) (Wang
et al. 2015), cellulose acetate (CA) (Yang et al. 2019), polyvinylidene fluoride (PVDF)
(Srivastava et al. 2011), polyethyleneimine (Dasgupta et al. 2015) and many others.
Nevertheless, polymers showed some downsides as PSf membranes were less capable of
absorbing and suffer from severe fouling because of the high hydrophobicity (Sharma and
Purkait 2019). The PES membranes are less sensitive to transmembrane pressure, are toxic
and prone to fouling (Farahani et al. 2019). Polymers such as cellulose acetate and cellulose
acetate phthalate (Mukherjee and De 2014b; Rahimpour and Madaeni 2007c) provide
significant hydrophilicity for membrane fabrication and enhance the rejection of the different

dyes and proteins.

Sivakumar et al. (2006b) fabricated CA and PSf ultrafiltration-blended membranes for
different protein rejection. Increased rejection rate relative to pepsin and egg albumin is
because of the higher molecular weight of BSA protein. The pure water permeability in the
presence of different additives was evaluated, the polyvinylpyrrolidone (PVP) with CA
membranes exhibited enhanced permeation properties. The membrane’s porosity and water
uptake of modified blended membranes were improved significantly. The enlarged finger-like

morphologies were evidenced with PVP dosage in the CA membrane.
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Yu et al. (2010) prepared polyamides (PA) and CA blended membranes by non-solvent
induced phase separation (NIPS) process. The modified membranes showed enhanced
membrane properties such as hydrophilicity, surface roughness, porosity, pure water

permeability with well rejection of the various dyes compared to the neat membrane.

Ali et al. (2014) prepared novel PSf and increased dosages of CAP membranes. The enhanced
properties such as hydrophilicity, porosity, water uptake and pure water permeabilities were
witnessed from the modified membranes. The dense morphologies on the top skin layer and
porous like structure on the sublayer of the membrane were enhanced by adding gradual CAP
dosages to the PSf polymer matrix (Mohammadi and Saljoughi 2009; Mukherjee and De
2014b). The existence in its configurations of different functional groups (—C=0 and —OH)
has proven to be essential for the hydrophilic nature of the additive (Chatterjee and De
2014b).

Mu et al. (2017) prepared ultrafiltration hollow fiber membranes using CA and L-dopa coated
halloysite nanotube (HNT) by NIPS process. Higher hydrophilicity, porosity, water
absorption, well rejection of egg albumin and superior thermal stability was observed from
modified membranes. FTIR and XPS analysis confirmed various functional groups and
binding energies present in the composite membrane surfaces. Significant improvement in
antifouling properties of modified membranes was witnessed compared to pristine

membranes.

Karmakar et al. (2017) fabricated ultrafiltration mixed matrix membranes using CAP and
aluminum fumarate. The blended membranes provide improved hydrophilicity, porosity, pure
water permeability and antifouling properties. The roughness on the membrane surface
enhanced with aluminum fumarate in CAP hollow fiber membranes. The fluoride removal
was witnessed from CAP membranes as the aluminum fumarate dosage was increased in the

dope solution.

Silva et al. (2020) fabricated carbon nanotube (CNT) and cellulose acetate (CA) membrane
using the nonsolvent induced phase separation (NIPS) process. Increased concentrated CA
membranes exhibited enhanced thermal stability; an improved hydrophilicity was witnessed
by verifying the improvement in porosity, water uptake and pure water flux of the
membranes. Also, the antifouling properties of the membranes were enhanced by the
increased flux recovery ratio of the modified membranes by incorporating cellulose acetate
into the membrane matrix. Furthermore, the cellulose acetate dosaged mixed matrix

membranes exhibited improved removal of methylene blue from aqueous dye solution.
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Serbanescu et al. (2020) fabricated cellulose acetate incorporated membranes for the removal
of Gadolinium-I11 (Gd-111)). The fabricated membranes morphological finger-like structures
got expanded as the dosage of cellulose acetate in the dope solution increased. The enhanced
thermal stability and hydrophilicity of CA-modified membranes can be witnessed as the
increased dosages of CA into the neat PPSU dope solution. The presence of CA was
confirmed by using FTIR and XPS analysis through different functional groups and binding

energies respectively.

Polyphenylsulfone (PPSU) is also one of the sulfone polymer families and has recently
been commonly used for applications in water purification. PPSU has fascinating
characteristics such as significantly higher thermal stability, chemical compatibility, improved
resistance to stress and high surface wettability (Shukla et al. 2017e). The addition of various
hydrophilic additives to hydrophobic PPSU could improve the properties such as thermal

stability, chemical/mechanical stability and membrane filtration (Nayak et al. 2017b).

Arockiasamy et al. (2017b) developed mixed matrix membranes from PPSU/PEG-600/TiO:
using the NIPS technique. The results revealed improved hydrophilicity, surface roughness,
water absorption, porosity, water permeability and improved membrane antifouling properties
by incremental dosages of TiO.> with PEG-600. However, due to its higher hydrophobic
behavior and lower water permeability, PPSU is more prone to fouling. Thus limited work
was documented using PPSU for the ultrafiltration membrane process (Golpour and Pakizeh
2018c). We proposed a new approach of blending PPSU with increased dosages of CA and
CAP to overcome these disadvantages and improve different membrane properties and

rejection of various dyes and proteins.

Nayak et al. (2018c) developed the PPSU hollow fiber ultrafiltration membranes with the
incremental dosages of ZSM-5 by the non-solvent induced phase separation process. The
membranes showed enhanced antifouling properties, water-holding capability, porosity and
pure water permeability. Also, increased dosages of ZSM-5 expanded finger-like projections,

which was witnessed from SEM analysis.

Shukla et al. (2020) fabricated hollow fiber ultrafiltration membranes by PPSU-zinc oxide
using NIPS process. The prepared membranes were subjected to anionic dyes and
antibacterial studies. Enhanced removal of methyl orange dye and improved antibacterial
properties were witnessed from ZnO modified membranes than the pristine membrane. Also,

as-fabricated membranes exhibited enhanced antifouling properties by increased flux recovery
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ratio (FRR) and reversible fouling (Rr). The enhanced finger-like morphologies and porous

structures were observed with the incremental dosages of ZnO to PPSU membranes.

The literature study indicated that no any research work was documented on
polyphenylsulfone/cellulose acetate and polyphenylsulfone/cellulose acetate phthalate hollow
fiber membranes from the aqueous wastewater solution for the rejection of various
dyes/proteins. It was decided to prepare asymmetric hollow fiber membranes to
decontaminate varieties of dyes and proteins from an aqueous solution to address the above
requirements. This research work aims to prepare, characterize and perform the rejection

properties of different dyes and proteins from fabricated hollow fiber membranes.

8.2 RESULTS AND DISCUSSIONS
8.2.1 Cross-section and surface morphologies of prepared membranes

The field-emission scanning electron microscopy (FE-SEM) images of the fabricated
membranes are illustrated in Figure 8.1. By adding hydrophilic additives (CA and CAP) into
the neat PPSU dope solution, there is a tremendous improvement in the morphological
structures of the membranes. In addition, the modified hollow fiber membranes exhibited
asymmetric structure, finger-like projections on either side, which was sandwiched by spongy
morphologies. From Figure 8.1(a), the neat membranes have a more macroporous structure
than the modified membranes. Also the gradual expansion in finger-like projections were
witnessed as the concentrations of CA and CAP (1, 3 and 5 wt%) increased in neat membrane
as shown in Figure 8.1(b) — (g). This enables the augmentation of modified membrane with
hydrophilicity and better pure water permeability. From Table 8.2, there is an increase in pure
water permeability, porosity and water uptake properties of the modified membranes because
of the improved pore-forming nature of the CAP. Also, the complete SEM cross sectional
view of the fabricated membranes was illustrated in Figure 8.2. Inner/outer diameter (ID and
OD) and mean pore radius of the fabricated hollow fiber membranes are illustrated in Table
8.1.

213



Chapter 8

10\ Mags 103K o 0pm Mag= 100KX ) " .

Finger-like _
proje tion »gé,g,f) -

Figure 8.1 Cross sectional FE-SEM images of prepared membranes (a) neat membrane (b),
(c) and (d) are 1 wt%, 3 wt% and 5 wt% of CA in PPSU hollow fiber membranes, (e), (f) and
(g) are 1 wt%, 3 wt% and 5 wt% of CAP in PPSU hollow fiber membranes respectively.
Surface morphological analysis of neat membrane (h), 5 wt% of CA in PPSU membrane (i)
and 5 wt% of CA in PPSU membrane (j) respectively.
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Figure 8.2 Cross sectional (complete view) FE-SEM images of prepared membranes (a) neat
membrane (b), (c) and (d) are 1 wt%, 3 wt% and 5 wt% of CA in PPSU hollow fiber
membranes, (e), (f) and (g) are 1 wt%, 3 wt% and 5 wt% of CAP in PPSU hollow fiber

membranes respectively.
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Table 8.1 Outer/ inner (OD/ID) diameter and mean pore radius of the fabricated hollow fiber

membranes
Hollow fiber | Outer diameter | Inner diameter (ID | Mean pore radius
membranes (OD in um) in um) (m)
NM 707 408.2 2.280%x10°’
PCA-1 760.5 448.8 1.170x10°7
PCA-3 686 368.7 1.115%10
PCA-5 808.1 449.2 1.088x10°
PCAP-1 715.1 340.7 1.751x10°7
PCAP-3 768.2 447 1.076x10°7
PCAP-5 704.3 377.3 1.285x10°7
Spinneret dimension, inner diameter: 550 um, outer diameter:1100 pm

8.2.2 Hydrophilicity/hydrophobicity measurement of fabricated membranes

The hydrophilicity/hydrophobicity nature of the fabricated neat and modified hollow
fiber membranes was demonstrated in Figure 8.3. From Figure 8.3, the decreased contact
angle parameters were witnessed with the incremental dosages of hydrophilic additive (CA
and CAP) to neat PPSU dope solution. The neat membrane revealed the contact angle as
79.07". The dosage of 5 wt% of CA in PPSU (PCA-5) and 5 wt% of CAP in PPSU (PCAP-5)
to neat dope solution exhibited contact angle of 57.31" and 49.47" respectively. There is an
increased in water holding capacity because of increased hydrophilicity of the functional
groups on the surfaces of the membrane (Rahimpour and Madaeni 2007c; Sivakumar et al.
2006b). The decreased contact angle values for cellulose acetate/polyphenylsulfone hollow
fiber membranes PCA-5<PCA-3<PCA-1<PCA-0 and for cellulose acetate
phthalate/polyphenylsulfone membranes PCAP-5<PCAP-3<PCAP-1<PCAP-0 respectively.
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Figure 8.3 Contact angle measurement of prepared hollow fiber membranes.
8.2.3 Pure water permeability analysis of fabricated hollow fiber membranes

The fabricated neat and modified hollow fiber membrane’s time-dependent pure water
permeability was illustrated in Figure 8.4. Modified membranes exhibited higher pure water
permeability compared to the neat membrane. From Figure 8.4(a) — (b), the permeability
parameters for the neat membrane was 41.26 L/m?h bar. With 5 wt% of CAP in PPSU
(PCAP-5) and 5 wt% of CA in PPSU (PCA-5) exhibited permeability of 72.60 L/m?h bar and
64.47 L/m?h bar respectively. The CAP incorporated PPSU membranes exhibited more
excellent water permeability, hydrophilicity and porosity than CA-incorporated PPSU
membranes. Also, various hydrophilic functional groups such as —OH and —C=0 facilitated
enhanced water-absorption capacity and hydrophilicity from the modified hollow fiber
membranes (de Moraes et al. 2015; Mukherjee and De 2014b).
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Figure 8.4 Time-dependent pure water permeability of prepared (a) neat membrane and
increased dosage of CA (1, 3, and 5 wt%) in PPSU as PCA-1, PCA-3 and PCA-5 (b) neat
membrane and increased dosage of CAP (1, 3, and 5 wt%) in PPSU as PCAP-1, PCAP-3 and
PCAP-5 respectively.

8.2.4 Water uptake and porosity of fabricated hollow fiber membranes

The water uptake and porosity of the fabricated neat and CA incorporated PPSU and
CAP incorporated PPSU modified membranes were illustrated in Figure 8.5. From Figure 8.5,
the neat membrane exhibited the porosity parameter as 4.49%, also PCA-5 and PCAP-5
membranes showed 29.97% and 32.06% respectively. Neat membranes exhibited a water
uptake capacity of 31.53%, PCA-5 and PCAP-5 membranes showed 31.53% and 68.81%
respectively. There is improvement in water uptake and porosity parameters with the gradual
increased dosages of hydrophilic CA and CAP additives to the PPSU dope solution.
Productivity (filtration rate) along with membrane quality (permeate concentrations) of the
fabricated hollow fiber membranes were dependent on the porosity of the membranes (Ma et
al. 2012). Because of the leaching of CA and CAP additives in the PPSU dope solution in the
phase inversion process, there is an enhancement of water absorption and porosity parameters
(Dasgupta et al. 2014; Rahimpour and Madaeni 2007c). The order of water holding capacity
and porosity values for prepared PPSU/CA membranes as PCA-5>PCA-3>PCA-1>NM and
PPSU/CAP membranes as PCAP-5> PCAP-3>PCAP-1>NM.
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Figure 8.5 Porosity/water uptake measurement for prepared neat and increased dosage of CA
(1, 3, and 5 wt%) in PPSU as PCA-1, PCA-3 and PCA-5, and increased dosage of CAP (1, 3,
and 5 wt%) in PPSU as PCAP-1, PCAP-3 and PCAP-5 respectively.

8.2.5 Study of antifouling properties of the prepared hollow fiber membranes

The antifouling analysis of the fabricated neat and CA/CAP modified membranes was
demonstrated in Figures 8.6(a) — (b). The time-dependent study of the prepared membranes
using BSA protein was demonstrated. The CA and CAP additives demonstrated higher
adsorption properties (Chatterjee and De 2014b; Lv et al. 2018). The hydrophilic and fouling
properties of the neat membrane (NM) over the modified membranes were demonstrated in
Table 8.2. From Figure 8.6(c), the neat membrane’s flux recovery ratio (FRR) was 66.06%
and the remaining parameters for were Ry, Rir and R were 35.16%, 33.93% and 69.09%
respectively. The FRR for PCA-5 and PCAP-5 membranes was reported as 80.70% and
84.08% with the increased dosages. The remaining parameters such as Ry, Rir and Rt were
48.06, 19.26 and 67.27% respectively, for PCA-5 hollow fiber membrane and 60.34, 15.91
and 60.34% for PCAP-5 hollow fiber membrane respectively.

The presence of hydrophilic functional group such as amine and hydroxyl on the modified
CA incorporated PPSU and CAP incorporated PPSU membrane surfaces resulted in a
substantial increase in the behavior of fouling resistance (Rahimpour and Madaeni 2007c;
Vinodhini et al. 2017). Due to the higher molecular weight and larger size of BSA molecules,
the increased rejection of BSA protein from modified hollow fiber membranes was witnessed
(Lv et al. 2018). With incremental parameters of FRR and R, the fabricated hollow fiber
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membranes showed better antifouling character with reduced parameter of irreversible fouling

(Rir).
Table 8.2 Antifouling results of the prepared membranes
Membral|Jp Stan Jw1 [Stan Jw2 |Stan FRR [Stan |Rr Stan |[Rir Stan Rt |Stan
nes (L/m? [dard|(L/mdard |(L/mdard [(%) |dard|(%) |dard|(%) |dard|(%) |dard
g hbar) devia® hidevia® h/devia devia devia devia devia
codes
tion |bar) ftion |bar) ftion tion tion tion tion
NM 127 | 0.3 |422| 04 |27.2| 03 |66.0| 05| 351 | 05 |339| 05 | 69.0| 0.6
PCA-1 | 148 | 0.1 |45.0| 05 325|103 722|103 | 392 | 05 |27.7| 05 | 66.9 | 0.7
PCA-3 | 189 | 0.3 |546| 0.7 |42.7| 0.3 |782| 0.3 | 43,5 |0.08|21.7|0.08| 65.2 | 0.6
PCA-5 | 210 | 05 |644| 0.2 |52.0| 0.3 |80.7| 0.4 | 480 | 15 |19.2| 1.5 | 67.3 | 0.8
PCAP-1| 134 | 04 |48.7| 04 |346| 04 |71.0| 05| 434 | 03 |{289| 0.3 | 724 | 05
PCAP-3| 152 | 0.4 |56.6| 0.3 |456| 05 |805| 05 | 536 | 0.6 {194| 0.6 | 73.1 | 0.7
PCAP-5| 16.2 | 0.2 |686| 04 |576| 09 (84.0| 05| 603 | 0.4 [159| 04 | 76.2 | 0.6
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Figure 8.6 Comparison of time dependent pure water permeability, BSA permeability and
succeeded by washing with water of (a) polyphenylsulfone/cellulose acetate, (b)
polyphenylsulfone/cellulose acetate phthalate hollow fiber membranes and (c) protein

removal properties from membranes.

8.2.6 Thermogravimetric analysis (TGA) of the prepared membranes

The thermogravimetric analysis (TGA) of the prepared neat, PCA-5 and PCAP-5 hollow
fiber membranes were illustrated in Figure 8.7. Three phases of weight loss with respect to
temperature were reported for describing the TGA thermographs. From room temperature to
180 °C, the initial weight loss stage is due to the volatilization of volatile substances and
adsorbed water evaporation. The second stage of weight loss is from 200 "C to 520 "C, which
was due to the breakdown of SO groups present in the polymer chains. Polymer chains were
broken entirely in the third stage above 550 ‘C and started to form ash (Arockiasamy et al.

2017b). Similarly, the first thermal degradation for PCA-5 and PCAP-5 membranes at room
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temperature to 150 ‘C for the evaporation of adsorbed water, the second thermal degradation
begins at 190 'C to 610 'C and 180 'C to 570 'C for the decomposition of CA and CAP
polymer chains and the third thermal degradation starts above 600 ‘C. In this temperature
range, the CA and CAP decompose fully into ash. Due to the addition of CA and CAP
additives to the PPSU dopes solution, there is a significant thermal miscibility (Dehkordi et al.
2015b). The TGA study has shown that modified hollow fiber membranes have higher
thermal stability.
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Figure 8.7 Thermogravimetric analysis of the neat membrane (NM), PCA-5 and PCAP-5

hollow fiber membranes.

8.2.7 Dyes and proteins rejection studies from fabricated membranes
8.2.7.1 Dyes rejection studies from prepared membranes

The reactive orange-16 (RO-16) and reactive black-5 (RB-5) removal with the help of
hollow fiber membranes from aqueous solutions was demonstrated in Figure 8.8(a). The
maximum rejection from membranes was witnessed from PCA-5 and PCAP-5 hollow fiber
membranes. In the case of the neat membrane (NM), the dye rejection was 42.08% and
47.72% with corresponding permeability of 35.41 L/m?h bar and 42.01 L/m?h bar for RO-16
and RB-5 respectively. An incremental dosage of CA and CAP in the PPSU dope solution
results in improved dye rejection efficiency. This is because of the enhancement of adsorptive
properties due to the presence of CA and CAP additives (Chatterjee and De 2014b; Puspasari
et al. 2018). From Table 8.3 and Figure 8.9(a) — (b), dye rejection properties of RO-16 for
PCAP-5 membrane was 83.45% and for membrane, PCA-5 was 80.02% and corresponding
permeabilities were 77.63 L/m?h bar and 68.13 L/m?h bar for PCAP-5 and PCA-5
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respectively. The dye rejection properties of RB-5 reactive dye for the PCAP-5 membrane
was 95.49% and PCA-5 was 82.69%. Corresponding permeabilities were 70.02 L/m?h bar and
68.18 L/m?h bar for PCAP-5 and PCA-5 membranes respectively. Due to the higher
molecular weight of CAP membranes compared to CA membranes, the rejection was
considerable in CAP membranes, which is also a cause for optimal dye rejection from CAP
membranes. From the literature, the molecular weight of dye increases for RB-5 (991.78
g/mol) than for the RO-16 (617.52 g/mol). The rejection efficiency of the fabricated hollow
fiber membranes also increases (Thong et al. 2018). Similarly, CAP incorporated PPSU
hollow fiber membranes have superior adsorptive nature and are less susceptible to fouling
and an improved hydrophilicity were dominating factors for the optimal rejection of dyes
from the fabricated hollow fiber membranes (Nayak et al. 2017b). Concentration polarization

of the fabricated membranes were illustrated in Table 8.4.

8.2.7.2 Proteins removal studies of hollow fiber membranes

The rejection of various proteins (BSA, egg albumin and pepsin) from fabricated pristine,
CA/PPSU and CAP/PPSU hollow fiber membranes were demonstrated in Figure 8.8(b). From
Table 8.3 and Figure 8.8, the neat membrane exhibited 39.85, 21.61 and 23.07% for BSA, egg
albumin and pepsin proteins with permeabilities were 33.98, 41.46 and 48.58 L/m?h bar
respectively. From Table 8.3 and Figure 8.10, increased dosage of additives also revealed
increased rejection parameters for PCA-5 membrane of 93.63, 92.30 and 83.13% respectively
for BSA, egg albumin and pepsin with permeability were 49.89, 63.68 and 65.19 L/m?h bar
respectively. The PCAP-5 hollow fiber membrane exhibited 94.26, 95.37 and 94.92% with
permeabilities of 52.61, 65.08 and 70.01 L/m?h bar for BSA, egg albumin and pepsin
respectively. From Figure 8.11, as filtration time increases, there is a decreased permeability

due to fouling or deposition of the protein molecules (Vetrivel et al. 2018b).
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Table 8.3 Dye/ protein rejection from fabricated hollow fiber membranes

Membra| Dye rejection (%) Protein rejection (%)
nes
RB-5 (Standar |RO-16 |Standard |Bovine (Standar |[Egg Standa [Pepsin [Standar
Code d deviation [serum |(d albumin|rd d
deviatio albumin |deviatio deviati deviatio
n n on n
Neat | 427 | 1.0 42.2 1.1 39.8 2.7 21.6 051230 | 05
membra
ne (NM)
PCA-1| 62.7 | 0.9 55.6 1.1 58.2 2.5 61.9 05| 712 | 08
PCA-3| 771 | 1.3 65.6 0.9 85.5 1.1 88.2 06| 768 | 1.1
PCA-5| 826 | 0.7 80.0 1.5 93.6 0.8 92.3 041|831 | 06
PCAP-1| 70.4 | 0.9 60.6 0.4 68.1 0.8 64.8 03| 666 | 04
PCAP-3| 79.7 1.1 72.1 1.3 90.7 1.05 | 90.6 05| 754 | 04
PCAP-5/ 95.4 | 0.4 83.4 1.3 95.2 0.9 949 | 04 | 949 | 05

Also there is a considerable improvement in rejection percentage of proteins with gradual

increase in the concentrations of (1, 3 and 5 wt%) CA and CAP hollow fiber membranes

relative to the neat membrane due to high adsorptive properties of the additives used

(Vinodhini et al. 2017). The higher rejection of BSA proteins from prepared hollow fiber

membranes of PCA-5 and PCAP-5 compared to pepsin and egg albumin was observed due to
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size exclusion and higher BSA proteins molecular weight (66.43 kDa) than the egg albumin
(42.69 kDa) and pepsin (35 kDa) (Arockiasamy et al. 2017b).

Dye concentrations: 100 ppm Protein concentrations: 800 ppm
I~ e Bovine serum albumin
3) 120 ]
1004 ERO-16 ( ) )
-RB-S DPepsm .
_ DEgg albumin
100 1
9 g (.M | m
c < 804 N n
] @
o0 ol ™ -
Z 2 =
g g 604 o
E £
2 &
404
20
0 1 1 T T 1 1 1
NM  PCA-l PCA-3 PCA-5 PCA-l PCA-3 PCA-S NM  PCA-l PCA-3 PCA-5 PACP-1 PCAP-3 PCAP-5
Membrane Membrane

Figure 8.8 (a) Comparison of dyes rejection and (b) proteins rejection study from prepared
hollow fiber membranes.

920 %0
—a—NM ) = NM
so4 @ —e— PCA-1 804 ® PCAP-1
4 PCA-3 A PCAP-3
= ¥ PCA-5 = Y v ¥ .
En- —Peasl | g v""v'vmws
= [ .\.——l—l\k rf'm- A A v
£ g . £
= +.\I—FI é
z o o o o 601 Aa 4
z: 504 o o o .- | e Aa g,
g Y e % *
E A A A ES04 e o, ., .
S 40 A A4 S R B Y
A TV Ty v v TA—A—A A L
v .-
i A A 40 .
30 v ¥y L Rai™
20 T T T T T 30 T T T T
0.0 0.2 04 0.6 08 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Time (hr) Time (hr)
90 100
= NM
(d) —a—NM
504 (€) * PCA-1 904 . PeARd
A PCA-3 A PCAP-3
E‘ v PCA-5 E 80 v PCAPS
=704 e, L . o L -
Lol .- = 9 - g
] e w % s -
< 60 . " * - D N
z 1 & a N . L . = A A g . . o @ . o e
= E— = s A4
& A 4 a Lo ] = e S
g Aoy 2
E 504 LR B S A S S SN -
H = v ¥
o
= M = 304 T
404 M
vy oy 20
30 T T T T 10 T T T T
0.0 0.2 0.4 0.6 0.8 L0 0.0 0.2 0.4 0.6 0.8 1.0
Time (hr) Time (hr)

Figure 8.9 Dyes permeabilities of Reactive orange-16 (RO-16) of (a) and (b) CA/PPSU and
CAP/PPSU along with Reactive black-5 (RB-5) of (c) and (d) are CA/PPSU and CAP/PPSU
hollow fiber membranes respectively.
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Figure 8.10 Proteins permeability (a and b) for BSA of CA/PPSU and CAP/PPSU hollow

fiber membranes respectively. Similarly, for egg albumin is (c and d) and for pepsin is (e and

f) respectively.
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Table 8.4 Concentration polarization of the fabricated hollow fiber membranes

Membrane Velocity (v) | Mass transfer Concentration
codes (m/s) coefficient (K) polarization (%)
(m/s)

BOVINE SERUM ALBUMIN
NM 0.0417 7.269 x 10° 1.138
PCA-1 0.00253 1.091 x10°° 1.648
PCA-3 0.00253 1.092 x10° 2.056
PCA-5 0.00164 8.32 x10° 2.540
PCAP-1 0.002237 9.611 x10°® 1.114
PCAP-3 0.002039 9.499 x 10 2411
PCAP-5 0.001805 9.596 x 10® 1.142

PEPSIN
NM 0.00319 1.071x10° 1917
PCA-1 0.0028 1.508x10° 2.227
PCA-3 0.003 1.064x10 1.674
PCA-5 0.00241 1.031x10° 2.332
PCAP-1 0.00284 1.511x10° 2.009
PCAP-3 0.00272 1.155x10° 2.135
PCAP-5 0.00289 1.1402x10° 2.539
EGG ALBUMIN

NM 0.00339 1.232 x10° 1178
PCA-1 0.00262 1.121 x 10°® 1.770
PCA-3 0.00248 1.088 x 10° 2.584
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PCA-5 0.001878 9.481 x 10°® 2.804
PCAP-1 0.00242 1.018x10° 2.162
PCAP-3 0.00232 1.084x10 3.118
PCAP-5 0.00248 7.764x10° 2.803
REACTIVE ORANGE -16 (RO-16)

NM 0.106 3.87x10° 1.183
PCA-1 0.00819 1.425 x10 1.481
PCA-3 0.0721 1.556 x 10 1.92

PCA-5 0.0055 1.37 x10° 1.65

PCAP-1 0.0074 1.481 x10° 1.556
PCAP-3 0.0071 1.537 x10 1.833
PCAP-5 0.0077 1.574 x 107 1.702

REACTIVE BLACK -5 (RB-5)

NM 0.1006 3.81 x10° 1.199
PCA-1 0.00878 1.673x10° 1.646
PCA-3 0.00845 1.63x10° 1.882
PCA-5 0.00609 1.445%107° 1.821
PCAP-1 0.00702 1.447x107° 1.877
PCAP-3 0.00685 1.519x10° 1.954
PCAP-5 0.00748 1.545%10° 1.895
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8.3 SUMMARY OF THE PRESENT WORK

Hollow fiber membranes of asymmetric polyphenylsulfone with the incremental
concentrations 1, 3 and 5 wt% of cellulose acetate and cellulose acetate phthalate were
fabricated successfully using a non-solvent induced phase separation process. The effect of
concentrations of additives on the polyphenylsulfone matrix was well understood. The
increased dosages of cellulose acetate and cellulose acetate phthalate in the PPSU dope
solution attributed to improved hydrophilicity, porosity, water absorption and antifouling
properties. The progressive dosages of additives enhanced the water permeability with 64.47
L/m?h bar for PCA-5, 72.60 L/m?h bar for PCAP-5, whereas neat membrane showed the
permeability of 41.26 L/m?h bar.

From SEM pictures, expanded micro-pores, finger-like morphologies, dense structures on
the membrane's skin layer, and porous—like structure on the supporting layer were ensured in
fabricated hollow fiber membranes. There is an increased surface roughness from AFM
images from neat membranes to gradual increased additive dosage membranes (PCA-5 and
PCAP-5). The neat membrane showed rejection parameters as 42.72% for reactive black-5
and 42.28% for reactive orange-16 respectively. The modified PCA-5 and PCAP-5 hollow
fiber membranes exhibited enhanced 82.69% and 95.49% of rejection for reactive black -5
and 80.02% and 83.45% for reactive orange-16 respectively. Because of the increased
adsorptive property of PCA-5 and PCAP-5, there is an increase in the rejection of dyes and
proteins. The protein rejection parameter from the neat membrane was 39.85%, 21.61%, and
23.07% respectively, for BSA, egg albumin, and pepsin. The modified PCA-5 and PCAP-5
hollow fiber membranes exhibited enhanced rejection properties for various dyes and
proteins. Rejection of proteins for PCA-5 and PCAP-5 was 93.63 and 95.26% for BSA, 92.30
and 94.97% for egg albumin and 83.13% and 94.92% for pepsin respectively. In conclusion,
the prepared ultrafiltration PPSU membranes with increased dosages of 1, 3 and 5 wt% of
cellulose acetate and cellulose acetate phthalate were effective in retaining an aqueous
solution containing ions of different dyes (reactive orange-16 and reactive black-5) along with

proteins (BSA, pepsin and egg albumin).
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Abstract

This chapter briefly describes the overall work and compares the properties and efficacy
of the laboratory-prepared hollow fiber membranes. It also includes a summary of the work's

main findings.

9.1 Summary

e Inthe present study, 36 hollow fiber membranes were fabricated with different
additives and nanoparticles using a non-solvent induced phase separation (NIPS)
process.

o Hollow fiber membranes with various nanoparticles such as zirconium oxide (ZrO>),
zinc —magnesium oxide (ZnO-MgO), nano-aluminum oxide (nano-Al;O3) and
polydopamine (PDA; polymer) are incorporated in the membrane matrix.

e Hollow fiber membranes were prepared using N-methyl-2 pyrrolidone (NMP) as a
solvent and water as a non-solvent.

e Scanning electron microscopy (SEM) and atomic force microscopy (AFM) apparatus
were utilized to interpret membrane surface morphologies and topographies
respectively.

e The fabricated pristine and modified membranes surface wettability behavior was
scrutinized by contact angle measurement.

e The dry-wet weigh principle was carried out for membrane porosity/water uptake
measurements.

e Pure water permeability, an antifouling study using bovine serum albumin as model
protein and rejection properties of arsenic-V and dye/protein removal, was conducted
using a cross-flow filtration system.

e The fabricated membranes surface potential and thermal stability were determined by
zeta potential analysis and thermogravimetric analysis, respectively.

e The crystallinity and morphologies of used nanoparticles were interpreted by x-ray
diffraction (XRD) and transmission electron microscopy (TEM) analysis respectively.

e The fourier transform infrared (FTIR) and x-ray photoelectron spectroscopy (XPS)
were implemented for the existence of various functional groups and binding energies
respectively.

e The arsenic-V and dye/protein removal performance was determined using laboratory-

prepared aqueous solutions.
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Table 9.1 Hollow fiber membranes series

Membrane Membranes codes Nano-additives Nanoparticles
series
MS-1 Neat membrane (NM), CA-1, CA-3, Cellulose acetate -
CA-5 and CAP-1, CAP-3, CAP-5, (CA) and cellulose
acetate phthalate
(CAP)
MS-2 PZCA-0, PZCA-0.6, PZCA-1, PZCA- | Cellulose acetate Zirconium
1.5 and PZCAP-0, PZCAP-0.6, (CA) and cellulose oxide (ZrO,)
PZCAP-1, PZCAP-1.5 acetate
phthalate(CAP)
MS-3 ZMCA-0, ZMCA-0.6, ZMCA-1, Cellulose acetate Zinc—
ZMCA-1.5 and ZMCAP-0, ZMCAP- | (CA) and cellulose magnesium
0.6, ZMCAP-1, ZMCAP-1.5 acetate phthalate oxide (ZnO-
(CAP) MgO)
MS-4 ALCA-0, ALCA-0.6, ALCA-1, Cellulose acetate Aluminum
ALCA-1.5 and ALCAP-0, ALCAP- (CA) and cellulose | oxide(Al.O3)
0.6, ALCAP-1, ALCAP-1.5 acetate phthalate
(CAP)
MS-5 PDA-0, PDA-1, PDA-2, PDA-3, Polyvinylpyrrolidone | Polydopamine
PDA-5 (PVP) (PDA)
MS-6 Neat membrane (NM), PPSU/CA-1 Cellulose acetate --

wt%, PPSU/CA-3 wt%, PPSU/CA-5
wt% and PPSU/CAP-1 wt%,
PPSU/CAP-3 wt%, PPSU/CAP-5

wit%

(CA) and cellulose
acetate phthalate
(CAP)
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The important findings were observed from the experimental investigations they are:

In membrane series (MS-1) from Table 9.1, Use of cellulose acetate/polyphenylsulfone
derivatives to fabricate ultrafiltration hollow fiber membranes for the removal of
arsenic-V from water, best performed hollow fiber membrane containing 5 wt% of
cellulose acetate phthalate/polyphenylsulphone (CAP-5) and 5 wt% of cellulose
acetate/polyphenylsulphone (CA-5) exhibited enhanced permeability of 69.60 and 61.47
L/m?h bar respectively. The arsenate oxide (AsO4+*) removal properties for CA-5 and
CAP-5 membranes were 34% and 41% with permeabilities of 44.42 and 40.11 L/m?h bar
respectively. The best performing CAP-5 membrane showed enhanced negative surface
potential of -18.75 mV which was recorded at the pH 9.7. The enhanced flux recovery
ratio (FRR) of 91.95% for CAP-5 membrane, implies enhanced antifouling properties.

In membrane series (MS-2), Removal of toxic arsenic-V from aqueous media using
polyphenylsulfone/cellulose  acetate and polyphenylsulfone/cellulose acetate
phthalate hollow fiber membranes containing zirconium oxide, best performing
PZCA-1 hollow fiber membrane with increased surface potential of -28.19 mV at pH 7
was noticed. Hollow fiber membranes fabricated using 1 wt% of ZrO, in PPSU/CA
(PZCA-1) and 0.6 wt% of ZrO. in PPSU/CAP (PZCAP-0.6) showed increased arsenate
oxide (AsOs*) removal as 87.24% and 70.48% with the permeabilities of 89.94 and
70.59 L/m?h bar respectively with laboratory prepared 1 ppm arsenic-V solution (pH
6.8+0.2) at 1 bar transmembrane pressure. Also ZrO, modified membranes PZCA-1.5
and PZCAP-1.5 were exhibiting improved pure water permeability as 84.05 L/m?h bar
and 100.96 L/m?h bar respectively. Because of the increased hydrophilicity of the
membrane surface, the ZrO,-containing hollow fiber membranes exhibited remarkable
antifouling properties compared to the pristine membrane. As an outcome, the flux
recovery ratio of PZCA-1.5 and PZCAP-1.5 were 79.01% and 81.94% respectively
compared to neat membrane PZCA-0 and PZCAP-0 as 67.49% and 70.02% respectively.
In membrane series (MS-3), Effect of binary zinc-magnesium oxides on
polyphenylsulfone/cellulose acetate derivatives hollow fiber membranes for the
decontamination of arsenic-V from water, the effect of binary zinc-magnesium oxide
(ZnO-MgO) on PPSU/CA and PPSU/CAP hollow fiber membrane was well
interpretated. The decreased contact angle parameter was noted for the modified
membrane with 1wt% of zinc-magnesium oxide in PPSU/CA (ZMCA-1) and 1wt% of
zinc-magnesium oxide in PPSU/CAP (ZMCAP-1) as 60.81" and 57.32" compared to neat
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membrane ZMCA-0 and ZMCAP-0 as 71.56° and 68.85" respectively. The good
performing hollow fiber membranes 0.6 wt% of zinc-magnesium oxide in PPSU/CAP
(ZMCAP-0.6) and ZMCA-1 exhibited enhanced arsenic-V removal compared to pristine
membrane. The enhanced arsenic-V removal from ZMCAP-0.6 and ZMCA-1 were
81.31% and 78.48% with permeability as 69.58 L/m?h bar and 198.47 L/m?h bar
respectively from laboratory prepared 1 ppm arsenic-V solution (pH 6.8+0.2) at 1 bar
transmembrane pressure. The enhanced flux recovery ratio (FRR) from membranes, 1.5
wt% of zinc-magnesium oxide in PPSU/CA (ZMCA-15) and 1.5 wit% of zinc-
magnesium oxide in PPSU/CAP (ZMCAP-1.5) were 91.08% and 90.11% respectively
than the neat membrane ZMCA-0 and ZMCAP-0 as 65.42% and 69.95% respectively.
The increased FRR parameter from the modified membrane also revealed increased
antifouling properties.

In membrane series (MS-4), Nano-aluminum oxide embedded cellulose acetate/
polyphenylsulfone  derivatives  hollow  fiber = membranes:  Fabrication,
characterization and arsenic-V removal from water, the influences of nano-aluminum
oxide (nano-Al203) on PPSU/CA and PPSU/CAP hollow fiber membranes was discussed
in detail. The best performing membrane, 1.5 wt% of nano-Al.Oz in PPSU/CA (ALCA-
1.5) showed increased negative potential of -49.5 mV at pH 7.3 respectively. The
increased arsenic-V removal performance was witnessed from membranes ALCA-1.5
and 1 wt% of nano-AlO3z in PPSU/CA (ALCA-1) removed 98.67% and 94.89% with
permeability were 88.41 L/m?h bar and 53.42 L/m?h bar respectively. Nano—-Al,Os3
modified hollow fiber membranes with enhanced hydrophilicity showed improved pure
water permeabilities as 88.87 L/m?h bar and 102.13 L/m?h bar respectively. The
increased flux recovery ratio of the modified membranes for ALCA-1.5 and ALCAP-1.5
as 85.09% and 89.24% respectively ensures the enhancement of antifouling properties.

In membrane series (MS-5), Hydrophilic polydopamine/polyvinylpyrrolidone
embedded polyphenylsulfone hollow fiber membranes for the removal of arsenic
(As-V) from water, the best performing membrane 3 wt% of polydopamine (PDA) in
polyphenylsulfone (PPSU)/polyvinylpyrrolidone (PVP) (PDA-3) hollow fiber membrane
unveiled enhanced arsenate oxide removal as 87.15% with the permeability of 15.90
L/m?h bar as compared to neat membrane. The neat membrane (PDA-0) exhibited lower
arsenate oxide removal performance as 67.70% with the permeability rate of 7.46 L/m?h

bar. Also the PDA-3 membrane showed increased negative potential of -30.38 mV at pH
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Vi.

7 and enhanced thermal stability and surface roughness. The modified 5 wt% of PDA in
PPSU/PVP hollow fiber membrane (PDA-5) showed increased pure water permeability
as 18.72 L/m?h bar as compared to neat membrane (PDA-0) as 7.53 L/m?h bar
respectively. Furthermore, dosage of 5 wt% of PDA in PPSU/PVP membranes, the
arsenic-V oxide rejection properties from the membrane decreased due to the
concentration polarization.

In membrane series (MS-6), Improved separation of dyes and proteins using
membranes made of polyphenylsulfone/cellulose acetate and
polyphenylsulfone/cellulose acetate phthalate, the best performing membrane 5 wt% of
cellulose acetate phthalate (CAP) in PPSU (PCAP-5) showed 83.45% and 95.49% for
reactive orange-16 (RO-16) and reactive black-5 (RB-5) with the permeability of 77.63
L/m?h bar and 70.02 L/m?h bar respectively. The neat membrane (NM) removed 42.08 %
with the permeability of 35.41 L/m?h bar. Similarly, for high molecular weight bovine
serum albumin protein (BSA), the rejection of PCAP-5 membrane was 94.26% with the
permeability of 52.61 L/m?h bar. The lower rejection was recorded for pepsin and egg
albumin compared to BSA protein. Also, increased dosages of CA and CAP incorporated
PPSU membranes exhibited enhanced hydrophilicity, porosity/water uptake, pure water
permeability, antifouling properties and thermal stability as compared to neat membrane.
The pure water permeability for PCA-5 and PCAP-5 membrane was 64.47 L/m?h bar and
72.60 L/m?h bar which was more significant than the neat membrane 41.26 L/m?h bar.
The pure water permeability, contact angle, water uptake/porosity and arsenic-V removal
abilities of all prepared hollow fiber membranes are compared as follows.

Figure 9.1 illustrated the contact angle of all fabricated hollow fiber membranes.

Membrane contact angle assessment is critical for analyzing the permeability and

performance in water treatment applications. The introduction of hydrophilic additives and

nanoparticles into the PPSU hydrophobic dope solution in turn considerably enhances the

hydrophilicity of the modified hollow fiber membranes. In the current investigation, the 5

wit% cellulose acetate phthalate in PPSU hollow fiber membranes in MS-1 exhibited a lower

contact angle than other membranes.
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Figure 9.1 Contact angle outcome of the fabricated hollow fiber membranes.

Figure 9.2 shows the water uptake ability of the fabricated hollow fiber membranes.
As the hydrophilicity of the additives and nanoparticles incorporated in modified hollow fiber
membranes increases, the water-absorbing capacity also increases. As the membrane prepared
by 1.5 wt% of the Al2Os incorporated PPSU/CAP (ALCAP-1.5) hollow fiber membrane
unveiled enhanced water uptake. Membrane ALCAP-1.5 (in MS-4) showed 84.26% of water

uptake parameters than the other membranes.
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Figure 9.2 Water uptake measurement of the fabricated hollow fiber membranes.

Figure 9.3 unveiled the pure water permeability study of the fabricated hollow fiber
membrane series (MS-1 to MS-6). According to the results, the membrane containing 1 wt%
of zinc-magnesium oxide (ZnO-MgO) in polyphenylsulfone (PPSU)/cellulose acetate (MS-3)
hollow fiber membrane exhibited higher pure water permeability than the other membranes.
This is because of the enhanced finger-like structure and surface roughness in binary ZnO-
MgO modified membranes. In addition, the ZnO-MgO binary oxide nanoparticle act as an
excellent adsorbing agent and increases the water-holding capability. As a result, the
permeability properties of membranes increased continuously as the percentage of ZnO-MgO
in membranes increased. Also, the increased hydrophilic properties of bio-sorbents cellulose

derivatives help to improve the permeability of modified membranes.
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Figure 9.3 Pure water permeation study of fabricated hollow fiber membranes.

Figure 9.4 illustrated the antifouling capability of all fabricated pristine and modified
hollow fiber membranes in terms of flux recovery ratio (FRR in %). The antifouling ability of
the fabricated membranes was analyzed by FRR, as the FRR of the modified membranes
increased with the dosages of hydrophilic cellulose derivatives and various dosages of
nanoparticles into the PPSU hydrophobic dope solution. In our proposed research work, the
enhanced flux recovery ratio was witnessed from the membrane prepared by 1.5 wt% of zinc-
magnesium oxide (ZnO-MgO) in PPSU/CAP (ZMCAP-1.5) from membrane series MS-3.
The enhanced flux recovery ratio in turn revealed enhanced membrane durability than the

other membranes.
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Figure 9.4 Flux recovery ratio (FRR) parameter of fabricated hollow fiber membranes.

Figure 9.5 the comparison of percentage AsO+> removal of all prepared hollow fiber
membranes. As such, the membrane prepared with 1.5 wt% of nano-Al,O3 in PPSU/CA
(ALCA-1.5) and 1 wt% of nano-Al203 in PPSU/CA (ALCA-1) from membrane series MS-4
exhibited increased arsenic-V removal ability as compared to other membrane series, because
of the electrostatic repulsion between the membrane surface and the arsenate oxide (AsO4%).
The ALCA-1.5 membrane exhibited increased surface charge, which further repels more
arsenate oxide than other membrane series from laboratory prepared arsenic-V aqueous
solution at pH 6.8+0.2.
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Figure 9.5 Percentage arsenic-V removal properties of the fabricated hollow fiber
membranes.

9.2 Conclusions

The hydrophobic polyphenylsulfone (PPSU) hollow fiber membranes were modified with
cellulose derivatives as additives such as cellulose acetate and cellulose acetate phthalate,
along with different nanoparticles, zirconium oxide (ZrOz), zinc-magnesium oxide (ZnO-
MgO), aluminum oxide (Al>0s) and polydopamine (PDA). The quality and performance of
the modified hollow fiber membranes was confirmed by analyzing membrane

hydrophilicity/hydrophobicity, porosity/water uptake, pure water permeation, antifouling and

arsenic-V separation.
The key findings of the proposed investigation are:

e The addition of cellulose derivatives along with various nanoparticles such as
zirconium oxide (ZrOz2), zinc-magnesium oxide (ZnO-MgO), aluminum oxide (Al203)
and polyvinylpyrrolidone (PVP)/polydopamine (PDA) considerably enhances the
membranes hydrophilicity, pure water permeability, antifouling and rejection of
arsenate oxide (AsO4>).

e Adding increased concentrations of hydrophilic inorganic nanoparticles into the PPSU
hydrophobic dope in turn enhances modified membrane surface morphology,

topological structures and performances.
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e Due to the effect of binary zinc-magnesium oxide (ZnO-MgO) on the PPSU and
cellulose derivative (cellulose acetate phthalate), there is enhanced pure water
permeability (MS-3) antifouling properties compared to other membranes.

¢ Due to the modifications, induced surface charge on the membrane surfaces may lead
to increased selectivity since the solutes and charged membrane surface have an
electrostatic interaction.

e As such, the membranes prepared using aluminum oxide (Al203) in PPSU and
cellulose derivative (cellulose acetate) (PPSU/CA/AI;O3) membranes (in MS-4)
exhibited an enhanced surface charge of -40.3 mV at pH 7.0. This is because of the
increased repulsion between the negatively charged membrane surface and negatively
charged arsenate oxide (AsOs*) present in the arsenic-V aqueous solution (pH
6.8+0.2) at 1 bar transmembrane pressure (TMP).

e The good performed membranes used in this study can be utilized to separate arsenic-
V from aqueous solution under standard conditions with better results.

e Also, the modified, well-performed membranes (MS-6) utilized in this study can be
employed to retain different dyes and proteins from aqueous solutions under standard
conditions with better outcomes.

In the future, as fabricated additives and nanoparticles embedded polyphenylsulfone
(PPSU) hollow fiber membranes can be used selectively for the arsenic-V rejection from the
drinking water and other metals impurities. However, the primary objective of this research
study is focused on the removal of arsenic-V. As the interactions of the membrane surface
with the other heavy metals are different, the rejections properties of those heavy metals were

different from that of arsenic-V.
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Advanced membrane | Research attachment (collaboration) program | 2018-2019
technology in University of | under the guidance of Prof. Ahmed Fouzi
Teknologi Malaysia (UTM) | Ismail for 4 months.

Malaysia

EDUCATION

Degree Institution Year
Ph.D. (Mechanical National Institute of Technology, Karnataka | 2016-2022

Engineering)
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M.Tech. in Machine Design | Adichunchanagiri Institute of Technology 2013-2015
(AIT) Chikmangaluru, Karnataka
B.E. in (Mechanical Rao Bahadur Y Mahabaleswarappa 2010-2013
Engineering) Engineering College (RYMEC) Bellary,
Karnataka
Diploma in (Mechanical V.V. Sangha’s polytechnic cantonment, 2007-2010
Engineering) Bellary, Karnataka

SKILLS

e Fabrication of hollow fiber Membranes

e Instrumental analysis

PATENTS

e Mithun Kumar, Arun M. Isloor, Somasekhara Rao T., (2021) Nano-aluminum
oxide embedded cellulose acetate/ polyphenylsulfone derivatives hollow fiber

membranes: Fabrication, characterization and arsenic removal from drinking water

(Indian Patent: Patent filed).

e Arun M. Isloor, Mithun Kumar, Somasekhara Rao T., M. Chandrashekhar Nayak
(2021) Hydrophilic
polyphenylsulfone hollow fiber membranes for the removal of arsenic (As-V) from

drinking water (Indian Patent: Patent filed).

polydopamine/polyvinylpyrrolidone

embedded

PUBLICATIONS (INTERNATIONAL JOURNALYS)

e Kumar, M., Isloor, A. M., Todeti, S. R., Nagaraja, H. S., Ismail, A. F., & Susanti,
R. (2021). Effect of binary zinc-magnesium oxides on polyphenylsulfone/cellulose

acetate derivatives hollow fiber membranes for the decontamination of arsenic from

drinking water. Chemical Engineering Journal, 405, 126809.
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Kumar, M., Isloor, A. M., Rao, T. S., Ismail, A. F., Farnood, R., & Nambissan, P.
M. G. (2020). Removal of toxic arsenic from aqueous media using
polyphenylsulfone/cellulose acetate hollow fiber membranes containing zirconium
oxide. Chemical Engineering Journal, 393, 124367.

Kumar, M., RaoT, S., Isloor, A. M., Ibrahim, G. S., Ismail, N., Ismail, A. F., &
Asiri, A. M. (2019). Use of cellulose acetate/polyphenylsulfone derivatives to
fabricate ultrafiltration hollow fiber membranes for the removal of arsenic from

drinking water. International journal of biological macromolecules, 129, 715-727.

Kumar, M., Isloor, A. M., Todeti, S. R., Ibrahim, G. S., Ismail, A. F., & Asiri, A.
M. (2020). Improved separation of dyes and proteins using membranes made of
polyphenylsulfone/cellulose acetate or acetate phthalate. Environmental Chemistry
Letters, 1-7.

Mithun Kumar, Arun M. Isloor, Somasekhara Rao Todeti., Ahmad Fauzi Ismail,
Ramin Farnood (2021) Hydrophilic nano-aluminum oxide containing
polyphenylsulfone hollow fiber membranes for the extraction of arsenic, Journal

of Water Processing Engineering, 44, 102357.

Mithun Kumar, Arun M. Isloor, M.C.S Nayak, Somasekhara Rao Todeti.
Mahesh ~ Padaki, =~ Ahmad  Fauzi Ismail, (2022) Hydrophilic
polydopamine/polyvinylpyrrolidone blended polyphenylsulfone hollow fiber
membranes for the removal of arsenic from drinking water, ACS Omega (ACS

Publication, Came for Major Revision).

Arun Mohan Isloor; Valeen Rashmi Pereira; Mithun Kumar; Ahmad Fauzi
Ismail (2022) Polysulfone nanocomposite membranes containing
nanostructured TiO2, SiO2 and 3-Aminopropyltriethoxysilane (APTES)
modified nano-TiO2 and nano-SiO2 nanocomposites:  Fabrication,
characterization and removal of cadmium (Cd?*) ions from aqueous solution,
Environmental Science and Pollution Research (Springer, Came for Major

Revision).

Mrutyunjay Swamy D, Arun M. Isloor, Mithun Kumar, Sooraj Nayak,

Ahmad Fauzi Ismail, (2022) Polydopamine functionalized Halloysite
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Nanotubes incorporated Polyethersulfone Hollow Fiber Membranes for
removal of arsenic (As-V) from water, Environmental Science and Pollution

Research (Springer, Under Review).

INTERNATIONAL/NATIONAL CONFERENCES

e Mithun Kumar, Somasekhara Rao T. and Arun M. Isloor, Preparation and
characterization of multilayer composites from nanocellulose and epoxy for

packaging applications. 9" international Bengaluru India Nano conference -2017, in

Ashoka Hotel, Bengaluru (Poster presentation).

e Mithun Kumar, Somasekhara Rao T. and Arun M. Isloor, Development of multi-
layer bio-composites from nanocellulose using chitosan and gluteraldehyde as a
crosslinking agent for packaging applications. International conference on systems

and processes in physics, chemistry, and biology (icsppcb 2018) In Assam

university, Silchar, Assam (Poster presentation).

e Mithun Kumar, Somasekhara Rao T. and Arun M. Isloor, Preparation and
characterization of nanocellulose and epoxy multilayer composites for packaging

application. Indian Nano electronics users program center for Nano science and

engineering —inup 2018, iisc, Bengaluru, Karnataka (Poster presentation).

e Mithun Kumar, Somasekhara Rao T. and Arun M. Isloor, Preparation and
evaluation of dye /protein rejection properties from polyphenylsulfone /cellulose
acetate and polyphenylsulfone /cellulose acetate phthalate hollow fiber membranes.

National conference on advances in chemical sciences 2 — 3, November 2018 in

Manipal (oral presentation).

e Mithun Kumar, Arun M. Isloor, Somasekhara Rao T. and Ahmed Fauzi Ismail.
Removal of toxic arsenic from aqueous media using polyphenylsulfone /cellulose
acetate hollow fiber membranes containing zirconium oxide, 11" International

Bengaluru India Nano conference -2020, Bengaluru, Karnataka (Poster

presentation).
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PERSONAL DETAILS

Address for correspondence

#05,
Shastrinagar,

Anjaneya
near S.P. Circle.
Karnataka -583101.

Nilaya, 2"  cross

Ballari,

Date of Birth 25-12-1991
Sex Male
Nationality Indian
Marital Status Single

Languages Known

Kannada, English, Hindi and Telugu
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