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ABSTRACT

Rapid industrial development, urbanization, and population growth have given rise to an
immense responsibility to address increasing water scarcity and environmental pollution issues.
Currently, the volume of textile wastewater discharged into the aquatic environment is rising
enormously. The purification of harmful textile dyeing wastewater has unveiled several challenges
since it comprises a complex mixture, counting dyestuff, additives, microplastics, salts, etc.
Moreover, these large quantities of textile wastewater with colored chemicals are non-
biodegradable and highly harm humans and creatures living in aqueous environments. Therefore,
it is essential to remove the contaminants from textile wastewater. Many conventional techniques,
including adsorption, advanced oxidation processing, distillation, flocculation, and membrane

separation, have been extensively used for textile wastewater treatment.

Recently, membrane separation has attracted extensive interest for wastewater treatment
owing to its excellent benefits of low energy consumption yet higher separation efficiency
combined with a convenient operating procedure. Several membrane separation techniques were
established, such as microfiltration, ultrafiltration, nanofiltration, and reverse osmosis. Specifically,
nanofiltration (NF) technologies offer the highest potential as the most potent candidate for
separating organic molecules and inorganic salts. However, developing an innovative NF
membrane capable of rejecting almost 100 % of contaminants with high water flux is highly
desirable. Numerous studies have focused on fabricating novel composite NF membranes
composed of nanofillers and a polymer matrix for selective contaminant removal from wastewater.
More recently, synthetic and natural polymers have become the dominant raw materials for
fabricating separation membranes. However, polymeric membranes facing several disadvantages,
including lack of hydrophilicity, low anti-fouling ability, limited mechanical stability, and

XVI



insufficient chemical stability. Therefore, they significantly restrict their use in wide-reaching

applications.

Membrane modification is a superior technique to overcome these obstacles. Incorporating
novel nanomaterials into polymers has impressively contributed to developing renewable
composite membranes for wastewater treatment. Metal-organic frameworks (MOFs) have been
widely utilized as novel candidates to fabricate futuristic composite membranes due to their high
porosity, superior surface area, tunable pore structure, suitable polymers affinity, an abundance of
functional groups, and high adsorption capacity. Consequently, in this work, the fabricated
PES/MOF-5 membrane was primarily studied to remove hazardous indigo carmine (IC) and
methylene blue (MB) dyes. MOF-5 incorporation enhances the permeability and hydrophilicity of
the PES membrane with the values of pure water flux (PWF) of 20.5 to 77.1 L/m?h and contact
angle of 73.1 to 60.3°, respectively, even though PES/MOF-5 membrane sustained 97% and 89%

rejection of MB and IC, respectively.

Likewise, an Eco-friendly MOF membrane was fabricated with hazardous free MOFs
(MIL-100 (Fe)) incorporated into the chitosan (CS) biopolymer. MIL-100 (Fe) incorporation
enhances the CS membrane properties, including pore size, surface charge, structural morphology,
and hydrophilicity. The CS/MIL-100 (Fe) membrane exhibited the improved pure water flux from
5 to 52 L/m? h and 99% rejection of cationic methylene blue and anionic methyl orange. The
CS/MIL-100 (Fe) membrane rejects the salts in the following trend of MgSOas (Rrea - 67% and
Ractual - 64.2%) > Na2SO4 (Rreal - 59.4% and Ractual - 58.1%) > CaCly (Rreal - 49.1% and Ractual -
48.3%) > NaCl (Rrea - 32.6% and Racwal - 32.1%). The CS/MIL-100 (Fe) membrane exhibited

excellent rejection and anti-fouling performances with outstanding recycling stability.
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Moreover, the removal of harmful dye adsorbed microplastics (MPs) was studied by the
PSF/MIL-100 (Fe) membrane. Compared to the pristine PSF membrane (MO), incorporation of
the hydrophilic MIL-100 (Fe) nanoparticles significantly modified the morphology, hydrophilicity
(water contact angle reduced to 63.2° +1.2 from 83.6° £1), porosity, and pore size. Incorporating a
0.5 wt% loading of MIL-100 (Fe) particles into the PSF matrix (M0.5) was initiated to deliver the
highest performance relative to the membranes with other loadings. MO0.5 membrane includes
superior pure water flux (10.3 times higher than MO0) with a high methylene blue (MB) rejection
rate of more than 99% and excellent anti-fouling properties of MB dye, microplastics (MPs)+MB
dye feed solutions. Besides, the M0.5 membrane was sustained with outstanding performances at
various concentrations of MB dye, MPs, and a range of transmembrane pressures (TMPs).
Furthermore, the membrane exhibited good salt rejection capability and reusability for as many as
six cycles of MB dye rejection without compromising the permeability and anti-fouling
performance. This study highlights MOFs incorporated polymeric composite membrane offers

excellent potential for efficiently removing contaminants from the actual textile wastewater.
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CHAPTER 1 INTRODUCTION AND LITERATURE REVIEW

1.1 Background

Water is a precious natural resource and essential to human life. The rapid
development of the human population and industrialization enormously demand
freshwater. Hence, more than 71% of our earth occupied by water; among them, about 97%
is ocean water, and only 3% is fresh water. Moreover, in freshwater, about 98.8% are
frozen icecaps and under groundwater, which not easy to access. In addition, the fast
development of industrial and human activities causes massive water pollutions, which
adversely affects our lives. Notably, the hazardous materials in the discharged wastewater
cause various diseases, adversely affect aquatic lives, and many health issues. The
growing industrial technology and populations, and the deterioration of water resources,
increase the demand for purified water. In the current situation, water scarcity and water

contamination are severe problems worldwide [1].

In particular, wastewater from the textile industry processes (dyeing, bleaching,
printing, and finishing) significantly impacts the atmosphere due to extreme water
consumption and producing abundant hazardous effluents. It is a dangerous risk to our
lives, triggering groundwater pollution, defeating the human immune structure, causing
various illnesses, blocking sunlight penetration, and adversely affecting aquatic life [2,3].
The textile coloring process required water, dyestuff, additives (surfactants and dispersing
agents), and salts (retarding and exhausting agents). Especially, a significant amount of
salt is essential to quicken the exhaustion and fixation of colors on the fabrics. In the

dyeing process, 1 kg of cotton needs 0.6-0.8 kg of sodium chloride (NaCl) and 30-60 g
1



of dyes with 70-150 L of freshwater [4]. However, the added massive amount of inorganic
salts (NaCl, Na,SO4, MgCl>, MgSOs, etc.) are discharged from the dyeing process [1].
The salts in the textile effluents add to the pollutants load and increase the decoloration
time [5], making more trouble for water purification. However, almost 700,000 tons /year
of dyes are produced worldwide, and the textile dyeing industry pays to a massive quantity
of dyeing waste release with intense coloration [6]. Besides, based on the coloring process
and various manufacturing plans, the generated waste may be in acidic or alkaline
environments, adding more water purification challenges [7]. Removing dyes from textile
wastes is essential because they are carcinogenic, mutagenic, and hazardous [8]. Therefore,
we urgently need an effective treatment method to separate dye and salts from textile

wastewater.

Many conventional methods are active for wastewater treatment, including
adsorption, coagulation, chemical precipitation, advanced oxidation processes,
electrochemical treatment, membrane technologies, etc. In wastewater treatment,
membrane technology has been recognized as adequate for separating pollutants from
contaminated sources and purifying the water [9]. Membranes are selective barricades that
separate two distinct segments, permitting specific components and retaining other parts.
Membrane processes depend on a physical separation, typically through no chemicals in
the feed and no phase modification; therefore, membrane technology positions high as
substitutions to other conventional techniques. In addition, low energy consumption,
reduced processing steps, superior separation efficiency, besides enhanced ultimate

product quality are the main attractions of membrane technology.



Further enhancements and novelties are desirable for wastewater treatment
membranes, mainly morphological structure, functional group enrichments, high
permeability, superior separation, high anti-fouling performances, and high stability and
reusability. In addition, Membrane technology owns some characteristic features which
demonstrate effective technique than other conventional techniques. Thus, the excellent
benefits are a modular and compact design, continuous operation, no regeneration step,

suitable scale-up, and convenient operation at less maintenance.

1.2 Membrane separation

Membranes can be used excellently in diverse applications, which are specified as

follows [10],

e The pore channel in the membrane surface can act as a barrier preventing the
specified matters from traveling, including bacteria, viruses, salts, contaminants,
and permeating the passage of air and water.

e Reserve osmosis is a well-developed technique to get drinking water from sea and
wastewater. In the RO process, the membrane active in the primary role as a filter
to purify the water.

¢ Membranes are not only functional for filtration, distillation, and extraction; they
can also be used for gas storage in biogas plants or act as catalysts in syntheses,

sensors, and electrodes for energy storage and generation applications.



1.3 List of polymeric membrane used for wastewater treatment

Many polymeric materials were widely used for the development of membrane for the

wastewater treatment, which are followed by,

e Cellulose Acetate (CA) [11],

e Chitosan (CS) [12],

e Polysulfone (PSF) [13],

e Polyethersulfone (PES) [14],

e Polyacrylonitrile (PAN) [15],

e Polyamide (PA) [16],

e Polyvinylidene Fluoride (PVDF) [17],
e Polyimide (PI) [18],

e Polyethylene (PE) [19],

e Polypropylene (PP) [20],

e Polytetrafluoroethylene (PTFE) [21],

e Polyvinylchloride (PVC) [22].

Our research work, PES, CS, and PSF polymeric membranes, were selected to remove

hazardous material from wastewater.

1.3.1 Polyethersulfone

Polyethersulfone (PES) is one of the vital polymeric materials and which widely
explored in separation applications. Specifically, PES and composite PES-based

membranes display excellent properties, including hydrolytic stability, oxidative, high
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mechanical, and thermal stability. Furthermore, the PES membranes constantly
demonstrate the asymmetric structure and which fabricated using phase inversion
techniques. Additionally, the ultimate design of the PES membrane has been influenced
by the effect of composition in terms of solvent, additives, concentrations, temperatures,
coagulation bath, non-solvent, and environment. However, PES membranes are limited in
real applications due to the hydrophobic character, which leads to fouling formation, less
permeability, a short lifetime, and erratic separation performances. Therefore, developing
a new membrane with attractive properties, including high stability, supreme anti-fouling
nature, high permeability, and excellent separation performances. The modification of the
PES membrane is an effective technique to achieve a membrane with outstanding
properties for wastewater treatments. Hence, three approaches followed to modify
membranes, such as surface modification, bulk modification, and blending with additives.
In our study, we followed the blending technique to prepare the modified PES membranes

[23]. Figure 1.1 illustrates the PES structure.

Figure 1.1 The structure of polyethersulfone.

1.3.2 Chitosan

Recently utilizing biopolymers to fabricate membrane for wastewater treatment has

attracted because of their fascinating features, including easy availability, inexpensive,
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and earth-friendly [24]. In addition, Chitosan (CS) is a hopeful polymeric membrane for
textile wastewater treatment because of its strong hydrophilicity, toxic-free, excellent
film-forming ability, outstanding anti-bacterial activity and, characteristic biomedical
properties. Responsive amino and hydroxyl groups on the chitosan provide
multifunctional action [25-27]. Additionally, those functional groups offer hydrophilic
CS, which influences high water diffusion and superior sorption [28]. However, it has
some limitations, including less mechanical strength, less stability, and low porosity.
Modification of the CS membrane by incorporating explicit fillers such as SiO; [29], TiO:
[30], Graphene oxide [31], and polyethylene glycol [32] enhances the properties of water

treatment [33]. Figure 1.2 shows the structure of the chitosan.

OH
NH,
+o O HO i~
HO 2O o)
NH,
OH n

Figure 1.2 The structure of chitosan.

1.3.3 Polysulfone

Polysulfone (PSF) membranes have mainly been active for wastewater treatment. PSF
is a desired material for developing membranes due to its excellent properties, including
availability, effortlessness of modification, high mechanical and chemical stability,
surface charge, operated at wide pH and temperatures. In addition, the presence of aryl or
alkyl sulfone functional groups in the PSF compositions offers inherent biocompatibility
[34]. Moreover, PSF is commonly used as an appropriate material for wastewater

6



treatment; subsequently, it provides outstanding tensile strength and mechanical stability
at a pressure range of 70-83 MPa. However, the hydrophobic surface of PSF is a
significant disadvantage which contributes to the fouling formation on the membrane
surface. Modifying PSF membranes with hydrophilic functional groups is an excellent
way to overcome the issues and enhance PSF membranes' performance [13,34]. Figure

1.3 shows the structure of polysulfone.

OO OO

Figure 1.3 The structure of polysulfone.

I
O

1.4 Membrane flow configurations

Two flow arrangements of membrane processes were commercially applicable,
including dead-end and cross-flow filtrations. The fluid movement is perpendicular to the
membrane surface in a separation scheme, including gaseous or liquid substances. In a
dead-end system, concentrate does not recirculate, which more likely to deposit on the
membrane surface, and the permeate pass through membrane pores. In a cross-flow
system, the feed passes tangential to the surface of the membrane and is divided into two
streams. At that point, the concentrate or retentate is recirculated and mixed with the
feedwater. Indifference, the permeate flows through the membrane and collected in other
portions. The both, dead-end and cross-flow system provides many benefits and
drawbacks. The dead-end membrane system is comparatively inexpensive to develop, and

the process is very convenient to operate. The main shortcoming of the dead-end system
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Is massive fouling formation and concentration polarization, which necessitates periodic

pauses to clean or remove the membrane filter.

1.5 Types of membranes process

Membrane separation processes play a vital character in the separation industry. In
membrane separation, four pressure-driven membrane processes are used for wastewater
treatment such as microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and
reverse osmosis (RO). These processes are eminent by the application of hydraulic

pressure as the driving force for mass transport.

1.5.1 Microfiltration

MF is a filtration technique to remove substances in the range of 0.025 to 10 um at an
applied pressure less than 0.2 MPa using membranes. Additionally, the pore size of the
MF membranes characterized between 0.1 to 10 um. MF techniques are involved in
various applications, including the cell separation process in biotechnology, the dairy and
food industry, oil treatments, separation of protein solution in the pharmaceutical process,

and plasma separation in blood treatments.

1.5.2 Ultrafiltration

Historically, Ultrafiltration (UF) has been stated to MF membranes regarding the pore
size (um). In contrast, UF membranes could reject the substance based on its molecular
weight. In addition, higher than 1 MPa pressure was applied in UF to separate the
substances in the range of 1 to 300 kDa. Furthermore, UF membranes potentially retain

the solutes and suspended solids with more than 300 kDa; meanwhile, the low molecular



weight matters and water transport through membrane pores. Typical applications of UF
comprise food materials purification and protein separation in the dairy and food
industries. In addition, they are removing hazardous heavy metal ions and harvesting cells,

lysozyme, liposome in biotechnology, and many wastewater treatments.

1.5.3 Nanofiltration

Nanofiltration (NF) is a pressure-driven membrane-based separation process with an
applied pressure range of 4 to 20 MPa to reject the particles or molecules in the value of
350 to 1000 Da of molar mass. The properties of the NF membranes were well-thought-
out in between the RO and UF. Based on the molecular weight cut-off of 300-500 Da, the
membrane's pore size is characteristically 1 nm. Therefore, the NF membranes can
effectively remove inorganic salts and small organic molecules comparable with RO.
However, high divalent ion rejection, less monovalent rejection without compromise, the
higher flux shows the significant benefits of NF in wastewater treatment. In addition, NF
is often used in surface water and fresh groundwater treatment to soften and remove
disinfection by-product precursors such as organic and synthetic organic matter

(herbicides, pharmaceuticals, etc.) [35,36].

1.5.4 Reverse osmosis

Dissimilar MF and UF membranes, Reverse osmosis (RO) membranes are dense
membranes that do not consist of distinct pores. It is pressure-driven filtration (between
20 and 80 MPa), which rejects the minutest contaminants and monovalent ions (<350 Da)
from the feed solutions. The mass transfer in RO is owing to the solution-diffusion

mechanism, charge exclusion, size exclusion, and physical-chemical interactions between
9



solute, solvent, and the membrane. RO is greatest frequently known for its usage in water
purification from seawater, removing the salt and other substances from water. This
technology has been long-established to be helpful for water treatments. In addition, it
could offer high elimination efficiencies in treating an extensive diversity of effluents
from textile, chemical, pulp and paper, petroleum and petrochemical, food, metal finishing,

and tanning industries [37].

1.6 Metal-organic framework (MOFs)

Metal-Organic Frameworks (MOFs) are mixtures containing metal clusters/ions
corresponding to carbon-based molecules. Specifically, MOFs are a coordinated network
including the organic molecules act as ligands typically bi, tri-dentate carboxylic acids,
and metal atom. Hence, MOFs are synthesized mainly by solvothermal or hydrothermal
methods, where crystals gradually grow from the solution. The high adsorption capacity
of MOFs favors removing harmful entities through the adsorption mechanism. Newly,
scientists developed several MOFs to remove hazardous pollutants from wastewater,

specified below [38].

e MOF-5

e MIL-100 (Fe)

e MIL-101(Cr),

e MIL-53(Al, Cr, Fe),

e UiO-66.
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1.6.1 MOFs applications

The emerging MOFs are active in various advanced applications due to their attractive
properties, including ultrahigh porosity, well-defined pore channel, high surface area,
structural diversity, and enriched functionalities. In addition, versatile MOFs play an

active role in gas/liquid separation, storage, sensing, catalysis, and other fields [39,40].

1.7 MOFs incorporated polymeric membranes

In general, polymeric membranes have been extensively applied for water purification
applications. However, the trade-off issue between permeability and selectivity has
inadequate usage in numerous applications. Incorporating inorganic fillers improves the
membrane properties for effective water treatment, but inorganic fillers create other
problems, including less dispersibility, accumulation, poor compatibility, and aggregation.
In addition, inorganic particle accumulation originates pore blockage, flux decrease,

structural flaw, and weaken fouling resistance [41,42].

The introduction of metal-organic framework (MOFs) as an innovative filler for
membrane fabrication is more effective than inorganic fillers. The synergistic possessions
of organic ligands and inorganic metal clusters or ions in MOFs provide extraordinary
properties to the membranes [43]. Additionally, the properties of the membranes are
enhanced by increasing the interface compatibility between the polymeric matrix and
nano-fillers. In addition, MOF materials with intrinsic properties that could increase the
properties of the membrane for effective removal of hazardous pollutants from wastewater:
In MOFs, the existence of metal or metal clusters and functionalized organic molecules

including pyridines, amines phosphonates, carboxylates, and sulphonates offering an
11



inclusive variability of crystalline porous materials, The porous MOFs structures can
perform as molecular sieves, and the excellent surface area and free pore volume provide

enormous contact area to remove the contaminant and high stability [9].

1.8 Hazardous pollutants

The discharged wastewater from the textile industry consists of various hazardous
pollutants including, dyes, salts, additives, and microplastics. The hazardous pollutants
are necessary to remove from the wastewater. In this study, methylene blue, methyl orange,
indigo carmine, various salt solutions, and microplastics were selected to simulate the

natural textile wastewater to examine the performance of MOF incorporated membranes.

1.8.1 Dye

Dyes are carbon-based compounds that are extensively applied for imparting color to
textiles. They are shaped either chemically or by plants. An exciting point about them is
that different paint does not build on the fiber's surface but is absorbed into the material's
pores due to the size of the dye molecules being smaller than the size of the pores in the
fabric thread. As a result, the dye molecules are designed like narrow strips of paper with
length and breadth but relatively little thickness. This planar shape assists them in slipping

into the polymer structure when the fabric or yarn is introduced into the dye bath.

1.8.2 Methylene blue dye

Methylene blue (MB), a cationic dye, is the generally used dyeing substance for cotton,
silk, and wool. Although MB is not considered a very toxic contaminant, it can cause

harmful effects such as vomiting, increased heart rate, diarrhea, shock, cyanosis, jaundice,

12



quadriplegia, and tissue necrosis. Consequently, MB containing wastewater should be

treated before discharge.

1.8.3 Methyl Orange

Methyl orange (MO) is a very common water-soluble azo dye (generally identified as
a pH indicator) extensively used in several industries, including the textile, paper, printing,
and food industries. Regrettably, the treated wastewater is highly poisonous to our health,
including the inhalation of MO causes gastrointestinal irritation with nausea, vomiting,

and diarrhea and may cause central nervous system effects.

1.8.4 Indigo Carmine

Indigo Carmine (IC) is a water-soluble blue acid dye to benefit an easy dyeing process.
However, disadvantages are poor lightfastness and wash fastness. Indigo Carmine is
widely used in numerous industries, including the textile, printing, food, paper, and pulp
industries. However, the treated wastewaters are mostly discharged into water sources,
which severely affect our health. Specifically, it may cause skin irritation,
gastrointestinal irritation with nausea, diarrhea, and vomiting. In addition, inhalation of

IC may cause respiratory tract irritation.

1.8.5 Salts

In the textile dyeing process, various parameters contributing to enlightening the
quality of dyeing. Among them, the concentration of salts is the most necessary parameter.
The industrial textile dyeing process essentially required dyestuff, water, salts (retarding

and exhausting agents), and additives (surfactants and dispersing agents). Notably, a
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considerable amount of salt is needed to accelerate the exhaustion and fixation of dyes on
fabric. In the dyeing process, 1 kg of cotton required 0.6-0.8 kg of NaCl and 30-60 g of
dyestuff with 70-150 L of water consumption [4]. NaCl and Na>SOs salts are mainly
utilized as exhausting and retarding agents in the dyeing process. The added vast amount
of inorganic salts (NaCl, Na2SOs, MgClz, MgSOs, etc.) are discharged from the dyeing
process as a by-product [1]. The salt content in the textile effluent creates additional
pollutants and increases the decoloration time [5]. Extreme salt concentration (0-100 g/L)

is desired for the reactive dyeing process [44].

1.8.6 Microplastics

The manufacture and trading events of textile industries contribute to most
microplastics (MPs) in the wastewater. More than 5.4 million tons of synthetic textile
fibers were manufactured worldwide in 2016, which can contact the aquatic environment
and contribute 90% of microplastic pollution [45]. Furthermore, MPs are highly moveable
and omnipresent in the discharged wastewaters due to insolubility and lightweight
characteristics. Based on the physical structures, MPs are categorized as fibers,
microbeads, sheets, and fragments. In chemically, MPs are polymers, which include
polystyrene (PS), polypropylene (PP), polyvinyl chloride (PVC), polyethylene (PE),

polyethylene terephthalate (PET), and polyamide (PA) [46].

In textile industries, numerous dye molecules, salts, and additives have been
intensively utilized in the textile dyeing process. The precarious dyestuff existence in the

wastewater from the dyeing process would harm humans and creatures living in aqueous
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environments. Therefore, it is essential to remove the dye contaminants from textile

wastewater [47—49].

1.9 The scope of this present work

As a result, the principal goal of this study was to improve the membrane properties
by incorporating MOFs for the treatment of wastewater. Nanofiltration (NF) technologies
are the most hopeful and powerful tool for separating organic dye molecules and inorganic
salts [50]. Unfortunately, though, low usage in numerous applications has raised the trade-
off issue between selectivity and permeability. Incorporating inorganic additives boost the
membrane properties for effective water treatment; nonetheless, it has other problems,
including aggregation, insufficient compatibility accumulation, and less dispersibility
[42,51-53]. [41,42]. The metal-organic framework (MOFs) introduction as a novel filler
for the polymeric membrane is more efficient than inorganic fillers. The synergetic
properties of inorganic metal clusters and organic ligands in MOFs offer extraordinary
properties to the membranes. According to the literature survey, MOF-5 and MIL-100 (Fe)
widely utilized for wastewater treatment. MOFs (MOF-5 and MIL-100 (Fe)) are
incorporated into polymeric membranes (CA, PES, PVDF, CS, and PSF) to improve the

properties of the membrane.

e Specifically, the objectives of this thesis are as follows:

e To synthesis novel MOF using a sustainable method.

e To investigate and analyse the crystalline phase, functional groups, surface
morphology, structural properties, and elemental identification of the prepared

samples by X-ray diffraction (XRD), Fourier-transform infrared spectroscopy

15



(FT-IR), X-ray photoelectron spectroscopy (XPS), Brunauer—Emmett—Teller
(BET) method, and Field-emission scanning electron microscopy (FESEM) and
Field-emission transmission electron microscopy (FETEM).

To incorporate the synthesized MOFs into polymeric membranes and fabricate the
composite membranes.

Investigate the effect of MOFs in the polymeric membranes in terms of crystalline
phase, functional groups, surface morphology, structural properties, and elemental
identification, surface roughness, surface charge, and hydrophilicity.

To study the filtration performances of membranes, including permeability,

rejection efficiency, fouling resistance, reusability for wastewater treatment.
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CHAPTER 2 MATERIALS AND METHODS

2.1 Introduction

This chapter explains the detailed information regarding the materials, preparation,
characterizations, and fabrication techniques adapted for the present investigation of this
work. Initially, to accomplishes the research objective; experimental work was done in the
laboratory, followed by physicochemical characterization, evaluation of properties of the
obtained materials. This chapter describes the experimental details, including the materials,
chemicals, and apparatus used in the research project. Next, typical materials synthesis
methods were followed, such as solvothermal, hydrothermal processes to prepare metal-
organic frameworks synthesis. The film casting and phase inversion techniques were

followed to fabricate the membranes, and finally, the filtration study is discussed in detail.

2.2 Materials

2.2.1 Chemicals

Table. 2.1 displayed the list of chemicals used in this study and respective grades and

were used without any further purifications and applications.

Table 2.1 Specifications of chemicals used in this study

Chemicals Application Supplier
N, N-dimethylformamide MOF-5/Membrane  Merck specialties Pvt Ltd
(DMF) fabrication
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Terephthalic acid

Zinc nitrate hexahydrate

Copper sulphate pentahydrate

Cobalt sulfate hexahydrate

Polyethersulfone (PES, veradel

13000 p)

N, N-dimethylformamide
(DMF)

Polyvinylidene fluoride

(PVDF, Solef® 6010)

Cellulose Acetate (CA)

Indigo carmine (M.W: 466)

Methylene blue (M.W: 319)

MOF-5 synthesis

MOF-5 synthesis

Filtration study

Filtration study

Membrane

fabrication

Membrane

fabrication

Membrane

fabrication

Membrane

fabrication

Filtration study

Filtration study

Merck specialties Pvt Ltd

Loba Chemie Pvt Ltd.

India

Merck specialties Pvt Ltd

Merck specialties Pvt Ltd

Solvay Solexis Ltd., India

Merck specialties Pvt Ltd

Solvay Solexis Ltd., India

Mysore  Acetate  and
Chemicals Company Ltd.,

India

SRL Pvt Ltd, Mumbai,

India.

Sigma-Aldrich, South

Korea
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Trimesic acid

Chitosan

(TA)

(CS,

molecular weight)

Acetic acid (AA)

Polyethylene

MW=10,000)

glycol

medium

(PEG,

Sodium chloride (NaCl)

Sodium sulfate (NazSOa)

Calcium chloride (CaCly)

magnesium sulfate (MgSQOa4)

Iron (I1) chloride tetrahydrate

(FeCl2-4H20), and

MIL-100

synthesis

Membrane

fabrication

Membrane

fabrication

Membrane

fabrication

Filtration study

Filtration study

Filtration study

Filtration study

MIL-100

synthesis

(Fe) Sigma-Aldrich,

Korea

Sigma-Aldrich,

Korea

Sigma-Aldrich,

Korea

Sigma-Aldrich,

Korea

Sigma-Aldrich,

Korea

Sigma-Aldrich,

Korea

Sigma-Aldrich,

Korea

Sigma-Aldrich,

Korea

South

South

South

South

South

South

South

South

Daejung Chemicals Ltd,

South Korea
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Sodium hydroxide (NaOH),

Hydrochloric acid (HCI)

Ethanol (C2HsOH)

Methyl orange (MO)

Polysulfone (PSF, average Mw~

35000

poly(vinylpyrrolidone) (PVP,

average Mw 10000)

N-methyl-2-pyrrolidone (NMP)

Polyvinyl chloride (PVC)

Polyethylene (PE)

MIL-100

synthesis

Filtration study

Filtration study

Filtration study

Membrane

fabrication

Membrane

fabrication

Membrane

fabrication

Filtration study

Filtration study

(Fe) Daejung Chemicals Ltd,

South Korea

Daejung Chemicals Ltd,

South Korea

Daejung Chemicals Ltd,

South Korea

Fisher  Scientific

Korea Ltd., Seoul, Korea

Sigma-Aldrich, South

Korea

Sigma-Aldrich, South

Korea

Sigma-Aldrich, South

Korea

Sigma-Aldrich, South

Korea

Sigma-Aldrich, South

Korea
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2.2.2 Gas

Nitrogen gas used for filtration study to maintain the constant pressure inside the

nanofiltration stirred cell.

2.3 Apparatus

Table 2.2 List of equipment used for materials preparation and filtration study.

Apparatus Model or specifications Manufacturer
Hotplate & magnetic stirrer MGH-320 SIBATA
Oven OF-02 GW ISUZU
Balance DRAGON Mettler Toledo
Nanofiltration stirred cell ~ HP4750 Sterlitech

pH meter STARTER 3100 OHAUS
Thermally insulated shaker SSI-501 Finetech

2.4 MOF synthesis

Several techniques were followed for the MOFs synthesis. Specifically, slow diffusion
[1], hydrothermal, solvothermal [2], electrochemical [3], mechanochemical [4],
microwave-assisted heating, and ultrasound [5]. However, based on the structures and

properties, MOFs may be prepared using several distinct synthetic methods.
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2.5 Membrane preparation

The phase inversion methods and film casting and solvent evaporation methods have
been used to fabricate membranes. MOFs were mixed with polymers at solvent and placed
at stirring for homogeneous solution formation. The above-prepared dope solution cast a
smooth glass plate by a film applicator. After releasing, the thin film was instantly
immersed in the distilled water at 10°C. The synthesized membrane was submerged into

Deionised water for 24 hr to remove the residual solvent.

2.6 Material characterization

The synthesized MOFs and membranes were analyzed using several characterization
techniques to identify the crystal phase, morphology, micro and nanostructure, size,
composition, surface area, and surface charge. The detailed experimental conditions are

specified below.

2.6.1 Fourier transform infrared spectroscopy

To characterize the change in chemical structure and functional group identification
of MOFs and membranes were analyzed Fourier transform infrared (FTIR)
spectrophotometer (Thermo Scientific Nicolet iS5 FT-IR spectrometer). The change in
chemical structure can be observed through wavenumber drift against the percentage
transmittance, and the samples were collected over the spectral region of wavelengths

from 400 to 4000 cm 2.
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2.6.2 X-ray diffraction

X-ray diffraction (XRD) is an essential analytical technique to determine the phase
purity, the phase of crystal, structure, and crystal size. The synthesized samples were
performed using (XRD, PANanalytical’s Empyrean) X-ray diffractometer operated at the
power of 40 kV and current of 40 mA with Cu Ka radiation in the range 26 angle of 5-80°

with the step of 0.02°.

2.6.3 Brunauer—Emmett-Teller (BET) surface area analysis

Nitrogen (N2) adsorption-desorption isotherm measurement was carried out to
determine the surface area, pore-volume, and pore size distribution of the as-prepared
samples. The Brunauer-Emmett-Teller (BET) analysis was performed with
Quantachrome Autosorb-1, Quantachrome instrument v2.11, and nitrogen gas was used
as an adsorptive to determine the above parameters. The specific surface area of samples
calculated by using the multiple-point BET model. The pore size distribution obtained
from the isotherm's adsorption/ desorption branch by Barrett-Joyner-Halenda (BJH)
method. The total pore volume was calculated from the volume of nitrogen adsorbed at a

relative pressure of P/Po= 0.95.

2.6.4 Field-emission scanning electron microscopy

Field-emission scanning electron microscopy (FESEM) analysis can provide
information on surface morphology (size and shape) with three-dimensional images. The
MOFs and membrane (surface and cross-sectional) morphology were observed by field-

emission scanning electron microscope (FESEM, TESCAN, MIRAS3, Center for Research
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Facilities (CRF), Jeju National University, Jeju, Republic of Korea) at 15 kV. The
membrane samples were dried and cut into small pieces at room temperature. The samples
were cryogenically fractured by immersed into liquid nitrogen to observe the cross-
sectional morphology. Before analysis, Pt sputter-coated on the samples using a sputter

coater (quorum rotary-pumped sputter coater-Q150R).

2.6.5 Field-emission transmission electron microscopy

Nano-structural morphology of MIL-100 (Fe) examined by field-emission
transmission electron microscopy (FETEM, JEOL TEM: JEM 2011, KBSI Busan center,

South Korea).

2.6.6 Energy dispersive X-ray spectroscopy

The elemental composition of membrane samples was examined by energy-dispersive
X-ray spectroscopy (EDS, TESCAN, MIRAS3, Center for Research Facilities (CRF), Jeju
National University, Jeju, Republic of Korea) with element mapping measurements at 15

KV.

2.6.7 X-ray photoelectron spectroscopy

The atomic composition and chemical state of samples were examined by X-ray
photoelectron spectroscopy (XPS) techniques using ESCA-2000, VG Microtech Ltd

(Korea Basic Institute of Science (KBSI), Busan Center, Korea).

2.6.8 Zeta potential measurement

The surface potential of membranes investigated by zeta potential and nanoparticle

analyzer (ELSZ-2000, KAIST, Energy Environment Research Center, South
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Korea). Surface and pore parameters measured by particle and pore size analysis system

(UPA-150, ASAP2010, AutoporelV, KBSI, Jeonju Center, South Korea).

2.6.9 3D nanoprofiller

3D nano-profiling system (3D Optical Surface Profiler, NV-2400, Nanosystem, Korea)
is performed to characterize membranes' surface roughness. The 3D nanoprofillers
provide the 2D and 3D surface roughness of the membrane surface, average roughness

(Ra), and root means squared roughness (RQ).

2.6.10 Contact angle measurement

The contact angle measurements examined the hydrophilicity/hydrophobicity
characteristics of the membrane surface. The contact angle of the prepared membranes
was performed by a sessile drop method using a goniometer (Phonix 300, Surface &
Electro-Optics Co., Ltd., Korea). Contact angle readings were calculated by placing 5 ul
of water in drops on dried membrane samples at five different regions. The average contact

angle readings were reported [6].

2.6.11 Pore size and porosity measurement

The porosity (¢) of all the membrane samples was calculated by the gravimetric

method, as the following Eqg. (1) [7].
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where, o1, m2, dw, and dp are wet, dry weight of the membranes (g), the density of water

and polymer, respectively.

The membranes mean pore radius calculated by Guerout-Elford-Ferry Eq. (2).

|29 -1.75¢) 8Qin
fm = \/ ( g A AP ) @)

where 1 is the water viscosity (8.9 x 107 Pa s), 1 is the membrane thickness (m), € is the
porosity of the membrane (%), Q is the permeate flow rate (m%s), AP is the operating

pressure (0.1 MPa), and A is the active membrane area (m?).
2.7 Nanofiltration

The filtration study was carried out in dead-end nanofiltration (Sterlitech HP4750
stirred cell [8]) with an active membrane area of 14.6 cm? (Figure 4.1(b)). The pre-
compaction of membranes was employed by using pure DI water at constant pressure for
60 min. The separation performances of the membranes were examined by the filtration
experiments using simulated wastewater, with the various concentration and pH of
cationic MB and anionic MO dyes, microplastics, NaCl, Na2SO4, CaCl,, and MgSQg salts

solutions. The permeability value was calculated by following Eq. (3).

\%
A X At

(3)

Jw =

where Jw is permeability (L/m?h), V is the permeate volume (m®), A is the active

membrane area (m?), and At is the permeation time (h).

The rejection percentage (R) of the membrane was calculated by the Eq. (4)
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C
R (%) = % x100%  (4)
f

where Cs ppm) and Cp (ppm) are feed and permeate concentrations of synthetic textile
wastewater solutions (dyes, ions, and salts), respectively. We measured the concentration
values of feed, permeate, and retentate solutions in terms of salt rejection. Racwar calculated
from Eq. (4), and Rrea estimated from the retentate concentration after the filtration. The
dye concentration was measured by an Ultraviolet-visible (UV-vis) spectrophotometer
(MEGA-2100- SCINCO Company-Korea) at a wavelength of 460 nm for MO and 665
nm for MB. The salt concentration is determined by a conductivity meter (DiST 3 by
Hanna instruments, South Korea). The pH of the dye solutions was adjusted by 0.1 M
NaOH and 0.1 M HCI. The ion presence in the feed and permeate solution was
characterized by ion chromatography (Model: ICS-1600, Thermo Scientific. (Dionex

Corp.)).
2.8 Flux recovery ratio
The membrane reusability and antifouling performance were calculated by the

percentage of flux recovery ratio (FRR) by the following Eq. (5).

FRR (%) = GL) x100  (5)

w.1

where, Jw.1 is initial pure water flux, and Jw.2 is pure water flux after dye and salt filtration

[9].
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CHAPTER 3 PERFORMANCE OF COMPOSITE PES/MOF-5 MEMBRANES

FOR THE REMOVAL OF HAZARDOUS TEXTILE DYES

3.1 Introduction

The treatment of the discharged hazardous wastewater from various dye-utilizing
industries is a global issue in the environmental concern. In addition, manufacturing units
like textile, plastic, paper, leather, food processing, and cosmetics contributed majorly to
the discharge of dyes [1]. The effluent from textile industries contains organic and
inorganic salts, heavy metals, and organic dyes. The release of dye to aquatic sources can
cause a severe problem because of its toxicity and carcinogenic effect on marine and
human life. Thus, it is essential to treat dye effluent before discharging them into the

environment.

Numerous methods have been adopted for dye removal, namely coagulation,
adsorption [2], ion exchange [3], electrochemical [4], oxidation, and membrane separation
[5]. Membrane separation is more efficient for treating dye effluent than conventional
methods because of its less energy consumption, effective removal percentage, higher
selectivity, and easy handling process [6]. Nanofiltration (NF) was proven to be a
promising technique for removing dyes from wastewater [5-7]. So, consistent attempts
have been made to fabricate novel membranes for wastewater treatment with high
selectivity, permeability, and increased membrane stability. The performance of
membranes could be heightened by improving the interface compatibility of polymeric
matrix and fillers. Cheng et al. Studied the incorporation of potential nanomaterials into

membranes matrix enhanced the ultrafast molecular separation (UMS) membranes [7].
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The properties of the poly vinylidene fluoride (PVDF) membrane have been improved by
the addition of mussel-inspired sticky catechol with functionalized polyethylene glycol
(Cate-PEG) [8]. Ma X H et al. [9] synthesized NF membranes by the incorporation of
MOFs (NH2-MIL-101(Al) and NH2-MIL-101(Cr)) into chitosan polymeric matrix for the
effective removal of multivalent cations. The Metal-Organic Frameworks (MOFs) is a
good alternative compared to Nano-fillers. Using MOFs as fillers for enhancing the

performance of polymeric membranes is a promising research area.

MOFs are primarily used in gas separation, storage, drug delivery, and catalysis [10].
MOFs exposed a potential adsorbent for water pollutants such as malachite green,
methylene blue [11], copper ions [12], etc. MOFs have an advantage over other porous
materials due to their high surface area, tunability, high porosity, open metal sites, etc.
[13]. Adsorptive removal of methyl orange and methylene blue dye has been examined
using MOF-235. It shows that MOF can adsorb many dyes via electrostatic interaction
between dyes and adsorbents [14]. Echaide et al. studied the performance of MOFs
embedded nanocomposite membranes to remove dye with different solvents [15].
However, studies on MOFs as adsorbents and their effects on membranes synthesis for
liquid phase separation are limited. Polyethersulfone (PES) is nominated for nanofiltration
membrane due to its good chemical, thermal and mechanical stability, commercial

availability, adequate selectivity, and permeability [3].

Following those above, in the present work, a detailed investigation was carried out
for the removal of methylene blue (MB) and indigo carmine (IC) using MOF-5

incorporated PES nanofiltration membranes. We have studied the incorporation of MOF-
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5 into polymeric membranes as an active material for the removal of hazardous materials
like Cu (1) and Co (Il) from wastewater [16]. The effect of MOF-5 on the membrane
morphology and performance was evaluated. The efficiency of MOF-5 incorporated
membranes for dye removal was studied through a nanofiltration study of MB and IC.
Chemical structures of dye used for adsorption and filtration studies are shown in Figure

3.1.

Figure 3.1 Structures of (a) Methylene blue (b) Indigo carmine.

3.2 Preparation and characterization of MOF-5

MOF-5 was synthesized in a glass reactor equipped with a reflux condenser following
the procedure reported in the literature. [9,15] 2 g of terephthalic acid and 9.31 g of zinc
nitrate hexahydrate were dissolved in 60 ml of DMF solution under stirring at atmospheric
conditions and heated up to 150°C for 4h. After 2 hr, white crystals of MOF-5 were formed,
and the product was cooled down to room temperature. The white crystals were separated
by filtration and washed with 100 ml acetone, and finally, solid crystals were dried at 60°C

for 3 hr in a vacuum oven.
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3.3 Membrane preparation

The phase inversion methods have been used in the fabrication of neat and MOF-5
incorporated PES membranes. MOF-5 loading was kept at 0.25%, 0.5% and 0.75% of
PES. The casting solutions contain 17.5% of PES and MOF-5 and 21.7 ml (82.5%) of
DMF solvent. The composition of the membrane casting solution is listed in Table. 3.1.
For composite membranes, the MOF-5 particles were added into DMF solution and well
dispersion by ultra-sonication for 1 hr, followed by stirring at room temperature. The PES
powder was added to the mixture solution and stirred for 3-5 hours until a uniform
dispersion occurred. After the complete dispersion, the dope solution was placed for 30
min in ultra-sonication to prepare a homogenous casting solution. For neat PES, a similar
procedure was followed to prepare dope solution without adding the MOF-5 particles. The
above-prepared dope solution was cast by 400 um thickness of casting knife at smooth
glass plate. After casting, the thin film was instantly immersed in the distilled water at
10°C. The synthesized PES membrane was submerged into fresh distilled water for 24 hr

to remove the residual solvent.
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Table 3.1 The membranes composition.

PES and MOF-5 composition Solvent (wt %)

Membrane code (17.5 wt. %)

PES MOF-5 DMF
MO 100% - 82.5%
M1 99.75% 0.25% 82.5%
M2 99.50% 0.50% 82.5%
M3 99.25% 0.75% 82.5%

3.4 Permeation studies

The permeation of composite PES/MOF-5 and neat PES membranes were studied with
pure water and 50 mg/l of textile dye (methylene blue and indigo carmine) at 10 bar
pressure. Furthermore, the effect of different pH) were studied by using a dead-end
Nanofiltration cell (model HP4750 STIRRED CELL, USA) with an effective membrane
area of 13.6 cm?. Initially, membranes were compacted to collect steady-state permeate
volume. Once a steady-state was achieved. The membrane permeates volume was

collected every 10 min.
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3.5 Rejection of textile dye

The rejection percentage (R) of a textile dye such as methylene blue (A=665 nm) and
indigo carmine (A = 610 nm) for both neat PES and PES/MOF-5 membranes was
calculated by the following equation (2). The feed and permeate concentration of textile
dye solution has been analyzed by a UV visible spectrophotometer (Model: spectroquant
prove 600).

R={1-%)x100 2
-(1-2) @

Cs is feed concentrations of the dye solutions; Cp, is the permeate concentrations of the dye

solutions.
3.6 Results and Discussion

3.6.1 FTIR characterization of MOF-5

The FTIR spectra of MOF-5 are shown in Figure 3.2 the peaks of 1381 and 1573 cm’
! show the Asymmetric stretching of C-O bonded to Zn has been identified by the
attachment of carboxylate ligand to ZnsO Centre. In addition, the small peak presence
between 900 to 1250 cm™ specifies the benzene dicarboxylate linker's C-H stretching. The
broad peak in the range of 3161 cm™ shows the O-H group IR bands at 1502, and 653
cm ™t indicated random dimethylformamide (DMF) distribution in the MOF-5 framework

structure [17].
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Figure 3.2 FTIR spectra of MOF-5.

3.6.2 XRD analysis of MOF-5

X-ray diffraction analysis of MOF-5 is shown in Figure 3.6. The peaks at 6.8°, 9.7°,
14° and 15.8° in 20 which indicates the formation of a crystalline structure [17]. The
inconsistency peaks appear due to the framework interpenetration and pore occupation.
The intensities of the two peaks were upturned, which can be attributed to some alterations
of atomic orientations in the crystal planes by absorbed species (solvent and water

molecules), unreacted zinc centers, and framework interpenetration.
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Figure 3.3 XRD spectra of MOF-5.

3.6.3 Surface Morphology of MOF-5

The surface morphology of MOF-5 has shown using SEM images in Figure 3.6.
Irregularly shaped, the majority had the cubic shape with crystal structure and porous
nature, present in the (Figure 3.4(a) and Figure 3.4(d) [17]. The cubical structure has
occurred more, and some cluster-like arrangement also presents which shows the
adsorption property of MOF-5, its shows in (Figure 3.4(b) and Figure 3.4(c). The organic

cluster and inorganic moiety interaction have occurred in MOF-5.
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Figure 3.4 SEM image of MOF-5.

3.6.4 Energy Dispersive X-ray Spectroscopy of MOF-5

The elemental composition of the MOF-5 was characterized by EDX (Figure3.5),
revealing the expected elemental constituents (C, Zn, and O) are detected. Furthermore,
the peak appearance indicates the Zn metal ion attaches with carboxylate ligand, and it

proves the formation of MOF-5 by the interaction of metal ion and organic cluster [17].
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Figure 3.6 XRD spectra of membranes.

3.6.5 XRD analysis of membranes

Figure 3.6 shows the XRD patterns of neat and MOF-5 embedded PES membranes and

MOF-5. Both neat and PES/MOF-5 membranes have a peak occurrence at 20 = 18°,
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which indicates the amorphous characteristic of PES, confirming the successful
fabrication of PES membranes [20]. The XRD spectra of MOF-5 at 6.9° and 9.8° at 20
indicate the successful MOF-5 synthesis [21]. The peak at 20 = 6.9° in the PES/ MOF-5
membranes shows a slight shift, indicating the distribution of MOF-5 in the PES matrix.
The appearance of these peaks clearly shows that MOF-5 acts as a surface modifying agent

for PES membranes and proves the MOF-5 and PES matrix interaction [18].

3.6.6 Surface morphology of membranes

Cross-section images of composite PES/MOF-5 and neat PES and membranes are
shown in Figure 3.7 The asymmetry with a finger-like structure occurred in both neat PES
and PES/MOF-5 membranes. In addition, the interconnection between the bottom layer
and skin top layer was upgraded for PES/MOF-5 membranes. Finger-like substructures
and thin skin layers were observed with the addition of MOF-5. The permeability and pore
radius was improved. The wide finger-like pore size and macro voids of membranes were
enlarged in the bottom layer by increasing the concentration of MOF-5 into the PES
matrix. In addition, the pore size and permeability of PES/MOF-5 membranes were

improved [22].
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Figure 3.7 Cross-sectional images of membranes.
3.6.7 EDX analysis of membranes

Figure 3.8 shows the EDX spectra of hybrid PES/MOF-5 and neat PES
membranes. It shows that all the organic compound has been present in neat PES
membrane and PES/MOF-5 membranes and MOF-5 distribution on PES matrix. The
presence of the Zn element has proved the impact of MOF-5 on the PES/MOF-5. The
minor percentage of Zn in the PES/MOF-5 membranes due to the low loading of MOF-5

into the PES matrix [23].
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Figure 3.8 EDX spectra of membranes.

3.6.8 Contact angle measurement of membranes

The membrane permeability and antifouling property always depended upon the
hydrophilic nature of membranes, which is commonly investigated via contact angle
measurement. Contact angle measurements of neat PES and PES/MOF-5 membranes are
summarized in Table. 3.2. When increasing the loading percentage of MOF-5 into the PES
matrix, the water contact angle decreased from 73.1° to 60.3°, which indicates that PES
membranes' hydrophilicity and pore radius increased. The hydrophilicity of PES/MOF-5
membranes has enhanced with the hydrophilic hydroxyl (-OH) functional group (MOF-
5) incorporation into the polymer matrix (PES membranes) [24]. It proves that
incorporating MOF-5 has enhanced the antifouling property and permeability of the PES
matrix [25].
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Table 3.2 The membranes properties.

Sl.no Name of the Porosity (%) Pore Radius Water Contact
Membranes (nm) Angle (°)

1 MO 63.40 6.45 73.1+2.3

2 M1 63.96 6.91 706+ 1.7

3 M2 66.67 7.74 66.7+2.1

4 M3 67.40 8.05 60.3+25

3.6.9 Porosity and pore size of membranes

The porosity and pore size of the membranes were listed in Table. 3.2. The porosity
increases from 63.4% to 67.4%, increasing the concentration of MOF-5 into the PES
membranes. Rising porosity for the impact of the membrane on the antifouling properties
of membranes [27]. The pore size of the membranes is gradually increasing from 6.45 nm
to 8.05 nm with the increasing concentration of MOF-5. The formation of a pore on the

surface of the membrane enhances the permeability and adsorption of membranes [28].

3.6.10 Permeability of membranes

Figure 3.9 shows the permeability of pure water and dye solution of membranes.
The pure water permeation of PES/MOF-5 membranes was increasing from 20.5 to 77.1
L/m? hr compared to neat PES membranes. The permeability of PES membranes was
influenced by the concentration of MOF-5 into the PES matrix. It confirms that the

addition of MOF-5 effectively enhanced the hydrophilicity and pore formation of PES
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membranes. The permeate flux of dye solution also increased compared to neat PES
membranes, but the pure water flux is high compared to dye solution flux due to the
fouling formation on the membranes. The particle accumulation occurred in the
PES/MOF-5 membranes when increasing the concentration of the MOF-5 particles more
than 0.75%, which leads to the particle's irregular distribution in the composite
membranes [29]. The enhanced membrane permeability shows that incorporating MOF-5
into the PES matrix improves the membranes' hydrophilicity and anti-fouling properties

[30].
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Figure 3.9 Permeate flux rate of membranes.

3.6.11 Dye rejection

The percentage rejection of textile dye (Methylene Blue and Indigo Carmine) has been
studied for both neat PES and PES/MOF-5. Figure 3.10 and Figure 3.11 show the rejection
percentage of methylene blue and indigo carmine, respectively, at various pH. The MOF-

5 incorporated PES membranes have a higher rejection percentage of methylene blue and
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indigo carmine than neat PES membranes. In addition, the modified PES membranes have
higher rejection rates, such as 97% and 89% for MB and IC. The selectivity for dye
removal has been enhanced due to the coordination interactions between polymeric matrix
(PES) functional groups and organic ligands and Zn (Il) [29]. The high rejection
percentage of IC dyes due to the size exclusion and charge repulsion [31]. The rejection
performance of MB and IC for PES/MOF-5 membranes increased with the increasing
concentration of MOF-5 into the PES matrix [30]. The presence of metal oxide in the
MOF-5 has enhanced the higher adsorption of dye on PES membranes. MB dye has a
higher rejection percentage due to the electrostatic attraction of positively charged MB
with a negatively charged PES matrix [32].
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Figure 3.10 Rejection percentage of methylene blue.

3.6.12 Effect of pH

Changing the pH of the textile dye's feed solution plays a vital role in rejecting

textile dyes. At three pH, the rejection percentage of methylene blue increasing from
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13.2% to 37.8%. At seven pH, the rejection is rising from 23.2 to 2%. For 11 pH, the
rejection of effluent rising from 83% to 97%. For indigo carmine, the rejection percentage
increasing from 67.7% to 80% for three pH. For seven pH, the rejection is rising from
78.8% to 83.7%. For 11 pH, the rejection of effluent increasing from 81% to 89%. When
increasing the pH of the sewage, the rejection percentage also increasing for MOF-5
incorporated PES membranes. The metal oxide of MOF-5 provides an effective binding
site, which enhances the adsorption of Methylene blue and Indigo carmine on PES/MOF-
5 membranes. Therefore, when increasing the pH, the textile dye highly adsorbed on the

membranes, improving the rejection percentage [32].
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Figure 3.11 Rejection (%) of indigo carmine.

55



3.7 Conclusion

The prepared neat PES and MOF-5 incorporated PES membranes were characterized
by FTIR, XRD, SEM with EDX, and TGA. All the results confirm the impact of MOF-5
on the PES matrix. The incorporation of MOF-5 in the PES matrix influenced the porosity
and pore size of the fabricated composite PES/MOF-5 membranes. Further, the contact
angle of composite membranes decreased from 73.1° to 60.3° due to improved
hydrophilicity. This result favors the permeability enhancement (20.5 to 77.1 L/m? hr) of
composite PES/MOF-5 membranes. The PES/MOF-5 nanofiltration membranes
effectively removed 97% and 89% for methylene blue (MB) and indigo carmine (IC) dyes,
respectively. In addition, the PES/MOF-5 membranes have a high rejection percentage of
textile dye compared to neat PES membranes. Therefore, the PES/MOF-5 membrane is a

potential material for the treatment of textile wastewater.
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CHAPTER 4 EFFICIENT REMOVAL OF ANIONIC, CATIONIC TEXTILE
DYES AND SALT MIXTURE USING A NOVEL CHITOSAN/MIL-100 (FE)

BASED NANOFILTRATION MEMBRANE

4.1 Introduction

At present, water shortage and water pollution are severe problems in the world [1].
Especially wastewater from the textile industry processes (dyeing, bleaching, printing, and
finishing) creates a massive impact on the environment due to enormous hazardous
effluents. Additionally, they are a harmful threat to our lives, causing groundwater
pollution, suppressing the human immune system, causing carcinogenic diseases,
blockage of sunlight penetration, and adverse effects on aquatic life [2,3]. The fixation of
dyes on fabric requires dyestuff, including water, salts (retarding and exhausting agents),
and additives (surfactants and dispersing agents). 1 kg of cotton requires 30-60 g of
dyestuff, 0.6-0.8 kg of NaCl, and 70-150 L of water in the dyeing process. Salts in the
textile effluents add to the pollutants load and increase decoloration time, making more
trouble for wastewater treatment [4]. However, almost 700,000 tons/year of dyes are
produced worldwide, and the textile dyeing industry contributes to an enormous amount
of dyeing effluent discharge [5]. Moreover, the generated effluent may be in acidic or
alkaline conditions based on the dyeing procedure, adding more challenges for handling
the textile wastewater [6]. The textile effluents are possibly causing carcinogenic and
mutagenic diseases in humans. [7]. Therefore, we highly needed an effective treatment

method to separate dye and salts from textile wastewater.
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In NF technologies, water purification by membrane separation is the most hopeful
and powerful tool for separating organic dye molecules and inorganic salts [8]. Recently,
biopolymers are more attracted to membrane application due to their excellent
sustainability, low cost, toxic-free, superior film-forming ability, easy availability [9,10].
Biopolymers such as chitosan [11,12], alginate [13], and cellulose [14] are mainly used as
water treatment membranes. Chitosan (CS) is a promising polymeric membrane for textile
wastewater treatment due to its strong hydrophilicity, toxic-free, outstanding film-forming
ability, excellent anti-bacterial activity and, distinctive biomedical possessions. Reactive
amino and hydroxyl groups on the chitosan offer multifunctional activity [15-17]. In
addition, those functional groups make hydrophilic CS, which favors high water diffusion
and superior sorption [18]. However, it has drawbacks, such as less mechanical strength,
less stability, and low porosity. Modification of the CS membrane by incorporating
specific fillers such as SiO> [19], TiO2 [20], Graphene oxide [21], and polyethylene glycol

[22] enhances the properties of water treatment [23].

However, inadequate usage in numerous applications has raised the trade-off issue
between permeability and selectivity. Incorporating inorganic fillers enhances the
membrane properties for effective water treatment, but there have been other issues,
including accumulation, aggregation, less dispersibility, and poor compatibility [24-27].
In addition, inorganic particle agglomeration can cause pore blockage, flux reduction,
structural defect, and diminish fouling resistance [25,28]. Introducing the metal-organic
framework (MOFs) as a novel filler for the polymeric membrane is more efficient than

inorganic fillers. MOFs are constructed by the coordination bond and the combination of
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inorganic nodes and organic ligands. The synergistic properties of inorganic metal clusters
and organic ligands in MOFs proposal excellent properties to the membranes. In general,
high water stability MOFs possess robust kinetic stability or a strong coordination bond
to survive damages of ligand-metal bonds during the reaction of hydrolysis [29]. Highly
water-stable MOFs were recently used as a filler for the membrane due to their unique
properties, including the high surface area, adjustable pore size, extreme porosity,
versatile structure, superior adsorption capacity, and flexibility/rigidity. In addition, it

offers excellent permeability and selectivity and better compatibility with polymer.

Furthermore, organic ligands in the MOFs provide a higher affinity toward polymer
chains [29-31]. Primarily, MIL-100 (Fe) is synthesized at high temperatures (150°C for
six days) with the presence of environmentally dangerous and corrosive acids, including
hydrofluoric acid (HF) and nitric acid (HNO3), followed by the products are washed at 80
°C for three hours. [32,33]. Nevertheless, sustainable MIL-100 (Fe) was synthesized
without hazardous, corrosive acids under room temperature conditions and shorter
duration [34]. The environmentally sustainable synthesis paves the way to fabricate

biodegradable MOF membranes for water treatment.

Cu-BTC (MOF) anchored on CS coated polyethersulfone membrane fabricated for the
removal of manganese. The positive charge membrane was prepared by the incorporation
of MOF (NH2-MIL-101(Cr) and NH2-MIL-101(Al)) into the chitosan matrix for
multivalent cations removal and observed 93% rejection of MgCI2 with higher flux [31].
The Cu-BTC/CS membrane enhanced hydrophilicity and surface roughness with a

manganese removal efficiency of 86% [35]. The hydrophilic, porous, and high-water
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adsorption MOF-801 incorporated into the CS matrix provides additional water molecule
transport pathways and enables a tortuous path for ethanol. The MOF-801/CS membrane
achieves superior water/ethanol separation [36]. However, many research works

extensively studied based on CS/MOF membranes for wastewater treatment [37—-39].

This research prepares CS/MIL-100 (Fe) composite membranes by film casting to
remove the hazardous textile dye/salt mixture. The MIL-100 (Fe) selected as a nanofiller
for the CS matrix to enhance water permeability and active in the removal of anionic
methyl orange (MO) and cationic methylene blue (MB) dyes, salts (NaCl, Na2SOa, CaCly,
and MgS0Os), and dye/salt mixture with high antifouling performances and recycling
stability. In addition, the composite CS/MIL-100 (Fe) membrane performed remarkably
in severe conditions such as various pH (acidic, neutral, and alkaline), concentrations (20-
100 ppm), different salts, dye/salts mixture solutions. Thus, our CS/MIL-100 (Fe)
membrane is a promising candidate for textile wastewater treatments in real-time

applications.

4.2 Preparation of MIL-100 (Fe)

The MIL-100 (Fe) was synthesized by following the reported literature [34]. MIL-100
(Fe) synthesis is a combination of 2 different solutions. Solution 1 comprises dissolved
trimesic acid (1.67 g) in 1 M NaOH aqueous solution (23.72 g), which was added dropwise
to solution 2 (prepared by iron (1) chloride tetrahydrate (2.26 g) dissolved in deionized
water (97.20 g)). The mixed solutions were continuously stirred for 24 h at room

temperature. The final product was recovered by washed with ethanol and deionized water
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using centrifugation at 4000 rpm and dried at room temperature for two days. Figure 4.1(a)

shows the schematic representation of the MIL-100 (Fe) synthesis.

Solution 1
Trimesic acid +1 M NaOH aqueous
solution

Ve

[———)
Iron (11) chloride 1
tetrahydrate

Figure 4.1 The schematic representation. MIL-100 Fe synthesis (a); nanofiltration

setup (b).

4.3 Preparation of CS/MIL-100 (Fe) membranes

Composite NF membranes were fabricated by the film casting technique (Figure 4.2)
[17,22]. Initially, MIL-100 (Fe) added (0, 0.1, 0.2, and 0.3 (wt.%), which described as CO,
C1, C2, and C3) into 2% acetic acid solution and placed at ultrasonication for 30 min for

the uniform dispersion. 4 (wt.%) of chitosan and 1 (wt.%) of PEG added to the above
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homogeneous solution and placed in the thermally insulated shaker at 55 °C for 12 h at

160 rpm.

CS+ MIL-100 (Fe) mixed Membrane casted by Solvent evaporation
casting solution film applicator l

—_

—

Membrane
pieces for Washed by Neutralized by immerse
filtration study DI water into NaOH solution

0 Y + ’g' )
L v Q'(N WIS

MIL-100 (Fe) Chitosan (CS) CS/MIL-100 (Fe) membrane

Figure 4.2 Schematic diagram of CS/MIL-100 (Fe) membrane fabrication by the
film casting method.

Nanofiltration membranes were fabricated by casting on a glass plate using a film
applicator with a thickness of 1200 um and dried at 25 °C for partial solvent evaporation.
Subsequently, the dried membrane was neutralized by immersed in 1 M NaOH solution
at 24 h, and excess of NaOH eliminated by washed with DI water. All membranes are

preserved in DI water before use.
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4.4 Nanofiltration

The filtration study was carried out in dead-end nanofiltration (Sterlitech HP4750
stirred cell) with an active membrane area of 14.6 cm? (Figure 4.1(b)). The pre-
compaction of membranes was employed by using pure DI water at 0.4 MPa for 60 min.
The separation performances of the CS/MIL-100 (Fe) membranes were examined by the
filtration experiments using simulated wastewater, with the various concentration and pH
of cationic MB and anionic MO dyes and 1000 ppm concentration of NaCl, Na,SO4, CaCly,
and MgSQOs salts solutions. The dye concentration was measured by an Ultraviolet-visible
(UV-vis) spectrophotometer (MEGA-2100- SCINCO Company—Kaorea) at a wavelength
of 460 nm for MO and 665 nm for MB. The salt concentration is determined by a
conductivity meter (DiST 3 by Hanna instruments, South Korea). The pH of the dye
solutions was adjusted by 0.1 M NaOH and 0.1 M HCI. The ion existence in the feed and
permeate solution was characterized by ion chromatography (Model: ICS-1600, Thermo

Scientific. (Dionex Corp.)).
4.5 Result and discussion

4.5.1 MIL-100 (Fe) characterizations

Figure 4.3(a) displays the XRD pattern of MIL-100 (Fe). The attained XRD pattern
evidence excellent crystallinity [34,40]. FTIR spectrum shows the presence of symmetric
and asymmetric vibrational bonds, which represent the -O—-C—O- group at 1442 and 1371
cm, respectively (Figure 4.3(b)). The peak at 1624 cm™ indicates the carboxylate groups
(C=0), while the other two peaks (760 and 707 cm™) are owed to C-H bonding [41].

Figure 4.3(c) illustrates N2 adsorption-desorption isotherms and confirms the high surface
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area, large pore volume, mean pore diameter, mesoporous cage, and microporous
windows of MIL-100 (Fe). The values are 1863 m? g% 0.8374 cm® g%, 1.8 nm, P/Po=0.01
and P/Po=0.13, respectively [34,42]. The inset of Figure 4.3(c) represents the pore volume
distribution. Figure 4.3(d) shows the FESEM image of the octahedral-shaped morphology
of MIL-100 (Fe). The FETEM images display the MIL-100 (Fe) nanoparticles with a 200-
260 nm (Figure 4.3(e)-(f)) [40,43]. XPS examined the chemical state and elemental
composition of MIL-100 (Fe). Figure 4.3(g) indicates the elements (C, O, and Fe) in MIL-
100 (Fe). Figure 4.3(h)-(j) represent the MIL-100 (Fe) XPS spectrum of Fe 2p, C 1s, and
O 1s [44]. FESEM-EDS analysis identified the element presence (carbon (79.6%), oxygen
(19.3%), and iron (1.1%)) in MIL-100 (Fe), which represents in Figure 4.5. The above
results imply that synthesized MIL-100 (Fe) could be a potential nanofiller for composite

NF membrane to selectively separate dyes and salts from the textile wastewater.
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Figure 4.3 Characterization of as-synthesized MIL-100 (Fe). XRD pattern (a); FTIR
spectrum (b); N2 adsorption-desorption isotherms with inset image of pore size
distributions (c); FESEM image (d); FETEM images (e)-(f); XPS survey spectrum
(9); Fe 2p (h); C 1s (i); O 1s spectrums (j).
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Figure 4.4 EDS Spectra of MIL-100 (Fe) (a); EDS mapping of MIL-100 (Fe) (b)-(e).
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4.5.2 Membrane characterization

4.5.2.1 XRD and FTIR analysis of membranes

Figure 4.5(a) shows that the sharp characteristic peaks at 20 = 20.1° exist in all the
membranes, representing the semi-crystalline characteristic of CS and indicates the
crystalline structure was unaffected after the MIL-100 (Fe) addition. In enlarged Figure
4.5(a), the growth of sharp peaks at 20 = 10.5° and 29.2° with the increasing MIL-100 (Fe)
loading in the CS matrix. It confirms the stable crystalline structure and strong interaction
of chitosan and MIL-100 (Fe) [36]. The peaks observed at 3100-3400 cm™ and 2875 cm
Lassigned to the presence of hydrogen bond of the hydroxyl group (O-H) stretching and
asymmetric stretching of the C-H group, respectively (Figure 4.5(b)). The peak at 1651
cm assigned to the vibration of C-N stretching and C=0 stretching in the primary amide
(amino group) and secondary amide group (-NHCO-) of the chitosan membrane. The
peak at 1581 cm™ assigned to N-H bending vibration [35]. In enlarged Figure 4.5(b), the
transmittance (%) intensity of primary and secondary amide groups at 1651 cm™ and the
hydroxyl group at 3100-3400 cm™* lowered with increasing loading (0-0.3%) of MIL-100
(Fe) incorporation in the CS matrix. The result proposed a stable attachment between Fe
atoms and -NH2 groups with the impeccable MIL-100 (Fe) bonding to the chitosan

polymer chain [45].
4.5.2.2 Morphological analyses of membranes

Figure 4.6(a)-(d) represents the surface morphology of pure CS (C0) and CS/MIL-100
(Fe) (C1-C3) membranes. A defect-free and smooth flat surface appeared on the CO

membrane (Figure 4.6(a)). Figure 4.6(b)-(d) shows the roughness increments and MIL-
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100 (Fe) distribution on the membrane surface. The observed surface morphology of
CS/MIL-100 (Fe) membranes ascribed due to the impact of hydrophilic functional groups
of MIL-100 (Fe), which enable the excellent miscibility with the chitosan matrix. These
actions are highly recommended and contributing to the formation of the pores and favor

for dye and salt separation and antifouling performances of the membrane [11,46].
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Figure 4.5 XRD (a) and FTIR (b) spectra of C0-C1 membranes and MIL-100 (Fe).

Figure 4.6(e)-(h) represents the cross-sectional images of membranes. The membrane
preparation methods influenced the observed cross-sectional morphology [17]. The dense
morphology appeared in the CO membrane (Figure 4.6(e)). In Figure 4.6(f)-(h), the

CS/MIL-100 (Fe) composite membranes (C1-C3) displays the improved porous structure
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and enhanced the membrane thickness with the MIL-100 (Fe) addition into the CS matrix,
which favors the improvement of an internal macro void, dense top and bottom layers with
a porous interlayer [47]. The C3 membrane displays dense (top and bottom layer) and
porous (loose interlayer) compare to other membranes. The thick skin top layer act as a
barricade for rejecting the dye and salts. The flexible inner layer creates a path to water
molecule transportation. The penetration and intercalation of hydrophilic MIL-100 (Fe)
particles into the chitosan matrix create porous structure formation. The combined effect
of enhanced hydrophilicity and morphology supports high permeability, excellent

separation, and antifouling performances for textile wastewater treatment [17].

4.5.2.3 Surface roughness of membranes

The membrane roughness was examined by a 3D nanoprofiller. Figure 4.6(i)-(I) shows
the 2D images with contact angle, average roughness (Ra), and root means squared
roughness (Rq) of the membrane surface. Figure 4.6(m)-(p) displays the 3D images of the
membrane surface. The smooth surface with lower roughness (Ra=10.93 nm, Rq= 13.75
nm) existed on the CO membrane. The C1-C3 membranes displayed improved surface
roughness (Ra values from 76.57 to 187.42 nm and Rq values from 94.47 to 222.12 nm)
with heightened rigid-valley structure (Figure 4.6(m)-(p)). The roughness increments
indicate the existence of MIL-100 (Fe) clusters (carboxylic groups) pillaring on the CS
active sites (hydroxyl and amine groups), which tuning the membrane surface charge
[35,48]. The charged membrane surface is recommended to separate the charged ions and
dye molecules from the wastewater by electrostatic interaction and electrostatic repulsion

and intrinsically achieve high water permeation [49]. It evidences that improved surface
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roughness by MIL-100 (Fe) incorporation lowered the membrane contact angles from 67.8
to 41.2° (Figure 4.6(i)-(1)), which favors hydrophilicity enhancements. The improved
membrane hydrophilicity is supported for higher flux and diminishes foulant adherence
by the protective hydration layer formation. The enhanced pore size, porosity, and surface
area of the CS/MIL-100 (Fe) membrane were listed in Table. 4.1. The hydrophilic MIL-
100 (Fe) incorporation improves the pore size and surface properties of the CS/MIL-100
(Fe) membrane, which impacts the high permeability with the selective separation of
charged hydrated ions and dye molecules from the wastewater by sieve mechanism

[50,51].

Table 4.1 The membrane surface properties.

Parameters CS (C0) CS/MIL-100 (Fe) (C3)
Surface area (m?/g) 0.0463 0.2133

Pore size (nm) 1.6 4.6

Porosity (%) 80.0 89.1
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Figure 4.6 Membrane morphology and surface roughness. FESEM images of top
surface (a)-(d); cross-sectional view (e)-(h); 2D and contact angle images (i)-(); 3D
images (m)-(p).
4.5.2.4 Elemental analysis of membranes

XPS and EDS analyses were performed to understand the chemical structure and
elemental compositions of pure CS and CS/MIL-100 (Fe) membranes. Figure 4.7 shows

the elemental composition and spectra of pure CS and CS/MIL-100 (Fe) membranes. The

Fe element peak in EDS spectra (Figure 4.7) and the appearance of Fe 2p3 peak at 710 eV
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(Figure 4.8(a)) indicates the MIL-100 (Fe) functional groups strongly bond with the CS
functional groups. Figure 4.9 and Figure 4.10 represent the elemental mapping of pure CS
and CS/MIL-100 (Fe) membranes, respectively. Elemental composition and O/N ratio of
membranes obtained from XPS analysis listed in Table. 4.2. The attributed higher O/N
ratio of CS/MIL-100 (Fe) membranes compared to pure CS due to MIL-100 (Fe)
occurrence with large oxygen-contain functional groups. Its evidence that MIL-100 (Fe)
is prosperously anchored into the CS matrix [35]. Additionally, in Figure 4.11, the
presence of Fe 2p peak at 711.2 and 724.8 eV with two satellite peaks, 719.3 and 731.8
eV, confirms the divalent nature of Fe in the MIL-100 (Fe). Figure 4.8(b) and Figure 4.8(c)
shows the XPS C 1s deconvoluted spectra of membranes with the three major peaks,
which are positioned at 284.5 (C—C/C=C), 286.1 (C—N), and 287.8 eV (O=C—-N and
0O=C-0) of CS and CS/MIL-100 (Fe) membrane, respectively. The enlarged elevation
appeared at 287 eV for the CS/MIL-100 (Fe) membrane. It specifies the impact of oxygen-
contain functional groups stimulus for the robust anchoring of MIL-100 (Fe) into the CS
matrix, which favors improving the membrane surface charge, water permeance, and

separation of charged ions and dyes.

78



Table 4.2 Elemental compositions of membranes.

Membrane Atomic concentration (%) OIN ratio

C(ls) O(1s) N(1s) Fe (2p3)

Pure CS 73.62 22.06 432 - 411

CS/MIL-100 (Fe) 74.47 2142  4.03 0.08 4.32

4.5.2.5 Surface charge of membranes

The surface charge of the membrane was observed in terms of various parameters such
as zeta potential, mobility, and isoelectric point of the CS and CS/MIL-100 (Fe)
membranes at different pH conditions (Figure 4.8(d)-(i)). In Figure 4.8(d), the isoelectric
point of pure CS and CS/MIL-100 (Fe) membrane occurred at 3.9 and 4.2, respectively.
The observed positive charge in the acidic medium due to the protonation of the -NH>
group on the chitosan [52]. CS/MIL-100 (Fe) membrane shows enhanced surface charge
as zeta potential (higher positive potential at acidic and higher negative potential at
alkaline) than CS membrane due to increasing the ionic strength, which favors higher
mobility. Figure 4.8(e) shows the CS/MIL-100 (Fe) membrane holds higher mobility than

the CS membrane at acidic and alkaline pH.
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Figure 4.7 EDS Spectra of pure CS and CS/MIL-100 (Fe) membranes.

Figure 4.8((f)-(g)) and Figure 4.8((h)-(i)) represent the zeta potential and mobility
of CS and CS/MIL-100 (Fe) membrane across the various distance (sample position) at
different pH, respectively. The zeta potential and mobility show an increasing trend
towards decreasing the measurement of the sample position at positive and negative
direction due to enhancement of ionic strength [53]. The CS/MIL-100 (Fe) membrane
owns dissociable amine and carboxylic groups, which exhibit a positive and negative
charge. An extensive carboxylic group in the CS/MIL-100 (Fe) membrane possesses a

higher negative charge than pure CS membranes.
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Figure 4.8 Elemental and surface charge characterization. Survey spectra (a); C 1s
of CS (b) and CS/MIL-100 (Fe) (c); zeta potential (d) and mobility (e); Effect of
sample position at various pH for zeta potential (f)-(g) and mobility (h)-(i).

The FTIR and XPS analysis also support the enriched carboxylic groups present on
the CS/MIL-100 (Fe) membrane due to the incorporation of MIL-100 (Fe). In addition,
the dually charged CS/MIL-100 (Fe) membrane enables the high rejection rate of
positively and negatively charged ions/dye molecules and significantly improves the

water permeability [35,48,54].
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Figure 4.9 EDS mapping of pure CS membrane.

Figure 4.10 EDS mapping of CS/MIL-100 (Fe) membrane.
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Figure 4.11 XPS spectrum of Fe 2p of the CS/MIL-100 (Fe) membrane.

4.5.3 Membrane performances

The membrane performances were evaluated by pure water flux (PWF), rejection

percentage, antifouling performances, and reusability experiments.

4.5.3.1 Permeability of membranes

The incorporation of MIL-100 (Fe) in the CS matrix significantly influenced
permeability improvement from 4.2 (C0) to 52.5 L/m? h (C3) with the addition of 0-0.3
wt.%. The results suggest that less MIL-100 (Fe) was sufficient to persuade a substantial
CS structure change. The observed higher permeability is associated with facilitating the

water transport channel to the membranes due to the intrinsic nanopore of hydrophilic
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MIL-100 (Fe) incorporation [55]. The CS/MIL-100 (Fe) membrane stability was
inspected by applied various pressures (0.2, 0.4, and 0.6 MPa). Figure 4.12(a) shows the
pure water flux linearly increased with applied pressure, evidencing the CS/MIL-100 (Fe)

membrane appropriate for textile wastewater treatment.

4.5.3.2 Dye rejection of membranes

In Figure 4.12(b), the CS/MIL-100 (Fe) membranes showed higher rejection (%) of
MB and MO compare to pure CS (C0) at 0.4 MPa. The incorporated MIL-100 (Fe)
activated to form a dense active layer with the porous interlayer on the CS/MIL-(Fe)
membrane surface, which improves the water permeation path with the higher rejection
of dyes. The increasing amount of MIL-100 (Fe) incorporation (CO to C3) increases the
rejection (%) of MB and MO. However, the C3 membrane performed with outstanding
dye rejection of 99% of MB and 99% of MO without compromising the high-water
permeability compared to other membranes. Excessive addition of MIL-100 (Fe) may lead
to interfacial defect formation and porous structure altered because of MIL-100 (Fe)
accumulation [56]. Compared to other membranes, the C3 membrane exhibited the
highest dye rejection with high permeability. Accordingly, the C3 membrane was selected

as the representative for the following experiments.

The surface charge and pH significantly impact separation performances, which
are observed by feed the MB and MO dye solution at different pH conditions (3-11 pH)
to the C3 membrane (Figure 4.12(c)). The higher rejection (%) of MB and MO was
obtained at high alkaline (pH 11) and acid (pH 3) conditions, respectively. The

incorporated MIL-100 (Fe) altered the membrane surface into a negative and positive
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charge at alkaline and acidic conditions, respectively, as expected from zeta potential
measurement results. In Figure 4.12(c), the C3 membrane achieved a high rejection
percentage of MB (99%) at > 9 pH due to the strong electrostatic interaction between

positive charge MB dye and negative charge CS/MIL-100 (Fe) membrane [57,58].
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Figure 4.12 The rejection performances of dyes through the membranes. The effect
of TMP on PWF (a); effect of MB and MO rejection, PWF at 0.4 MPa (b); effect of
pH (c); effect of dye concentration on MB (d); MO (e).

MIL-100 (Fe) incorporated C3 membrane is a positive charge (enhanced cationic NHz"
groups) at acidic conditions (3 pH), which enhances the higher rejection percentage of
negatively charged methyl orange dye (99%) by increasing the coulombic interaction

force. On the other hand, at> 9 pH, the MO rejection (%) was low due to the deprotonation
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of NHs* which improving the repulsive force between dye molecules and membrane
surface [59]. Figure 4.13(a)-(b) represents the UV-vis absorbance spectra of MB and MO

at different pH (3 tol11).

(a)
665 nm
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Figure 4.13 UV-vis absorption spectra of feed and permeate of MB at various pH
(a); UV-vis absorption spectra of feed and permeate of MO at different pH (b).
Figure 4.14 illustrates the dye molecule separation mechanism by CS/MIL-100 (Fe)
membrane in the acidic and alkaline environment. The stability of the C3 membrane was
investigated with various feed concentrations (20-100 ppm) of MB and MO at 11 and 3
pH, respectively (Figure 4.12(d)-(e)). Increasing the dye concentration of MB and MO
feed solution causes permeability decline (37.5 to 29.5 L/m? h for MB and 34.7 to 22.5
L/m? h for MO). At various feed concentrations of MB and MO dye, the C3 membrane
was stable to maintain more than 95% rejection. They attained higher rejection and
complete color removal due to the MIL-100 (Fe) incorporation into the CS matrix. The

high specific affinity toward dye molecules by hydrophilic MIL-100 (Fe) incorporation
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facilitates high water purification and complete color removal [32]. Figure 4.15(a)-(b)
represents the UV-vis absorbance of MB and MO with the images of feed and permeate

solutions.
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Figure 4.14 Schematic representation of the dye molecule separation mechanism by

CS/MIL-100 (Fe) membrane at the acidic and alkaline environment.
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Figure 4.15 UV-vis absorption spectra with the inset images of feed and permeate

solution (a) MB and (b) MO.

4.5.3.3 Antifouling performance of membranes

Fouling formation is a severe issue in real textile wastewater treatment applications
due to permeability reduction, high energy consumption, degrading the life span of
membranes, productivity loss, etc. The FRR evaluated the antifouling performance of the
C3 membrane. Figure 4.12(d)-(e) shows the C3 membrane FRR decreases with increasing
the feed concentration but maintaining more than 90% of FRR. Besides, the FRR of MB
higher than MO. The presence of vibrant hydrophilic functional groups of MIL-100 (Fe)
and high water adsorption contributed to the robust hydration layer development,

enhanced structural stability, and diminished fouling formation [60,61].

4.5.3.4 Salt rejection of membranes

In order to improve the exhaustion and fixation of dyes on fabric, a large quantity of
salt is required. NaCl and Na,SO4 salts are primary utilized as exhausting and retarding
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agents in the dyeing process. The salt content in the textile effluent creates additional
pollutants and increases the decoloration time [4]. Extreme salt concentration (0-100 g/L)
is desirable for the reactive dyeing process [62]. The C3 membrane desalination
performance was studied by filtrating 1000 ppm concentration of salt solutions (NaCl,
Na>S04, CaCly, and MgSOs) at neutral pH (Figure 4.16(a)) . The salt rejection evaluated
by choosing the mono (Na*and CI") and divalent ions (S04%, Mg?* and Ca?"). The C3
membrane obtained higher water permeability (37 L/m? h MPa) for NaCl than other salts.
Significantly, higher divalent ions rejection achieved than monovalent ions due to the size
exclusion (NaCl (Ractuar - 11.1% and Rrea - 11.5%) < CaClz (Ractvar — 12.5% and Rreal —
13.4%) < NasSO4 (Ractual - 43% and Rreal - 44%) < MgSO4 (Ractua— 50% and Rieal - 52.5%).
Figure 4.16(b) displays the ions (cations and anions) separation performances. The ions
rejection (%) of each salts following the trend of MgSO4 (Mg?* - 41.6%, SO4% - 44.7%) >
NazSOs (Na* - 37.4%, SO4* - 41.5%) > CaCl, (Ca* - 15%, CI" - 14.8%) > NaCl (Na* -
6.2%, CI" - 4.7%). Mechanism of molecular sieving root for the rejection of large hydrated
ions (SO4% (0.379 nm) > CI(0.332 nm)). -COO" group occurrence creates a high negative
surface charge of the membrane, which favors high rejection of SO4* compare to CI-

because of the higher negative charge [17].
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Figure 4.16 The rejection performances of dye/salt mixture through membranes.
Salts (a); ions in salts (b); MB+salts (c); ions in MB+salts (d); MO+salts (¢); ions in
MO+salts (f). Cyclic stability of MB (g); MO (h); MB+MgSOu4 (i). CS/MIL-100 (Fe)

rejection (%) comparison with reported membranes. MB (j); MO (k); MgSOa ().
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4.5.3.5 Dye/salt mixture rejection of membrane

As stated in the introduction section, the textile wastewater consists of a certain
quantity of salts; therefore, it is essential to investigate the impact of salts on dye/salt
mixture separation. The C3 membrane was examined with a various feed solution of 1000
ppm of 4 different salts (NaCl, Na,SO4, CaCl,, and MgSOs) mixed with MB and MO dyes
(20 ppm) at alkaline (pH 11) and acidic (pH 3) conditions, respectively. Figure 4.16(c)
shows the higher MB rejection (> 98%) and moderate salt rejection. Strong electrostatic
interaction between negatively charged CS/MIL-100 (Fe) membrane and positive charge
dye molecule (MB) explains the superior rejection (%) of MB. Electrostatic repulsion and
size exclusion mechanism causes higher rejection (%) of MgSQas. Figure 4.16(c) displays
the strong repulsive force between salt ions and CS/MIL-100 (Fe) membrane surface
results in higher Rrea (%) compared to Ractual (%) such as MgSOa (Rreal - 57.0% and Ractual
- 54.2%) > Na2SO4 (Rreal - 39.2% and Ractual - 38.0%) > CaClz (Rreal - 29.1% and Ractual -
28.2%) > NaCl (Rreal - 22.4% and Ractual - 22.0%). Figure 4.16(d) displays the cations and
anions rejection (%) of MB+salts mixed solution. The MB mixed salts rejection trend
based on the cations and anions rejection (%) was in the order of MgSO4 (Mg?* - 51.6%,
SO4* - 52.5%) > Na2SO4 (Na* - 26.3%, SO4> - 29.3%) > CaCl, (Ca?* - 21.4%, CI" - 23.8%)
> NaCl (Na* - 16.8%, CI" - 19.2%). The strong electrostatic repulsion between membrane
surface and salt ions influenced the higher rejection of divalent anions (SO.%) than
monovalent anions (CI). MgSOs rejection higher than Na>SO4 due to the effect of the
dominant sieve mechanism. Moreover, hydrated radius of Mg?* (0.428 nm) ion is larger

than Na* (0.358 nm) ion [63]. Figure 4.17(a) and Figure 4.17(b) illustrate the complete
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color removal and diminished UV-vis absorbance peak of the permeate solution of the
MB dye/salt mixture, respectively. It also evidenced the effective membrane separation
performances of the C3 membrane. Figure 4.16(e) represents the MO rejection with salt
rejection (Rrear and Ractva) 0f MO dye/salt mixture solutions at the acidic condition. In
Figure 4.16(e), the Rreal (%) is higher than Racwal (%) due to the higher repulsive force
effect between the salt ions and the C3 membrane surface. The salt rejection trend was
followed by MgSO4 (Rreal - 44.1% and Ractual - 42.7%) > CaClz (Rrea -29.1% and Ractual -
28.1%) > Na2SO04 (Rreal - 16.5% and Ractual - 14.8%) > NaCl (Rreai - 13.3% and Ractual -13%).
The MO mixed salts rejection trend based on the cations and anions rejection (%) followed
the order: MgSO4 (Mg?* - 40.5%, SO4* - 40%) > CaCl, (Ca®* - 27.0%, CI" - 24.2%) >
Na,SO4 (Na* - 21.8%, SO42 - 20.1%) > NaCl (Na* - 17.8%, CI" - 14.1%) (Figure 4.16(f)).
The positive charge C3 membrane at acidic pH highly rejects the cations (Mg?*, Ca?*, and
Na*) than anions (CI- and SO4*) due to the existence of enhanced positive charge amine
groups in CS/MIL-100 (Fe) membrane. Moreover, the superior hydrated radius of Mg?*

leads to a higher rejection % of MgSOa4than other salts [17]. The moderate MO rejection
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was achieved by the electrostatic interaction between the negative charge dye molecule

and the positive charge membrane surface.

(a) (b)
e M B Feed 665 nm

g g g ! e Permeate of MB/NaCl

MENALl yo g g0 ME+ M 5t === Permeate of MB/Na,SO,
feed  StN&N . MBya A
‘ Mﬁ ' ’fu’-(a‘ f':ﬁ e==== Permeate of MB/CaCl,
e Permeate of MB/MgSO,

Absorbance (a.u.)

J\

Permeate 200 300 400 500 600 700
Wavelength (nm)

Figure 4.17 The images of feed, permeate, and retentate of MB dye/salt mixture
(a); UV-vis absorbance spectrum of MB dye/salt mixture at 665 nm for permeate

and feed solution (b).

Mg?* and Ca?* have a higher charge density than Na* which favors the higher
rejection of MgSO4 and CaCl. than sodium salts (NaCl and Na>SOs) [17]. The C3
membrane observed a higher rejection percentage of dye and salt for MB/salt’s solution
mixtures when compared to MO/salt’s mixtures. The C3 membrane treated with mixed
feed solution consists of 20 ppm of MB and MO and 1000 ppm of NaCl, Na;SOa, CaCly,
and MgSO; at neutral pH (pH 7) to evaluate the performances of real textile dyeing
wastewater treatment. Table. 4.3 shows the rejection efficiency, hydrated radius, and stoke
radius of cations and anions in the mixed solution. Due to electrostatic repulsive force
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influences, the divalent anions (SO42-) possess higher rejection efficiency than other ions.
In addition, 42.3% of salt rejection and 90% dye rejection were achieved for this mixed
solution calculated from salt and dyes concentration. Figure 4.18 shows the schematic

representation separation performances of CS/MIL-100 (Fe) membrane.

Table 4.3 Hydrated radius, Stokes radius, and rejection % of ions.

lon Hydrated Stokes Rejection % of

radius (nm)  radius (hm) mixed solution

[4] [4]
Chloride (CI") 0.332 0.121 14.0
Sodium (Na*) 0.358 0.184 14.2
Sulphate (SO4%) 0.379 0.230 20.7
Calcium (Ca?") 0.412 0.310 16.6
Magnesium 0.428 0.347 17.0

(Mg*)
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Figure 4.18 Schematic representation separation performances of CS/MIL-100 (Fe)

membrane.

4.5.3.6 Reusability of membranes

The reusable stability of CS/MIL-100 (Fe) membranes is an essential factor in the
actual textile wastewater treatment application. The C3 membrane used here to treat MB
(20 ppm), MO (20 ppm), and MB (20 ppm) + MgSO4 (1000 ppm) solution continuously
run for six cycles. Figure 4.16(g) shows the reusability of the C3 membrane by
representing the rejection (%) and FRR (%) of MB. The rejection % and FRR% upheld
99% and 95% respectively for six cycles due to the incorporated excellent hydrolytic MIL-
100 (Fe), which constructs a solid and stable CS/MIL-100 (Fe) composite membrane. The
complete color removal validates the excellent MB removal properties of the C3

membrane, which is displayed in Figure 4.19. The permeate intensity of the UV-vis
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absorbance spectra ultimately decreased for the six cycles than feed intensity, which

confirms MB's high rejection by the C3 membrane.

= o e e S N,
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Figure 4.19 The feed and permeate images of MB solutions for six cycles.
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Figure 4.20 UV-vis absorbance spectrum of feed and permeate for six cycles MB
(@); MO (b).
Figure 4.20(a) demonstrates the UV-vis absorbance spectra of feed and permeate of MB

at 665 nm for six cycles [51]. Figure 4.16(h) shows the MO (20 ppm) rejection for the
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reusability of the C3 membrane for six cycles. The C3 membrane maintains a higher
rejection (> 90%) and FRR (> 75%). The complete MO dye removal evidence with six
cycles UV-vis absorbance spectra (460 nm) (Figure 4.20(b)). Figure 4.16(i) displays the
C3 membranes for the removal of the MB/MgSO4 salt mixture and antifouling
performance for six continuous cycles. The rejection (%) was maintained over MB (95%)
and MgSO;4 salt (55%) for MB/MgSO4 mixture feed solution. The reduced permeate
solution intensity of UV-vis absorbance of MB/MgSO4 mixture and nearly 100% of color
removal achieved for the complete six cycles (Figure 4.21(a)). Figure 4.16(j)-(I) shows
the CS/MIL-100 (Fe) rejection (%) comparison with reported membranes. MB (j); MO

(K); MB+MgSOs (I).
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Figure 4.21 Reusability of C3 membrane for MB/MgSO4 mixture. (a) UV-vis
absorbance spectrum of feed and permeate of MB/MgSO4 salt mixer solutions at
665 nm for six cycles; (b) The images of permeate and feed solutions of MB/MgSO4

salt for six cycles.
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Figure 4.22 XRD peaks of membrane for before and after cyclic filtration.
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It is evidenced by the high stability in harsh conditions and excellent MB/MgSO4 mixture
separation performance of C3 membrane. The FRR (%) decreases toward increasing the
number cycle due to fouling formation with a higher MB/MgSOQ4 rejection percentage due
to the strong electrostatic interaction between MB and C3 membrane surface. The C3
membrane achieved more than 90% of FRR for MB/MgSQO4 mixture for six cycles. They
diminished fouling formation by the enhanced hydrophilicity of the C3 membrane is
offered by the MIL-100 (Fe) addition [64,65]. The existence of productive carboxylic
groups on the CS/MIL-100 (Fe) membrane improves the hydrophilicity and hydration
layer formation by hydrogen bonds, which support the high reusable stability of the C3
membrane. Figure 4.22 shows the characteristic XRD spectra of the C3 membrane before
and after the cyclic filtration study. The crystalline peaks of 20 =10.5° and 21° present at
all the membranes confirm the high degree of crystallinity maintenance of the C3
membrane after the cyclic filtration study. It was gained due to the strong inter and
intramolecular hydrogen bonding between the -NH, and -OH groups in the CS/MIL-100
(Fe) membrane [66]. The peaks present between 20 =26° and 29° at all the membranes
assigned to the MIL-100 (Fe) presence in the CS matrix. The XRD peaks exist after MB,
MO, and MB+MgSOs treated membranes, evidence the CS/MIL-100 (Fe) membrane
structure could not affect after the long-term cyclic filtration study and shows the strong
membrane stability. All evidence proves the CS/MIL-100 (Fe) membrane is a potential
candidate for eliminating the hazardous pollutants from the textile dyeing wastewater

[51,60,67].
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4.6 Conclusion

This study reported a modest but significant approach to fabricate CS/MIL-100
(Fe) membrane with high permeability and outstanding separation performance for
hazardous anionic and cationic dye and dye/salts mixtures from the textile dyeing
wastewater. Here, the hydrophilic MIL-100 (Fe) incorporation improves the membrane
properties toward the excellent textile dyeing wastewater treatment. The prepared
CS/MIL-100 (Fe) composite membrane improved water permeability from 4.2 to 52.5
L/m? h with a 99% rejection of both MB and MO dyes. Besides, the CS/MIL-100 (Fe)
membrane also displays a higher rejection of more than 98% of MB dye and 51.6% of
Mg2+ and 52.5% of SO42- ions from the feed solution MB+MgSOs mixtures.
Furthermore, the CS/MIL-100 (Fe) membranes show excellent rejection and antifouling
performances with high recycling stability of 6 cycles at a feed solution of MB, MO, and
MB/MgSO4 mixture. The novel of this work is to emphasize that the incorporation of
MIL-100 (Fe) nanofiller into the CS matrix (CS/MIL-100 (Fe) membrane) is an effective

strategy to develops a potential candidate for the treatment of textile dyeing wastewater.
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CHAPTER 5 NOVEL MIL-100 (FE) INCORPORATED HIGH-FLUX
POLYSULFONE NANOFILTRATION MEMBRANE AND ITS EXCELLENT
REMOVAL PERFORMANCE OF MICROPLASTIC ADSORBED DYE

CONTAMINANT FROM TEXTILE WASTEWATER

5.1 Introduction

Rapid industrialization, urbanization, and population growth have given rise to an
immense responsibility to address the problems of increasing water shortage and
environmental pollution [1]. At present, the volume of textile wastewater being discharged
into the aquatic environment is rising enormously, and these large quantities of colored
chemicals are non-biodegradable and highly hazardous. The manufacture and trading
events of textile industries contribute towards the majority of microplastics (MPs)
pollution. More than 5.4 million tons of synthetic textile fibers were manufactured
worldwide in 2016, which can contact the aquatic environment and contribute 90% of
microplastic pollution [2]. MPs are highly moveable and omnipresent in the discharged
wastewaters owing to the characteristics of insolubility and lightweight. Based on the
physical structures, MPs are characterized as fibers, microbeads, sheets, and fragments.
In chemically, MPs are polymers, which include polyvinyl chloride (P\VVC), polypropylene
(PP), polyethylene (PE), polyethylene terephthalate (PET), polystyrene (PS), and
polyamide (PA) [3]. Numerous dye molecules, salts, and additives have been intensively
utilized in the textile dyeing process in textile industries. The precarious dyestuff in the
wastewater from the dyeing process would harm humans and creatures living in aqueous

environments. Therefore, it is essential to remove the dye contaminants from textile
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wastewater [4—6]. To date, many conventional techniques, such as adsorption, advanced
oxidation processing, distillation, flocculation, and membrane separation, have been

widely used for dye wastewater treatment [7,8].

In recent years, membrane separation has attracted extensive interest for wastewater
treatment owing to its excellent benefits of low energy consumption yet higher separation
efficiency combined with a convenient operating procedure [9]. In addition, various
membrane-separation techniques based on different separation strategies and membrane
properties have been developed, such as microfiltration, ultrafiltration, nanofiltration, and
reverse osmosis [10]. Specifically, nanofiltration (NF) technologies offer the highest
potential as the most powerful tool for separating organic molecules and inorganic salts,
including the effect of Donnan, steric, and dielectric exclusion [11,12]. However,
developing an innovative NF membrane can reject almost 100 % of dye and salt with high
water flux. Therefore, numerous studies have focused on fabricating novel composite NF
membranes composed of nanofillers and a polymer matrix for selective contaminant
removal from wastewater [13-15]. More recently, polysulfone (PSF) [16], polyamide (PA)
[17], poly(vinylidene fluoride) (PVDF) [18], and polyethersulfone (PES) [6] were used as
the leading raw materials for the fabrication of membranes. However, the disadvantages
of polymeric membranes are their lack of hydrophilicity, low anti-fouling ability, limited
mechanical stability, and insufficient chemical stability, and they significantly restrict
their use in wide-reaching applications [19,20]. Membrane modification is a superior
technique to overcome these obstacles. Incorporating novel nanomaterials into polymers

has impressively contributed to developing renewable composite membranes for
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wastewater treatment [21]. Carbon nanomaterials, metal oxides, and metal-organic

frameworks (MOFs) are significantly utilized among these materials.

MOFs have been broadly active as novel candidates for fabricating futuristic composite
membranes due to their high porosity, superior surface area, tunable pore structure, a good
affinity for polymers, an abundance of functional groups, and high adsorption capacity
[8,22]. The incorporation of MOFs (BUT-8(A)) into a polyethyleneimine (PEI) matrix
exhibited higher water permeability of 396-683 Lm 2 h™* MPa* with an unprecedented
rejection rate of aqueous dye solutions. The introduction of hydrophilic BUT-8(A)
nanoparticles is the main reason for the high permeability of the BUT-8(A)/PEI-HPAN-
50 composite membrane. The sulfonic groups of BUT-8(A) boost the water affinity and
engage in solid interaction with the amine groups of the PEI chains, promoting rejection
[23]. Likewise, mixed matrix membranes were fabricated using P84 polyimide and a
cadmium-based metal-organic framework (MOF-2(Cd)). The dye removal rate of the
membrane increased to 99.9%, 81.2%, and 68.4% for MB, EY, and SY, respectively, with
high water permeability of 117.8-171.4 L/m? h bar [24]. Cu-MOF incorporated
polydopamine NF membrane shows the improved hydrophilicity and permeability of the
membrane. Furthermore, the porous structure of Cu-MOF provides additional pathways
for water. The embedded Cu-MOF membrane was initiate to reject anionic and cationic

dyes based on an electrostatic repulsive mechanism [25].

MPs' toxicity primarily originates from its absorption or adsorption ability of
contaminants from the environment. PVC MPs were adsorbing organic contaminants (MB

dye) with the influences of surfactants [26]. MPs with adsorbed pollutants from the
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wastewater were treated with membrane filtration is an effective technique for treating
textile wastewater. However, the MPs' pore size is much larger than membrane pores,
impacting the higher rejection of MPs adsorbed contaminants by size exclusion

mechanism [27].

The potential treatment of MPs and other emerging contaminants removal from
the textile wastewater is rarely found. In this work, a high flux charged nanofiltration
membrane was fabricated via the phase inversion technique to remove the contaminants
from textile wastewater. The hydrophilic MIL-100 (Fe) nanoparticles were incorporated
into a polysulfone matrix to enhance the performance of the membrane. MIL-100 (Fe)
incorporation on the hydrophilicity, porosity, pore size, morphology, permeability,
separation, and anti-fouling performance of PSF membranes was studied. The fabricated
PSF/MIL-100 (Fe) composite membrane displayed excellent rejection of MB, MPs (PVC
and PE) +MB, and salts (MgSQO4, Na>SO4, CaCl,, and NaCl) with high permeability.
Owing to these properties, the incorporation of hydrophilic MIL-100 (Fe) nanoparticles

in the PSF matrix proved to be a promising candidate for textile wastewater treatment.
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Figure 5.1 Schematic representation of the fabrication process of PSF/MIL-100

(Fe) membranes.

5.2 Preparation of PSF/MIL-100 (Fe) membranes

The phase inversion technique was followed to prepare the pristine PSF and PSF/MIL-
100 (Fe) membranes. Figure 5.1 shows a schematic representation of the membrane
preparation. Initially, 17.5 wt% of PSF and 2 wt% of PVP in NMP were used as the casting
solution. Initially, 0, 0.25, 0.5, and 1 % of MIL-100 (Fe) was dispersed into NMP and
subjected to ultrasonication for 30 min. Then, the PSF and PVP were added slowly to this
solution. The resulting mixtures were kept in a thermally insulated shaker at 55 °C for 12
h. Next, the well-mixed solutions were cast on a clean glass plate using a film applicator
to obtain a film with a thickness of 200 um and immediately immersed in a bath of DI

water maintained at 4 °C. The membrane was washed several times with DI water before
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use. Based on the amount of MIL-100 (Fe) incorporated into the PSF matrix, the

membranes were named MO, M0.25, M0.5, M0.75, and M1.

5.3 Characterization of PSF/MIL-100 (Fe) membranes

The crystalline structures of the PSF/MIL-100 (Fe) membranes were characterized by
X-ray diffraction (XRD, PANanalytical’s Empyrean) in the scan range of 5-80° The
cross-sectional morphology of the membranes was characterized by field-emission
scanning electron microscopy (FESEM, TESCAN, MIRAS3, Center for Research Facilities
(CRF), Jeju National University, Jeju, Republic of Korea) at 15 kV. All the membrane
samples were fractured in liquid nitrogen and sputter coated with Pt to obtain a clear cross-
sectional view. The elemental distribution was observed by energy-dispersive
spectroscopy (EDS, TESCAN, MIRA3, Center for Research Facilities (CRF), Jeju
National University, Jeju, Republic of Korea) with element mapping measurements
conducted at 15 kV. A filtration study of PSF/MIL-100 (Fe) membranes was carried out
to remove MB dye, salts, and microplastics. The hydrophilicity of the membranes was
characterized by water contact angle measurements (Goniometer, Phonix 300, Surface &
Electro-Optics Co., Ltd., Korea) under atmospheric conditions. Specifically, 5 puL of DI

water was dropped onto the membrane surface to measure the water contact angle.

5.4 Nanofiltration

The filtration study was performed using dead-end nanofiltration (Sterlitech HP4750
stirred cell) with an active membrane area of 14.6 cm?. The pre-compaction of membranes

was affected by using pure DI water at 3 bar for 60 min, and the effect of TMP on the
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membrane performance was studied by varying the pressure in the range of 2—10 bar. The
separation performance of the PSF/MIL-100 (Fe) membranes was examined by using
various concentrations of MB (10—-100 ppm), PVC and PE MPs (0.5, 1, 1.25, and 1.5 g/L)
+ MB feed solutions and by varying the pH of the MB dye and PVC and PE MPs + MB
solutions, the TMP from 2 to 10 bar, the addition of NaCl, Na.SOa, CaCl,, and MgSOa4
(1000 ppm solutions), and the reusability of MB dye rejections for 1-6 cycles. All the
experiments were operated under continuous stirring at 350 rpm using a magnetic stirrer
to minimize the concentration polarization. The dye concentration was measured by
ultraviolet-visible (UV-vis) spectrophotometry (MEGA-2100- SCINCO Company-Korea)
at a wavelength of 665 nm for MB. The salt concentration was determined by a
conductivity meter (DiST 3 by Hanna instruments, South Korea). The pH of the dye

solutions was adjusted with 0.1 M NaOH and 0.1 M HCI.

5.5 Result and discussion

5.5.1 XRD analysis of membranes

The XRD patterns of the prepared MIL-100 (Fe) incorporated in the PSF membrane
are shown in Figure 5.2. The XRD results of the prepared MIL-100 (Fe), pristine PSF,
and PSF/PVP membranes were analyzed and displayed in the exact Figure The broad
peaks at 20=17° for the pristine PSF, PSF/PVP, and PSF/PVP/MIL-100 (Fe) membrane
correspond to the amorphous structure of polysulfone [30]. The diffraction peaks of MIL-
100 (Fe) appear at 20=5.5, 10.2, and 11° and are consistent with the simulated XRD pattern
of MIL-100 (Fe) [28]. In the case of the PSF/PVP/MIL-100 (Fe) membranes, the

appearance of the sharp peaks at 26=5.5, 10.2, and 11° provide evidence for the existence
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of MIL-100 (Fe) in the PSF composite membranes. The peak at 26=22° corresponds to the

amorphous structure of PSF and PVP in the PSF/PVP membrane.

¥, miL-100 (Fe) @ PsF Q) PSFIPVP
x

‘ Synthesized MIL-100 (Fe)
l Whoad

¥ Jl ‘l, e A ';.’I', ||'|Il. cublom, b

..“‘"r'l ) o

"

[*]
- *x N PSF/PVP/MIL-100 (Fe)
Q
—
- © PSF/PVP
(1]
—
>N
') Q
5 PSF
it
=
Simulated MIL-100 (Fe)
B
P

0 10 20 30 40 50 60 70 80
20 (Degree)

Figure 5.2 XRD patterns of membranes and MIL-100 (Fe)
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5.5.2 Cross-sectional view of the membrane

The cross-sectional morphology of the membranes was characterized by FESEM
analysis. Figure 5.3 presents the cross-sectional FESEM images of the pristine PSF
membranes and those incorporating MIL-100 (Fe) at different magnifications. All the
membranes have an asymmetric structure consisting of a dense top skin layer and sub-
layers. Changes in the internal structural morphology of the PSF membrane after MIL-
100 (Fe) inclusion are visualized in the form of the pore size abundance. PSF membranes
incorporating MIL-100 (Fe) are more porous than pristine PSF membranes, especially the
MO0.5 membrane. A membrane with a larger pore size allows higher flux. [31]. The
composite membranes displayed longer and wider finger-like structures than the pristine

PSF membrane.
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200 pm

Figure 5.3 Cross-sectional view of the membranes
Interestingly, the M0.5 membrane had larger pores. These modifications, which are
the result of the hydrophilic functional groups of MIL-100 (Fe), can accelerate the

demixing rate of the non-solvent (water) and solvent (NMP) during the process of phase
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inversion. The effect thereof is to enlarge the pore channels. Nevertheless, a higher loading
(M0.75 and M1) of MIL-100 (Fe) decreases the pore structure [32,33]. Visualization at
higher magnification revealed a sponge-like structure, which illustrates the
interconnecting pore structure of membranes. The pore structure of the composite
membrane fabricated using MOFs as an additive could be enhanced significantly

compared to the pristine PSF membrane.

5.5.3 EDS analysis of membrane

The existence of MIL-100 (Fe) nanoparticles in the composite membrane was
confirmed by using elemental mapping for the pristine PSF and PSF/MIL-100 (Fe)
membranes, as shown in Figure 5.4 and Figure 5.5, respectively. EDS mapping is a
valuable technigue with which to visualize the distribution of elements on the membrane.
The corresponding elements of the PSF membrane, including carbon (C), oxygen (O),
sulfur (s), and fluorine (F), have existed in both the pristine and composite PSF/MIL-100
(Fe) membranes. Thus, the existence of Fe in the PSF/MIL-100 (Fe) membrane

corresponds to the incorporation of MIL-100 (Fe) nanoparticles [34].

5.5.4 Pure water flux of membranes

The results of the membranes' pure water flux (PWF) analyses are presented in Figure
5.6(a). Incorporating MIL-100 (Fe) nanoparticles in the PSF matrix induces a much higher
PWF than pristine PSF. This is rationalized by considering that the addition of hydrophilic
and porous MIL-100 (Fe) provides new pathways for water transport, i.e., decreased

tortuosity, to penetrate water molecules into the composite membranes.
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Figure 5.5 EDS mapping of PSF/MIL-100 (Fe) membrane.

The incorporation of MIL-100 (Fe) in the PSF casting solution could significantly
influence two aspects of membrane development: (i) enhancement of the hydrophilicity
of the PSF membrane, (ii) modification of the structure, and pore size of the membranes.

First, the composite membrane surface's enhanced hydrophilicity attracts water molecules
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to facilitate the transport of water molecules in the membranes. Second, the small channels
and the broader internal pores on the PSF/MIL-100 (Fe) membranes were observed in the
cross-sectional view of the membranes (Figure 5.5) can diminish the barrier to water
molecules and offer additional pathways for water molecules [35]. The PWF was
enhanced to as much as MO0.5 before decreasing, owing to increasing MIL-100 (Fe)
concentration into the PSF matrix. The M0.5 membrane attained a higher PWF of 72 L/m?
h bar, which is significantly higher (10.3 times) than that of the pristine PSF (MO)
membrane. The hydrophilic functional groups of MIL-100 (Fe) promote a high degree of
water permeation by forming a hydration layer on the membrane surface. Contrary to the
hydrophilicity enhancement of M0.75 and M1 membranes, the PWF was lower due to the
blocking of membrane pores. Apart from this, the modified membrane has a higher

rejection rate (%) [36].
5.5.5 Porosity and mean pore size of membranes

The effect of MIL-100 (Fe) on the membrane porosity and pore size is presented in
Figure 5.6(a). The porosity and pore size of the membrane was elevated as MIL-100 (Fe)
concentration increased up to 0.5 wt.% (M0.5). The maximum obtained porosity and mean
pore size values of the M0.5 membrane were 91% and 8 nm, respectively. The results
were consistent with the cross-sectional view and PWF of the membranes. Incorporating
the hydrophilic MIL-100 (Fe) nanoparticles enhances the pore size and porosity by
accelerating the exchange of the non-solvent and solvent during the phase inversion
process. However, further increases in MIL-100 (Fe) in the membrane cause the pore size

and porosity to decrease due to the viscosity of the solution increases, which slows down
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the liquid-liquid exchange process. Moreover, a more considerable amount of MIL-100
(Fe) promotes the accumulation process, which harms the membranes by blocking the

pores [33,36].
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Figure 5.6 (a) PWF, porosity, and pore size; (b) contact angle, wetting energy, and

work of adhesion; (c) rejection (%), flux, and FRR (%0).

5.5.6 Contact angle of membranes

The surface hydrophilicity is one of the key features of the membrane, which mainly

impacts the membrane permeability and anti-fouling properties. On the other hand,
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superior membrane hydrophilicity attracted more water molecules and reduced the
deposition of contaminants on the membranes, resulting in higher permeability with
enhanced anti-fouling ability. A water contact angle test was conducted to determine
membrane hydrophilicity. Figure 5.6(b) shows the results of this test with the membranes
shown in the inset images. The MIL-100 (Fe) incorporated membrane (M1) has a reduced
contact angle of 64.2° £1.2 compared with the pristine PSF membrane (84.6° +1). The
addition of 0.25, 0.5, 0.75, and 1 wt.% of MIL-100 (Fe) lowers the contact angle from
78.4°+1.2 to 72.8°t1.4, 70.5°1, and 64.2° £1.2, respectively. The mitigated contact angle
of the PSF/MIL-100 (Fe) membrane indicates the enhancement of the hydrophilicity,
resulting from the inherently rich hydrophilic MIL-100 (Fe) nanoparticles incorporated in
the PSF matrix. The formation of the hydration layer on the membrane surface favorably
improves hydrophilicity. The existence of hydroxyl (—OH) and acidic (—COOH)
functional groups on the MIL-100 (Fe) gives rise to a strong interaction with the PSF
matrix, which induces the hydrophilicity and formation of the hydration layer. The
enhanced hydrophilicity results in outstanding anti-fouling properties with high flux

[36,37].

5.5.7 Work of adhesion and wetting energy

The work of adhesion (WA) and wetting energy (WE) of the membrane were
measured to investigate the wetting properties of the membranes after MIL-100 (Fe)
incorporation. The WA explains the interaction between the wetting liquid and the
membrane surface. Figure 5.6(b) presents the WA and WE result of the membranes. The

WA and WE values for the composite PSF/MIL-100 (Fe) membranes were higher than
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those of the pristine PSF membranes. Interestingly, the M1 membrane had superior WA
and WE of 104.5 mN/M and 31.7 mN/M, respectively, because of the stronger adhesive
force, which provides the ultimate evidence of the improvement of the wetting nature of

the composite PSF/MIL-100 (Fe) membranes [38].

5.5.8 Filtration performance of membranes

The prepared membranes' separation performances were investigated with various
feed of MB, MB+MPs, and salts solutions. Initially, all membranes were treated with MB
solution. Figure 5.6(c) shows the rejection (%), MB flux, and FRR (%) of the membranes.
The MB rejection (%) of the PSF/MIL-100 (Fe) composite membrane was higher than
that of the pristine PSF membrane. Interestingly, the MB rejection rate for M0.5, M0.75,
and M1 remained more than 99%. This result is attributed to the increasing number of
MIL-100 (Fe) functional groups, which enhances the membrane's rejection properties.
Hydrophilic MIL-100 (Fe) in the PSF matrix provides additional pathways for water
molecule permeation. Moreover, the hydrophilic MIL-100 (Fe) forms the hydration layers
on the membrane surface, enhancing the anti-fouling properties [36]. Therefore, the effect
prevents the dye molecules and other contaminants from being adsorbed within a specific
range on the membrane surface. Therefore, it favors a higher rejection (%) of the MB dye
molecules ([9]. As shown in Figure 5.7(a), the UV-vis absorbance permeate intensity
decreased and completely diminished for the M0.5 to M1 membranes, indicating high MB
rejection performances. Figure 5.7(b) shows that M0.5, M0.75, and M1 membranes
achieved complete color removal, supporting the higher rejection performance of the

PSF/MIL-100 (Fe) membranes. The PSF/MIL-100 (Fe) composite membrane's anti-
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fouling properties were enhanced before decreasing again, as observed from the calculated
FRR (%). Interestingly, the M0.5 membrane achieved permeability, rejection, and anti-
fouling (FRR%) properties superior to those of the other membranes, with an obtained
maximum of 68 L/m? h bar values, > 99 % 85.7%, respectively. Based on the above results,
the M0.5 membrane outperformed the other membranes, and it was used as the active

membrane in subsequent studies.
5.5.8.1 Effect of pH on the membrane performances

5.5.8.1.1 MB rejection

The pH can influence the membrane rejection performance because it modifies the
membrane surface's ability to undergo interaction due to the dissociation of functional
groups [24]. The M0.5 membrane was exposed to MB (20 ppm) in the pH range of 3—11.
Figure 5.8(a) presents the rejection % of MB at different pH levels. The surface charge of
the membrane consistently responds to the pH of the feed solution, which affects the
rejection % of MB at different pH levels. The M0.5 membrane achieved higher rejection
at alkaline pH levels by incorporating MIL-100 (Fe), tuning the membrane surface charge
with positively charged functional groups and hydration layer formation towards rejecting
the cationic MB dye [39]. Figure 5.9 presents the UV-vis absorption spectra and images

of the feed and permeate MB solution at different pH levels.
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MB at various pH.

Figure 5.10 Image of untreated and treated membranes at various pH.
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Figure 5.10 shows the fresh and treated membrane images with various pH of feed
solution. The UV-vis spectra revealed that the permeate intensity decreased and that the
extent to which the color disappeared from the permeate solution changed as the pH varies.
At higher pH (> pH 9), MB rejection was higher, as confirmed by the diminishing intensity
of the peak on the UV-vis spectra and the complete disappearance of color (i.e., the
complete removal of MB) from the permeate solutions at pH 9 and 11. At alkaline pH (9
and 11), the MB adsorbed on the membrane surface entirely diminished due to the
hydration layer formation on the membrane surface by hydrophilic MIL-100 (Fe)
incorporation inhibits the complete interaction between MB dye and the PSF/MIL-100

(Fe) membrane surface [37].

5.5.8.1.2 Rejection of MPs adsorbing MB

To investigate the PSF/MIL-100 (Fe) membrane separation performance of mixed
feed solutions of dye and microplastics at different pH. First, the feed solution, including
various pH of MB (20 ppm) and MPs (1 g/L), was used for the filtration experiment; pH
is an essential parameter for membrane separation. In Figure 5.8(b)-(c), as expected at
alkaline pH (> pH 9), the M0.5 membrane attained higher rejection of MB (>99%) than
acidic and neutral pH. The incorporation of hydrophilic MIL-100 (Fe) provides additional
water molecules pathways and hydration layer formation on the membrane, which offers
the higher flux and FRR%. The MIL-100 (Fe) incorporated PSF membrane at alkaline pH
highly resists the MB dye and MPs permeation, impacting gradual flux decline than acidic
pH. Figure 5.11 displays the feed, permeate, and retentate spectra of MB and MPs

solutions at alkaline pH (9 and 11). At alkaline pH, the MB solution retentate intensity
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increased to 21.1% for 11 pH and 3.7% for 9 pH from feed solution intensity, owing to
the higher rejection properties of the M0.5 membrane. However, the retentate intensity
decreased (PVC+MB (25.1%) and PE+MB (17.4%)) with a complete decline (nearly zero)

of permeate intensity when used mixed MB and MPs solution.
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Figure 5.11 UV-vis absorption spectra of feed, permeate, and retentate solutions at
alkaline pH (9 and 11).
Its attained due to the strong electrostatic interaction between MB dye and

microplastics and the high rejection performance of the M0.5 membrane surface by
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electrostatic repulsion. The reduced intensity (%) is higher for PVC+MB than PE+MB
due to dominant physical adsorption between cationic MB and PVC MPs at alkaline pH
[26]. The permeate intensity was almost equivalent to pure water, which indicates the
PSF/MIL-100 (Fe) membrane effectively rejects the MPs adsorbed MB dye contaminants.
The size of the MPs is larger (length of PVC (110 + 27 um and PE (22 £ 30 um) and width
of PVC (88 + 21 um and PE (15 £ 11 pum) [27]) than the prepared membrane pore size,
which influences the physical sieving and size exclusion mechanism toward the rejection
of MPs. Figure 5.12 and Figure 5.13 represent the feed, permeate, and retentate spectra of

MB and MPs solutions at neutral and acidic pH.
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neutral pH (7).
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Figure 5.13 UV-vis absorption spectra of feed, permeate, and retentate solutions at

acidic pH (3 and 5).

5.5.8.2 Effect of concentration on membrane performances

5.5.8.2.1 MB rejection

The impact of the dye concentration of the MB solution on the M0.5 membrane is

shown in Figure 5.14(a). The figure shows that as the feed solution's concentration
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increased from 10 ppm to 100 ppm, it influences the moderate MB dye's flux decline.

However, the rejection % of the M0.5

0 0
10 ppm 20 ppm 40 ppm 60 ppm 80 ppm 100 ppm

gy — = w |
a
| 100de—k— % % % %% |90 00 |
| bl LA Feeeoe 80 |
| % e B 2 G
| g B 60 8 |
| 8 1 —%= Rejection (%) T ¥ 5"-1: ® g |
s ~dee- Flux (Lm? h bar) k- 40 x
| .El 401 T3 rRe (%;n " % d e |
|« E) |
20 200 t20
I 10 |
I 0 |
I |

| MB concentration

(b) 125 T
oction (T
I :VC*-MB -+ Flux (Um? h bar) | 400 100

Rejection (%)
N a ~ >
o b g o g
hh
°ca2888gg323sg
Flux (L/mZ h bar)
°© 8 & 3 8
FRR (%)

|(C) o ___ 110
i S L
| wol T .k AR Lao |
I I — Fso = fso |
< ) : o f fuf
| : Leo £ feog l
I g R Leo g © |
8 504 e
I i Lao = a0 |
3 x
30 3
- o
I Lo |
| ol R
| 05 125 8 I

Figure 5.14 Rejection performance at various concentration: (a) rejection (%o), flux
and FRR % of MB solution; (b) MB rejection (%), flux, and FRR % of PVC+MB
solution; (c) MB rejection (%), flux, and FRR % of PE+MB solution.

Membrane was sustained at more than 99.0%. The FRR % was maintained at more
than 80%, indicating the enhanced anti-fouling properties of the M0.5 membrane. This

outstanding anti-fouling performance of the M0.5 membrane could be credited to
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enhancing the hydrophilicity and the strong bonding between the organic ligand and the

carboxylic groups of MIL-100 (Fe) and the PSF matrix.
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Figure 5.15 UV-vis absorption spectra and visual images of feed and permeate
solutions of MB at various concentrations.

As shown in Figure 5.15, the MB feed solutions at various feed concentrations
(10-100 ppm) turned clear after permeation through the PSF/MIL-100 (Fe) (MO.5)
membrane, demonstrating nearly complete MB rejection. The characteristic peaks
associated with the MB dye molecule disappeared and were replaced by peaks similar to

those on the UV-vis absorption spectrum of pure water.

5.5.8.2.2 Rejection of MPs adsorbing MB

The separation performance of the M0.5 membrane was examined at various
concentrations of MPs (0.5, 1, 1.25, and 1g/L) and MB (20 ppm) solutions at 11 pH. The

increasing concentration of MPs from 0.5 to 1 g/L improved the driving force of MB
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adsorption. Figure 5.16 and 17 display the higher reduction of the retentate intensity of
PVC+MB (23.8 to 25.1%) and PE+MB (10.7 to 17.4%). In Figure 5.14((b)-(c)), the
experiment results show that the M0.5 membrane exhibits outstanding rejection % of MB
(>99%) for all different feed concentrations. Flux decline attained gradually with

increasing concentration of feed solution.
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Figure 5.16 UV-vis absorption spectra of feed, permeate, and retentate solutions
with MB solution at various PVC concentrations (0.5, 1, 1.25, and 1.5 g/L)).

The FRR% was sustained at a higher level for PVC+MB at 0.5 to 1 g/L; then, it
decreased for 1.25 to 1.5 g/L of PVC MPs. It was achieved due to the intense physical
attraction between PVC MPs and MB and higher rejection properties of the PSF/MIL-100

(Fe) membrane at alkaline pH. The FRR% was gradually decreased for PE+MB but
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sustained more than 80%. The optimum concentration (1 g/L) of MPs favors high
adsorption of MB compare to others. Figure 5.16 and 17 display the lowed reduction of
retentate intensity when the feed solution consists of more the 1 g/L of MPs due to MPs'
limitation of adsorption capacity. Electrostatic repulsion and size exclusion influence the

higher rejection of MB and MPs.
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Figure 5.17 UV-vis absorption spectra of feed, permeate, and retentate solutions

with MB solution at various PE concentrations (0.5, 1, 1.25, and 1.5 g/L).
5.5.8.3 Effect of pressure on the membrane

Figure 5.18(a) shows the PWF of the M0.5 membrane for various levels of the
transmembrane pressure (TMP). As predicted, the PWF of the membranes increased with

increasing TMP. The MB rejection performance of the M0.5 membrane was assessed by

141



varying the TMP from 2 to 10 bar, as shown in Figure 5.18(b). The MB dye concentration
and pH of the feed solution were fixed at 20 ppm and pH 9, respectively. The changes in
the MB rejection % were insignificant. The M0.5 membrane attained a rejection rate of
more than 98% at different TMPs. Figure 5.19(a) shows the equivalent UV-vis spectra of

the feed and permeate solutions of the MB dye and indicates that dye removal was nearly
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Figure 5.18 Membrane performance: (a) PWF at various TMPs, (b) MB rejection
(%), flux, and FRR % at various TMPs, (c) rejection (%), flux, and FRR %o of
various salts solution, (d) reusability performance of the membrane.

At the same time, the optical images of the MB dye solutions before and after filtration
also provided evidence of the effective MB separation efficiency of the PSF/MIL-100 (Fe)

membrane (Figure 5.19(b)). The permeate flux increased from 40 to 243.3 L/m? h with
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increasing TMP. The anti-fouling performance of the M0.5 membrane was sustained by

achieving an FRR% of more than 80% [24].

5.5.9 Salt rejection of membranes

The MIL-100 (Fe) loading ability to enhance the salt rejection performance was
verified by examining the M0.5 membrane performance using solutions of NaCl, Na;SOa,
CaCl,, and MgSO4 (1000 ppm). Figure 5.18(c) shows the salt separation performance of
the membrane. MgSO4 and Na,SO4 were rejected to a greater extent than CaCl, and NaCl,
causing the Donnan effect's mechanism of size sieving and the Donnan effect. The
repulsion of the divalent ions by the negatively charged PSF/MIL-100 (Fe) membrane is
more potent than that of the monovalent ions. The hydrated diameter of SO4% (0.76 nm)
is more significant than CI7(0.66 nm). The rejection rate of MgSQO4was higher than that of
Na>SO4 because of the dominant impact of the size sieving mechanism. The hydrated
diameter of Mg?*(0.86 nm) is more significant than that of Na*(0.72 nm) [40]. The
existence of well-organized sub-nanometer pores in hydrophilic MIL-100 (Fe) may also
act as a water transport medium to facilitate high water permeability while restricting the
permeation of the charged hydrated salt ions. The permeation of NaCl is higher than that
of the other salts because the size exclusion mechanism ensures that hydrated monovalent
ions such as Na* and CI are more easily transported through the sub-nanometer-sized
pores of the MIL-100 (Fe) nanoparticles than divalent ions [41]. The FRR% of all the salts
exceeded 97%, which indicates that forming a hydrophilic thin layer by incorporating
hydrophilic MIL-100 (Fe) enhances the permeability, fouling resistance, and salt rejection

in composite PSF/MIL-100 (Fe) membranes.
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Figure 5.19 UV-vis absorption spectra (a), visual images of feed and permeate of

MB solutions for M0.5 membrane at various TMP (b).
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5.5.10 Cycling performance

The ability to repeatedly use and reuse the PSF/MIL-100 (Fe) is of the utmost
importance to determine the membrane stability for actual wastewater treatment. Figure
5.18(d) represents the MB separation performance of the M0.5 membrane after 16 cycles.
The MB flux and FRR % were slightly decreased, but the rejection % was sustained at
more than 98%. Organic ligands in the MIL-100 (Fe) can strengthen the compatibility
between the PSF matrix and MIL-100 (Fe) nanoparticles, enabling highly stable
membranes to be developed. The MO0.5 membrane rejection performance during
continuous cycling was investigated by comparing the UV-vis absorption spectra of the
feed and permeate solutions of MB. The absorbance intensity of the permeate solutions
completely diminished and resembled the UV-vis absorption spectra of pure water Figure
5.20(a). Furthermore, this result confirms the high separation efficiency of the M0.5
membrane for MB dye rejection. As shown in Figure 5.20(b), the clear permeate solution
after six continuous cycles provides evidence for the high MB dye rejection stability of
the M0.5 membrane. The obtained outcomes imply that the PSF/MIL-100 (Fe) composite

membrane has outstanding cycling ability.
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Figure 5.20 UV-vis absorption spectra (a), visual images of feed and permeate of

MB solutions for reusability of 1-6 cycles of M0.5 membrane (b).
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5.6 Conclusions

In this research work, we fabricated a novel composite membrane composed of
hydrophilic MIL-100 (Fe) in a polysulfone matrix for the excellent removal of hazardous
MPs adsorbed dye contaminants from textile wastewater. The prepared membranes were
characterized by XRD, cross-sectional morphology, contact angle, wettability, work of
adhesion, porosity, pore size, and pure water flux measurements. The membrane that
contained an optimal amount of hydrophilic MIL-100 (Fe) in the PSF matrix (0.5 wt%,
the M0.5 membrane) offered high MB rejection, superior permeability, enhanced pore
size, and delivered high anti-fouling performance. Moreover, the performance of the M0.5
membrane was outstanding for various dye and MPs concentrations and TMPs. In addition,
the M0.5 membrane delivered good salt rejection performance and could be reused for six
cycles of MB dye rejection. Incorporating hydrophilic MIL-100 (Fe) enhanced the PSF
matrix's performance towards removing the MB dye, MPs, and salts from the textile
wastewater based on size exclusion, the steric and Donnan effect, electrostatic interaction,
and repulsion mechanism. These results confirm that the PSF/MIL-100 (Fe) membrane is

potentially suitable for treating real textile wastewater.
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CHAPTER 6 SUMMARY AND RECOMMENDATIONS

6.1 Summary

This chapter describes the general conclusions of the overall thesis and
recommendations of this work. This thesis mainly focuses on improving membrane
properties by incorporating MOFs to remove hazardous pollutants from wastewater. We
focused on the synthesis of MOF, incorporated it into polymeric membranes, and
investigated to improve the filtration performances in possible ways. The first two
chapters described polymeric membranes, MOF, MOF membranes, and

materials/techniques used in the research work.

The novel MOF-5 was synthesized and incorporated into polyethersulfone membrane
matrix to investigate the hazardous textile dyes' removal performances (methylene blue
and indigo carmine) in Chapter-3. The PES/MOF-5 nanofiltration membranes show high
rejection performance of methylene blue and indigo carmine dyes with high permeability.
The effect of MOF-5 incorporation on the membrane was characterized by XRD, FT-IR,

SEM, EDX TGA, and contact angle measurements.

Chapter 4 discusses the high water-stable MOF (MIL-100 (Fe)) incorporated into
chitosan biopolymer to remove the hazardous anionic, cationic dyes, and salts from the
textile wastewater. The prepared CS/MIL-100 (Fe) composite membrane attained
improved water permeability from 4.2 to 52.5 L/m? h with a 99% rejection of both MB
and MO dyes. Besides, the CS/MIL-100 (Fe) membrane displays a higher rejection of

more than 98% of MB dye and 51.6% of Mg?* and 52.5% of SO% ions from the feed
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solution of MB+MgSQO4 mixtures. In addition, the CS/MIL-100 (Fe) membranes show
excellent rejection and antifouling performances with high recycling stability of 6 cycles

at a feed solution of MB, MO, and MB/MgSO4 mixture.

Chapter-5 discusses the MIL-100 (Fe) incorporated into polysulfone membrane matrix
to remove microplastic adsorbed dye contaminants from textile wastewater. The
membrane that contained an optimal amount of hydrophilic MIL-100 (Fe) in the PSF
matrix (0.5 wt.%, the M0.5 membrane) offered high MB rejection, superior permeability,
enhanced pore size, and delivered high anti-fouling performance. Moreover, the
performance of the MO0.5 membrane was outstanding for various dye and MPs
concentrations and TMPs. In addition, the M0.5 membrane delivered good salt rejection

performance and could be reused for six cycles of MB dye rejection.

6.2 Recommendation

Based on these works' outcomes, MOF incorporation opens the possibility of
improving the properties of the membranes towards wastewater treatment. As for the
following, the recommendation for future research works and perspective direction for
developing new MOF membranes for wastewater treatments. The prepared MOF

membranes should be investigated with industrial effluent and study the performance.
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