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ABSTRACT
OF THE THESIS OF

Bahaa Ali Chammout for Master of Engineering
Major: Environmental and Water
Resources Engineering

Title: Modified Electrospun TCH-TSC PVC Membrane for the Removal of Heavy
Metal Ions from Water

Pollutants discharged into a water basin from natural and anthropogenic sources result
in degrading the quality of water. Water pollution is not only one of the leading global
risk factors for illness, disease, and mortality; but it also contributes to the ongoing loss
of accessible potable water globally. Heavy metals, in particular, are a class of water
pollutants with a negative impact on aquatic life, the benthic environment, and human
health because of their non-biodegradability, bioaccumulation, and toxicity. The latter
spurred the development of a variety of water treatment approaches, including
adsorption, as efficient water treatment technology, its use was attributed to the
simplicity, low cost of implementation, and potential for regeneration and reusability of
the adsorbents; prompting a green and sustainable water treatment approach. Because of
their morphological properties and functionalization potential, electrospun polymeric
nanofibrous membranes are among the most efficient adsorbents used for water
treatment.

In this study, polyvinyl chloride (PVC) membranes are electrospun and modified with
thiocarbohydrazide (TCH) and thiosemicarbazide (TSC), which are organic ligands
known to bind heavy metals and enhance metal adsorption on the surface of an
adsorbent. This study focuses on the removal of silver(I), mercury(Il), cadmium(II), and
lead(II) ions from synthetic water using modified membranes. The complexation of
TCH/TSC ligands to the studied metals was investigated using UV-visible
spectroscopy. The complex (metal:ligand) formation, stoichiometry, and binding
affinity were modeled using the Benesi-Hildebrand relationship for Ag(I) and Hg(II)
ions. Electrospun and modified membranes (TCH/TSC-PVC membranes) were then
characterized and evaluated for heavy metal removal. Modification of the surface of
PVC membranes with TCH resulted in enhancing the removal of Ag(I) by 40% and
Hg(II) by 70%, whereas the modification with TSC ligand resulted in an improved
removal of Ag(I) by 97.5% and Hg(II) by 76.6% in 24 hours.

The adsorption parameters of TSC-PVC towards Ag(I) and Hg(II) and the recyclability
of the membrane were investigated. The adsorption kinetics of the membranes were
best fitted with the pseudo-second order model. The equilibrium data were strongly
aligned using the Langmuir adsorption isotherm model, with maximum adsorption
capacities of 62.1 mg/g for Ag(I) and 20.0 mg/g for Hg(Il). TSC-PVC was also shown
to exhibit strong selectivity for Ag(I) and Hg(II) ions in a mixed metal system including
silver(I), mercury(Il), cadmium(II), lead(II), copper(Il), and zinc(II) ions. Additionally,



the TSC-PVC membrane was regenerated under mildly acidic conditions and
demonstrated constant sorption effectiveness across three adsorption/desorption cycles.

Keywords

Adsorption, water treatment, electrospun-nanofibrous membrane, surface modification,
heavy metals, metal-organic complexes, and sustainable water treatment technologies.
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CHAPTER I

INTRODUCTION

A. Water Pollution

Freshwater, which accounts for only 3% of the world's water, is naturally
unequally distributed throughout the globe. Furthermore, only 0.9% of the world’s
freshwater (0.000027% of the world’s water storage) is available for human use as
surface water (rivers and lakes), with the remainder embedded in underground water
tables or glaciers (Bralower & Bice, 2022). The distribution of water around the earth’s

surface is presented in Figure 1.

Distribution of Earth’'s Water

Fresh-
water 3% Other 0.9% Rivers 2%
_’ ~- Surface =
e
water
Ground
0.3%
water
30.1%
Earth’s water Freshwater Fresh
surface water
(liquid)

Figure 1. Distribution of earth's water (Bralower & Bice, 2022)

With global population growth, rapid urbanization, and economic and
agricultural development, the burden on the scarce freshwater resources got
exaggerated, spurring migration, conflicts, and worsening community socioeconomic

well-being (Famiglietti, 2014). Water scarcity has affected over 1.6 billion people
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worldwide as a result of unequal distribution and unbalanced use (Molden, 2013); it is
expected to affect more than two-thirds of the world's population by 2025 (WWF,
2022).

Not only is freshwater scarce, but many freshwater resources, particularly those
available as surface water, are contaminated. Anthropogenic activities, such as
industrial and agricultural operations that discharge contaminated effluents into water
basins, are the primary cause of water pollution; primarily surface water, which can also
become contaminated through agricultural and industrial runoff, and subterranean
freshwater tables, which are reached through effluent infiltration into the soil.

Furthermore, industrialization concentrated human activity in cities, resulting in
undue overpopulation (Ariaratnam & Chammout, 2021). Because of the rapid change in
land use/land cover, human activities now have a greater impact on the world's ecology,
ecosystem, and hydrology (Ndulue et al., 2015). As cities expand, more surface area is
covered with concrete, asphalt, and other construction materials. The latter transformed
the soil into an impermeable surface, resulting in less infiltration and an increase in the
rate and volume of runoff. Toxic contaminants are transferred with runoff to surface
freshwater bodies and infiltrate into underground freshwater tables; significantly
degrading water quality.

Water quality may be degraded by a variety of contaminants, namely organic
and inorganic pollutants. Many organic pollutants undergo degradation in water due to
microbial activities, diminishing dissolved oxygen and water quality. On the other hand,
inorganic pollutants, particularly heavy metals, enter the aquatic food chain and their
concentration gets amplified via the bioaccumulation process, as illustrated in Figure 2.

Heavy metals are soluble in water, but unlike many other contaminants, they are non-

12



biodegradable, this leads to a higher propensity for bioaccumulation and reaches
substantial toxicity levels at low concentrations. This causes significantly adverse
impacts on ecosystems and human health (Zhuang et al., 2009; Gall et al., 2015; Liu et

al., 2017).

Atmospheric deposition ]
x
= g

Industries

e & & Phytoplankton
utilize them
‘ &

As, Cd, Cr, Cr, Pb, Hg, Ni, V

/Eimﬂa‘g rﬁcgﬁpn @ O! , Zooplankton feed on

Effluent discharge (toxic metals)

. o phytoplanktons
Metal oxidation— Metal . oo concentrating metals
reduction precipitation : \\\{
u.m‘ g \ Metal / '\

‘ - (t U methylation <
| @ —\
| i

J e > Herring feed on
| Animals and human i it
| feed on salmon Salmon feed on herring el

concentrating metals

Figure 2. Bioaccumulation of heavy metals (Das and Dash, 2017)

Heavy metals are natural constituents of the earth, yet the rapid and dispersed
anthropogenic activities have altered their geochemical cycles in the environment
(Chang et al., 2019). Heavy metals have become widely utilized in a range of industries,
including agriculture (He et al., 2019), manufacturing, and electronics (Tchounwou et
al., 2012), contributing to a tremendous rise in human exposure to heavy metals.

Heavy metal concentrations bio-magnify throughout the bioaccumulation
process, reaching individuals at dangerous levels through food or drinking water. This
exposes individuals to chronic and sub-chronic diseases not limited to cancer, diabetes,

and nervous system and heart problems (Tchounwou et al., 2012).
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1. Lead

Lead is a heavy metal that occurs in two oxidation states: divalent (II) and
tetravalent (IV). The most abundant form of lead in the environment is Pb(II), which
exists in the form of salts that are soluble in water. Lead(I'V), on the other hand, is a
potent oxidizing agent that is rarely found on the Earth's surface (Sigel et al., 2017).

Lead(II) is widely used in industrial applications such as batteries, electronics,
and metallurgy, with a global production of 10 million tons by 2012 (Sigel et al., 2017).
Despite the versatility of its applications, exposure to lead(Il) threatens human health;
targeting the renal, reproductive, and neurological systems (Kim et al., 2012; Jarup,
2003; Liu et al., 2013; Wang et al., 2014).

Even with public knowledge of lead poisoning, it is nevertheless frequently
detected in the ecosystem, namely water bodies, at alarming rates much beyond the

permitted levels indicated in Table 1, establishing a problem that must be addressed.

2. Mercury

Mercury is a heavy metal that occurs in two oxidation states: monovalent (I) and
divalent (II). Mercury is often found in the environment in the second oxidation state
Hg(I), where it forms inorganic complexes such as mercuric oxide (HgO), which is
used in mercury cell batteries (Baird & Cann, 2012).

Mercury is discharged from natural and anthropogenic sources. The former
includes volcanic activity and the erosion of mercury-containing sediments, whereas the
latter is primarily concerned with the burning of fossil fuels and the significant use of
mercury in industry and agriculture (Figueiredo et al., 2017). Mercury's uses in research

and industry span from laboratory items like barometers and thermometers to medicinal
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products such as dental amalgams. Furthermore, mercury is utilized in agriculture as a
foliar spray to combat plant diseases (Beckers & Rinklebe, 2017).

Mercury is one of the most toxic heavy metals in the environment owing to its
volatility (Cheng et al., 2017). Mercury poisoning can have dire effects on the
neurological system, kidneys, and liver (Beckers & Rinklebe, 2017).

In terms of water contamination, the majority of the mercury present in water is
in the inorganic form Hg(Il) and the organic form methylmercury [CH;Hg]* (Beckers
& Rinklebe, 2017). Methylmercury binds to the sulthydryl group of proteins in fish, and
undergoes a bioaccumulation process reaching the human body (Ritger et al., 2018). In
the human body, and due to its lipophilic properties, methylmercury exhibits a half-life
of 70 days (Baird & Cann, 2012), and causes serious health effects. This pollutant can
cross the blood-brain barriers, making it the most hazardous form of mercury (Cesario

etal., 2017).

3. Silver

Silver is a heavy metal that is most usually found in its monovalent (I) oxidation
state, such as silver nitrate AgNOs3, with fewer occurrences of divalent (II) and trivalent
(IIT) forms.

Almost every electrical equipment contains silver. The metal ion is a necessary
coating material for electronic connections in automobiles. Silver's electric conductivity
makes it an ideal metal for all electronics, including television screens, circuit boards,
and even solar energy devices.

Silver has antibacterial characteristics and is employed as a water bacteriostat;

nevertheless, if consumed at quantities higher than those listed in Table 1, it may
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produce argyria; a skin discoloration (RSC, 2022). Furthermore, large levels of soluble
silver can induce liver and kidney damage, as well as eye, skin, intestinal, and

respiratory irritation (Drake & Hazelwood, 2005).

4. Cadmium

Cadmium is a heavy metal that is mainly found in the divalent form (II), with
the monovalent oxidation state (I) occurring infrequently.

Cadmium is a very toxic heavy metal that is widely utilized as a raw material in
nickel-cadmium batteries, as well as in various electrical applications and paint
pigments (Buxbaum & Pfaff, 2005). Cadmium products nearly doubled twenty-five

times in the last decade, as seen in Figure 3.
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Figure 3. World production of cadmium metal (U.S. Geological Survey, 2012)

Cadmium is very hazardous to all living things. Waste batteries wound up in
landfills due to increased manufacturing and inadequate recycling of nickel-cadmium
batteries, potentially affecting subsurface water through leaching. Furthermore, various

industrial and mining operations discharge cadmium into bodies of water (Rahimzadeh
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et al., 2017). Even at low doses, cadmium binds to the mitochondria, limiting cellular
respiration and oxidative phosphorylation (Patrick, 2003). Cadmium then produces
organ system toxicity, including reproductive, cardiovascular, neurological, and
respiratory system toxicity. Furthermore, long-term cadmium exposure may cause

several forms of cancer (Rahimzadeh et al., 2017).

B. Water Treatment Approaches

Heavy metals' negative effects on human health and the environment
necessitated the establishment of worldwide regulations by the World Health
Organization (WHO) and the Environmental Protection Agency (EPA) to restrict the
permitted exposure to heavy metals in drinking water. The worldwide drinking water

regulations for some of the most common heavy metals in water are shown in Table 1.

Table 1. International drinking water standards for heavy metals

International Allowable Standards (mg/I)
Heavy metal

WHO (2011) EPA (2012)
Arsenic 0.01 0.1
Cadmium 0.003 0.005
Chromium 0.05 0.1
Copper 2 1.3
Lead 0.01 0.015
Mercury 0.006 0.002
Silver 0.1 0.1

Degraded water quality is a key environmental hazard that threatens the well-
being of human populations and wildlife, hence, the search for sustainable water

treatment technologies is an active research area.
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Heavy metal pollution, in particular, poses serious risks to human health and the
environment whether from natural sources or, more typically, anthropogenic industrial
operations. Heavy metals require extensive removal treatment from water resources in
order for their concentrations to reach acceptable levels. Numerous wastewater
treatment (WWT) processes have been developed to reduce heavy metals, including
chemical precipitation, coagulation and flocculation, ion exchange, membrane
exchange, and electro-dialysis. However, the majority of these systems are constrained
by high operational and maintenance costs, limited treatment efficiencies, and the
generation of secondary pollutants; especially toxic sludge (Bhatnagar et al., 2015).

Adsorption, on the other hand, is a preferable treatment option due to its ease of
design and operation (Ali et al., 2012; Gautam et al., 2014; Bhatnagar et al., 2015).
Furthermore, adsorption techniques offer a relatively high capacity for pollution
removal and broader applicability (Siyal et al., 2018). Notably, adsorbents could
potentially be regenerated and effectively reused, which is an important quality in green
and sustainable water treatment systems.

Adsorption is the process by which a solute in a solution is drawn to the surface
of a solid adsorbent and sequestered by the adsorbent due to physical or chemical
interactions (Gao et al., 2013; Crawford & Quinn, 2017). In wastewater treatment,
activated carbon adsorption is often used to sequester the residues of biological and
chemical oxidation, such as heavy metals (Lofrano, 2012; Tchobanoglous et al., 2003).
However, the use of activated carbon is restricted due to the relatively high treatment
costs (Gautam et al., 2014) and the low regeneration capability (Feo & Gisi, 2014).

Low-cost adsorbents derived mostly from agricultural and industrial materials

have been developed to replace activated carbon in heavy metals sequestration. By-
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product adsorbents are environmentally favorable since they decrease by-product
disposal, and can reduce wastewater contamination at reduced costs (De Gisi et al.,
2016). However, the removal efficiency of these low-cost adsorbents is often restricted,
as is the requirement for certain environmental conditions such as pH and temperature
(De Gisi et al., 2016).

Based on the foregoing, there is a need for the development of highly efficient
and low-cost adsorbents that can be recycled or disposed of in an ecologically friendly
manner.

Adsorption has been successfully used as an efficient approach for removing
heavy metals from water. This is owing to the relatively high removal
efficiency/capacity, low cost, flexible synthesis and operations, and the possibility of
regenerating adsorbents and recycling them in water treatment cycles.

Electrospun membranes are among the emergent technologies in adsorption, as
the polymeric nanofibers can be synthesized in a very short period of time, and have
numerous applications in water filtration, nanotechnology, and biotechnology (Feng et
al., 2013). Polymeric electrospun membranes have been studied in recent years for their
ability to adsorb heavy metals from water (Suja et al., 2017; Zhu et al., 2021).
Nanofibrous membranes are highly porous and may be surface modified by functional
groups to improve adsorption efficiencies, making them ideal candidates for pollutant
sequestration from aqueous solutions. Current investigations on functionalized
nanofibrous membranes for heavy metal sequestration, as well as the removal capacities

attained, are summarized in Table 2.
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Table 2. Review articles on modified electrospun membranes for the removal of heavy

metals
Adsorption
Heavy
Polymer Functional Group Metal Capacity/Removal  Reference
eta
Efficiency
Poly (acrylic acid-co-
maleic acid) (PAM),
oly (acrylic acid
Polyethyl p(szx/(x) . d pol ) CHALRE G 1
olyethyleneimine , and po ao et al.
e ) .p Y Cu, Cd, >97%
(PEI) cross-linked P84 (dimethylamine-co- (2014)
) ) and Pb
epichlorohydrin-co-
ethylenediamine)
(PDMED)
Polyacrylonitrile ) Pb(lI) 960 mg/g
Diethylenetriamine Almasian et
(PAN)/polyaniline
(DETA) al. (2018)
(PANI)-nylon Cd(II) 911.72 mg/g
Fe(II) 7.47 mmol/g
Polyacrylonitrile/cellu Hydrolysis and Feng et al.
e Yoy Cu(II) 4.26 mmol/g £
lose acetate (PAN/CA) amidoximation (2018)
Cd(1n) 1.13 mmol/g
Chitosan/Polyvinyl Cr(IV) 509.7 mg/g
alcohol (PVA)/ Koushkbaghi
et ; Fe;04 nanoparticles !
polyether sulfone Pb(II) 525.8 mg/g et al. (2018)
(PES)
S Zang et al.
Cellulose Citric acid Cu(II) 399.14 mg/g
(2018)
Chitosan/poly Cr(VD) 138.96 mg/g
(glycidyl
Yang et al.
methacrylate) Amino group Cu(I) 69.27 mg/g 2019)
(PGMA)/polyethylenei
mine (PE) Co(Il) 68.31 mg/g
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Adsorption
Heavy
Polymer Functional Group Capacity/Removal  Reference
Metal
Efficiency
Poly methacrylic acid
Zang et al.
(PMA)/Cellulose - Pb(II) 146.2 mg/g
(2019)
acetate
Polyvinyl alcohol
Thiol-modified silica Kim et al.
(PVA) and polyacrylic Cu(I) 125.47 mg/g
nanoparticles (2019)
acid (PAA)
Polyvinyl chloride Thiol-functionalized Cu(ID) 90% Hezarjaribi et
(PVC) HMO nanoparticles Ni(II) 90% al. (2020)
Polyvinyl chloride et . Ph(II) Youness
riethylenetetramine
PVC) 5 1250 mg/L (2021)

Various treatment methods have been developed and evaluated for the removal
of heavy metals. Chemical precipitation, ion exchange, and membrane filtration have
been studied for the removal of Pb(I1) (Fu & Wang, 2011; Zhao & He, 2014), with
generally limited efficiencies.

Significant efforts have been made to remove Hg(II) from the environment,
including the use of diverse technologies such as hydrogels, porous silica, metal
particles, metals organic frameworks (MOFs), and covalent organic frameworks
(COFs), all of which have shown potential success in the removal of Hg ions from
water (Cheng et al., 2017).

Silver, which may be employed as a bacteriostat, should be kept to acceptable
levels. Reverse osmosis, distillation, and cation exchange can all be used to extract
silver ions from water (WQA, 2004). Although these traditional technologies yield
significant silver removal; they are inherently energy demanding.

Cadmium, an acute toxin, has been studied for purification from water sources

primarily by biological activity, namely phytoremediation and phytochelation
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(Haribabu & Sudha, 2011). Although natural chelation has the ability to remove
cadmium, it takes significantly longer time than chemical adsorptions, potentially
necessitating months. Furthermore, heavy metal ions are adsorbed on plant cell tissue
during phytoremediation; necessitating further treatment of plant waste biomass to
minimize secondary contamination/human exposure.

Based on the aforementioned removal technologies and their relative limitations,
this study investigates the development of two novel adsorbents based on the
modification of electrospun PVC membranes with organic ligands. PVC membranes
will be electrospun according to an established protocol before being modified with the
organic ligands, thiocarbohydrazide (TCH) and thiosemicarbazide (TSC). Adsorption
parameters and removal effectiveness of TCH/TSC modified PVC membranes against

the four heavy metal contaminants will be examined.

C. Organic Ligand as Modification Agents

Metal chelation proceeds through the formation of coordination (non-covalent)
bonds between organic ligands and metal ions resulting in a metal-organic complex.
This interaction can be exploited for the removal of heavy metals from water, especially
if the organic ligand is suspended on a solid support. Organic ligands interact with
metal ions based on their functionalities, those with oxygen and nitrogen as donor atoms
have received the greatest attention due to their strong interaction with metal ions. Yet,
the interest in sulfur donor chelating agents has expanded over the years, and the
number of chemical investigations in this field has increased significantly (Ali &

Livingstone, 1974).
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Thiosemicarbazones (TSCs) and their derivatives, having the general formula of
R'R2C=N-NH-C(=S)-NR*R*, are composed of sulfur and nitrogen donor groups
capable of interacting with metal ions in solution, forming metal-organic complexes
(Prajapati & Patel, 2019), as depicted in Figure 4. These complexes have been mostly
reported for antifungal and antibacterial activities (Jaafar et al., 2020), with few reports

on their water treatment applications (Jaafar et al., 2021).
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Figure 4. Metal coordination by TSCs ligands (Kostas & Steele, 2020)

1. Thiocarbohydrazide (TCH)

Thiocarbohydrazide, also known as carbonothioic dihydrazide, dihydrochloride,
and dihydrate is a functional group containing sulfur and nitrogen, their structural
formula is presented in Figure 5. The organic polyamine molecule’s properties of metal-
binding were explored in biological applications for therapeutic usage (Metwally et al.,
2012). Abu-Hussen and Emara (2004) examined the complexation of
thiocarbohydrazide (TCH)-based ligands with heavy metals such as Cr(II), Fe(IIl),

Co(II), Ni(II), and Cu(II) for antibacterial activities.
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For metal ion binding, thiocarbohydrazide, with the formula N'H,-N?H-C(=S)-
N°H-N*H,, has two nitrogen donor atoms, which are the terminal ones N' and N*, and

the sulfur donor atom in most cases (Bacchi et al., 1999; Emara et al., 1995).

Figure 5. Structure of the thiocarbohydrazide (National Center for Biotechnology
Information, 2022)

As TCH is a safe ligand utilized in biological activities, this organic ligand will
be employed in physicochemical water treatment applications; by modifying the surface
of a PVC membrane to be subsequently used to sequester heavy metals. The chemical
modification/functionalization process involves the substitution of a chlorine atom in
the PVC membrane with the terminal NH> (Moulay, 2010). This, potentially, leaves one
terminal nitrogen and the sulfur capable of donating electrons to metal ions, creating
coordination bonds and, as a result, allow for metal sorption from solution, as depicted

in Figure 6. Other potentially occurring binding motifs are also presented.
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Figure 6. Proposed schematic representation of TCH-PVC membrane and metal
coordination by TCH ligand

2. Thiosemicarbazide (TSC)
Thiosemicarbazide, also known as hydrazinecarbothioamide, and N-
aminothiourea is a functional group containing sulfur and nitrogen, their structural

formula is presented in Figure 7.
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Figure 7. Structure of the thiosemicarbazide (National Center for Biotechnology
Information, 2022)

TSC-based derivatives have been developed for heavy metal removal.
Thiosemicarbazide modified chitosan showed significant removal of Pb(Il) and Cd(II)
ions from water (Li et al., 2016), and TSC-functionalized MOFs were observed for
mercury removal from water with a sorption efficiency of 97% in two hours (Jaafar et
al., 2021). Accordingly, and as TSC is a safe ligand and known metal chelator, this
organic ligand will be employed in physicochemical water treatment applications; by
functionalizing the surface of a PVC membrane to be subsequently used to sequester
heavy metals. The chemical modification process involves the substitution of a chlorine
atom in the PVC membrane by the terminal NH». This leaves primarily the sulfur able
to donate electrons to create coordination bonds, as shown in binding motif II in Figure
8, and subsequently, achieve metal chelation. Based on changes in nucleophilicity
during metal-ligand interaction, the secondary nitrogen might potentially donate
electrons, and hence additional probable binding motifs are also presented.
Furthermore, a combination of binding motifs I & II is highly probable in the octahedral

metal complexation, such as mercury-TSC chelation, which is investigated in this study.
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CHAPTER II

RESEARCH OBJECTIVES

Degraded water quality is a key environmental hazard that threatens the well-
being of human populations and wildlife, hence, the search for sustainable water
treatment technologies is an active research area. Owing to its sorption capacity,
flexible synthesis and operations, relatively low cost, and ability to regenerate,
adsorption has been investigated and employed as an effective method for the removal
of heavy metals from water.

This work intends to build on the previous results of heavy metals removal
utilizing modified electrospun membrane adsorbents, by developing functionalized
electrospun membranes and investigating their potential for sequestering heavy metals
from water. In this study, polyvinyl chloride (PVC) is the polymer used to prepare the
membranes due to its morphological features including high surface area as well as the
potential for modification. The surface of the PVC membranes is modified with two
organic ligands; thiocarbohydrazide (TCH)/thiosemicarbazide (TSC). Both ligands are
known to chelate metals in solution with a relatively high affinity. This study aims to
expand on the application of TCH/TSC-metal complexation, which was mainly
analyzed for anti-bacterial activities, by investigating their applicability in water
treatment systems. The metal adsorption properties of the ligands will be evaluated after
they have been utilized as modification agents of electrospun PVC nanofibers, which
will be subsequently used for the removal of heavy metals from water, with a focus on
lead(II), mercury(II), silver(I), and cadmium(II) ions. The steps followed to achieve the

objectives of this are illustrated in Figure 9.
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Figure 9. Steps to achieve research objectives
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CHAPTER III

METHODOLOGY

The laboratory research was carried out in five phases, as outlined in Figure 9:

I- Detection of the selected heavy metals-TCH/TSC complexes in solution.
I1- Fabrication of the electrospun PVC membranes.
III-  Chemical modification/functionalization of the fabricated PVC membranes

with TCH and TSC ligands, followed by the characterization of the
functionalized nanofibers.
IV-  Investigation of the metal removal properties of TCH/TSC-PVC membranes.
V- Regeneration of the modified membranes for reuse in numerous metal
removal cycles.
Chemicals and laboratory equipment were employed for each of these processes.
First, UV-visible spectroscopy was used to characterize and monitor the formation of
heavy metal-TCH/TSC complexes. An electrospinning machine was utilized to
fabricate the PVC membrane, which was subsequently chemically modified and
physically characterized by scanning electron spectroscopy, energy dispersive X-ray,
water contact angle, pore size distribution, and thermogravimetric analysis. Following
the membrane functionalization and water treatment trials, the removal effectiveness

was assessed using atomic absorption spectroscopy.

A. Materials

For heavy metals solutions, iron(Il) trifluoromethanesulfonate (C2FsFeOsS2)

with a molecular weight of 353.98 g/mol, lead(Il) acetate trihydrate (Pb(OAC)2) with a
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molecular weight of 379.33 g/mol, mercury(Il) trifluoroacetate (C4FsHgO4) with a
molecular weight of 426.62 g/mol, silver(I) nitrate (AgNO3) with a molecular weight of
169.87 g/mol, and cadmium(II) nitrate (Cd(NO3)2.5H>0) with a molecular weight of
308.49 g/mol were all purchased from Sigma Aldrich.

The electrospun membranes were prepared using commercially available PVC
with a molecular weight of 80,000 g/mol and a density of 1.4 g/mL, dimethylformamide
(DMF), and tetrahydrofuran (THF) with 99.8% purity respectively. Furthermore, during
the membrane fabrication, a commercial nylon screen fabric with an average pore size
diameter of 350 pm and thickness of 215+2 um was employed to support the membrane

on the rotating drum.

B. UV-Visible Spectrophotometer

An Agilent 8453 UV-visible (UV-Vis) spectrophotometer was used to
characterize and monitor the formation of the metal-ligand complexes. The UV-Vis is
shown in Figure 10 below. Samples were sequentially placed in a normal quartz cuvette
and the transparent cuvette was then placed in the apparatus for analysis. Following
Beer's Law, the quantity of light absorbed by the sample is a surrogate assessment of its

concentration in solution, and it is measured against the wavelength.
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Figure 10. Schematic diagram of the optical setup of UV-visible Spectrophotometer
(Implen, 2021)

To validate the complex formation, UV-Vis spectroscopy was used throughout
the titration of TCH/TSC solutions with synthetic solutions rich in iron(II), lead(II),
mercury(Il), silver(I), or cadmium(II) ions. This was accomplished by titrating a
TCH/TSC aqueous solution with an incremental concentration of heavy metals and
analyzing the samples' absorption spectra in the 190-1100 nm region. The latter was
used to validate the interaction of heavy metal ions with the TCH/TSC ligands in water.
UV measurements were recorded at each titration increment during testing at room
temperature and neutral pH. UV-Vis spectroscopy was used to investigate the binding

and stoichiometry of metal-organic ligand complexes of varied ratios.

C. Electrospinning Machine
Electrospinning is a membrane fabrication approach used for the preparation of
porous nanofibrous polymeric membranes with a high volume-to-surface area ratio.

Notably and pertinent to this work, these nanofibrous membranes are flexible, allowing
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them to be modified/functionalized with organic ligands to serve in various

applications, including effective water purification.

The electrospinning process is based on ejecting the polymer solution, which is

the elemental makeup of the membrane, through an electric field and collecting it on an

aluminum drum, as illustrated in Figure 11.
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Figure 11. Electrospinning process (Pham et al., 2021)

The polymeric solution, namely its viscosity, volatility, and conductivity, first

guides the morphology of the fibers to be fabricated. Furthermore, the morphology is

influenced by several factors, which may be connected to the ambient humidity and

temperature, as well as operational criteria such as the voltage utilized, the flow rate

used, and the top-to-collector distance (Deitzel et al., 2001).
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The electrospinning machine was used to produce a PVC membrane utilizing a
solution composition specified in the results section. This PVC membrane was then

modified; serving as the solid support for the organic ligand during water filtration.

D. Membrane Characterization

1. Scanning Electron Microscopy (SEM)

The surface parameters of the PVC membrane before and after modification
were studied using a TESCAN VEGA 3 LMU scanning electron microscope (SEM).
The sputtering coater was first employed to coat samples with a 10 nm platinum layer
over a 10-minute period. Coated samples were subsequently examined using a scanning
electron microscope (SEM) with a beam voltage of 5 kV and a working directory of 15
mm, and various magnification levels were observed, including 50 pm, 20 pm, 10 pm,
and 5 pm. SEM images provide visual confirmation of the membrane modification

according to visible fiber characteristics such as size, porosity, and distribution.

2. Energy Dispersive X-ray (EDX)

Energy dispersive X-ray (EDX) was used as a qualitative method to detect the
elemental composition of the membrane and offer a reflective analysis of the elemental
composition of the samples, using the same samples that have been submitted to SEM
analysis. To have excitation energy that could cover a wide spectrum of elements, EDX
was performed using a beam voltage of 30 kV. The EDX procedure was carried out on
a specific point or portion of the membrane chosen to be representative of the entire
membrane composition. The various elements identified in the sample are represented

by an EDX-generated spectrum of peaks.
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3. Water Contact Angle

The contact angle (CA) of water droplets on PVC membranes before and after
modification was tested to determine the membranes' hydrophilicity. PVC membranes
are hydrophobic, with a contact angle of around 135° (Asmatulu et al., 2013), which is
one of their key limitations in water treatment methods (Wu et al., 2018). The
modification process changes the membrane surface morphology, potentially enhancing
the hydrophilicity of the membrane based on the utilized ligand.

A goniometer (OCA 15EC, DataPhysics, Germany) was utilized to measure the
CA at room temperature. Membrane samples were put on a flat glass surface, and 5 pm
water droplets were dripped over the membrane surface. The CA is then computed by
the SCA 20 software, and a hydrophilic surface is indicated if CA falls less than 90°
(Parvate et al., 2020). CA was measured ten times at different places for each sample

and then averaged.

4. Pore Size Distribution

A capillary flow porometer (CFP-1100, Porous Material Inc. (PMI), USA) was
used to measure the membrane pore size distribution for the PVC membranes before
and after modification. The thickness of the membrane was initially measured and input
into the testing program. The membrane sample was then placed in the specimen
chamber and soaked in Galwik wetting liquid before being sealed. Subsequently, air
was passed through with decreasing differential pressure. The fluid displaces out of the
pore when the pressure is high enough to overcome the capillary forces of the fluid. As
a result, the pressure was increased until all pores lose their fluid and become dry. The

pore size distribution was then computed using the measured flow rate and gas pressure.
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5. Thermogravimetric Analysis (TGA)
The thermal stabilities of the electrospun membrane pre and post-modification
were determined using a thermogravimetric analyzer (TGA) and a Netzsch TG 209 F1
Libra instrument. Samples were heated from 30-800 °C under dynamic nitrogen flow at

a heating rate of 10 K. min~?.

E. Atomic Absorption Spectroscopy

Atomic absorption spectroscopy (AAS) is a technique used in analytical
chemistry to estimate the concentration of an element in aqueous solutions, particularly
metals. Based on light absorption at a particular wavelength peculiar to the element,
AAS determines the concentration of a present heavy metal in solution. An ICE 3000
series AAS was used to first develop a linear regression equation to determine the
concentration from light absorption, using standards of known concentrations and their
subsequent absorptions, which was then used to determine the concentration in water
samples treated with the modified PVC membranes. The schematic diagram of the

instrument's components is depicted in Figure 12.

The concentrations of lead(Il), mercury(Il), silver(Il), and cadmium(II) ions in
solution were determined using an air acetylene flame. The AAS detection limits for

these metals are outlined in Table 3.
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Figure 12. Schematic illustration of the AAS components

The AAS would yield an absorbance of 0 for a metal concentration of 0 ppm, an
absorbance of 1 for the limit concentration, and any linear interpolation in between. To
achieve optimal accuracy, treated water samples (of lead, silver, and cadmium) were
diluted and compared to the 75" percentile of their respective detection ranges, whereas

mercury water was analyzed without dilution.

Table 3. AAS detection limits

Metal AAS Detection Limit (ppm)
Lead 17.5

Mercury 750
Silver 6.25

Cadmium 3.75
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CHAPTER IV

RESULTS AND DISCUSSION: TCH-PVC MEMBRANE

The complexation of the organic ligand thiocarbohydrazide (TCH) with heavy
metals was first investigated. The stoichiometry and binding constants were determined
after detecting complex formation with UV-Vis spectroscopy. Following the formation
of a heavy metal (HM)-TCH association, TCH was suspended on the surface of an
electrospun PVC membrane and assessed for heavy metals removal from solution.

This chapter analyzes and reports on the effect of the alteration on the
physicochemical properties of the membrane, including physical characteristics,
elemental composition, hydrophilicity, and porosity. This study then investigates the

potential of the TCH-PVC membrane for heavy metals removal from water.

A. Formation of Heavy Metal-TCH Complexes

1. Detection of Heavy Metal-TCH Complexes using UV-Vis Spectroscopy
Considering that metal removal is directed by chemical complexation with the
ligand, the formation of the heavy metal-TCH complexes was investigated using a UV-
Vis spectrophotometer. Considering TCH-based ligands are known to form complexes
with iron(II) (Abu-Hussen and Emara, 2004), a UV-Vis investigation of Fe(II)-TCH
complexation was utilized as a benchmark for the development of heavy metal-TCH

complexes.

a. Fe(I)-TCH Complex

As iron(I) does not show an absorption pattern at the UV-Vis spectrum, a

solution of the TCH ligand was titrated with iron(Il) triflate in methanol to explore the
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complexation of the metal to the ligand to form the metal-organic complex (Fe(II)-TCH).
The titration was carried out by adding increasing concentrations of iron(II) triflate (0.5-
10 equivalence) to a 9.421 x 10™> M TCH methanol solution. Titration was performed
sequentially using aliquots corresponding to different molar equivalents to TCH in
solution, and UV measurements were acquired at each titration step, as indicated in
Figure 13. Throughout the titration process, all samples were treated to identical physical

(room temperature) and chemical conditions.

Titration with Iron(II) Triflate over TCH in Methanol

1.2 e TCH 9.421E-5M
e— Fe(OTH)2 9.421E-5 M
0.5 eqv Fe(OTf)2

1 eqv Fe(OTf)2

2 eqv Fe(OTf)2

g 0.8 3 cqv Fe(OTA)2
> 4 eqv Fe(OT1)2
% 0.6 —— 5 cqv Fe(OTH)2
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Wavenlength (nm)

Figure 13. UV-visible absorbance spectra of TCH (9.421 x 10~> M) titration with
iron(I) triflate in methanol at room temperature

The two broad peaks of the TCH ligand (red spectrum), at 205 nm and 240 nm,
decreased with each titration increment, with a new enhancing peak appearing at 270
nm. Furthermore, the broad peak of the TCH at 240 nm shifted during the titration. The
peak's bathochromic shift, together with the hypochromic shifts of the two broad peaks

and the amplification of the absorbance at 270 nm, resulted in the creation of a well-
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defined isosbestic point at 251 nm. The discrepancy between the absorption spectrum of
the Fe(II)-TCH mixture and the uncomplexed ligand spectrum, in addition to the
emergence of the isosbestic point, suggests the complexation of the ligand with Fe(II)
ions in the methanol solution. For relevance to the research field of water treatment, the
titration was conducted in a mixed solvent solution of 1:1 methanol:water (Figure 14),

and a 100% water solution (Figure 15).
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Figure 14. UV-visible absorbance spectra of TCH (9.421 x 10> M) titration with
iron(Il) triflate in methanol/water 1:1 solution at room temperature

The titration in the 1:1 methanol:water solution had similar results to the 100%
methanol solution. This is important for applying the research findings to the treatment
of industrial wastewater effluents, which may be contaminated with methanol (Gao et
al., 2021) and often include increased amounts of iron and other heavy metals (Ajiboye

etal., 2021).
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Titration of Iron(II) Triflate over TCH in Water
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Figure 15. UV-visible absorbance spectra of TCH (9.421 x 105 M) titration with
iron(Il) triflate in water at room temperature

The same titration was conducted in a water solution, however, this yielded
different findings from the titration in methanol. The TCH peak at 205 nm underwent a
hyperchromic shift, as opposed to the hypochromic shift observed in the methanol
solution titration. Consistent with the methanol titration, the wide peak at 240 nm
showed a hypochromic shift as well as absorbance enhancement beyond the 245 nm
wavelength. The latter yielded two isosbestic points at 228 nm and 240 nm, rather than
a single isosbestic point in methanol, indicating that the TCH ligand complexed with
iron(II) ions in water. This is required in order to extensively utilize the findings of this
study in water filtration, which is not confined to industrial effluents.

These titration studies were performed three times to ensure data correctness and

repeatability, and identical titration findings were achieved.
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b. Cd(I)-TCH Complex

Similar to the Fe(II)-TCH complex study, a TCH ligand solution was titrated
with cadmium(II) nitrate to investigate Cd(Il) complexation to the organic ligand
(Cd(ID)-TCH). Increasing quantities of cadmium(II) nitrate (0.1-2.0 equivalence) were
added to a 9.421 X 10> M TCH water solution. Titration was carried out progressively
using aliquots corresponding to different molar equivalents of TCH in solution, and UV
measurements were taken at each titration phase, as shown in Figure 16. The TCH broad
peak at 206 nm increased with each titration step, exhibiting a hyperchromic shift. The
peak at 234, on the other hand, underwent a hypochromic shift, resulting in the formation
of a well-defined isosbestic point. The difference in the absorption spectra of the Cd(II)-
TCH mixture and the uncomplexed ligand spectrum, as well as the appearance of the

isosbestic point, indicates that the ligand has complexed with Cd(II) ions in the water

solution.
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Figure 16. UV-visible absorbance spectra of TCH (9.421 x 10~> M) titration with
cadmium(II) nitrate in water at room temperature

42



c. Ag(I)-TCH Complex

To investigate the complexation of Ag(I) to the organic ligand (Ag(I)-TCH), the
TCH ligand was titrated with silver(I) nitrate. The complexation was seen in the inverse
titration; adding aliquots of the ligand to an Ag(I) solution for this experiment. Titration
was performed by adding increasing amounts of TCH (0.1-2.0 equivalence) to a
9.421 x 107> M of silver(I) nitrate water solution (Figure 17). The absorbance at the two
broad peaks underwent a hyperchromic shift, as well as hypsochromic on the 210 nm
wavelength. Furthermore, the absorbance past 260 nm decreased in intensity, resulting in
an isosbestic point at 263 nm. The difference in the absorbance spectrum and the

isosbestic point show that the Ag(I)-TCH complex forms in water.
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Figure 17. UV-visible absorbance spectra of silver(I) nitrate (9.421 x 10~5 M) titration
with TCH in water at room temperature
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d. He(ID-TCH Complex

To study the complexation of Hg(II) to the organic ligand TCH, a titration with
increasing quantities of mercury ions in TCH solution (9.421 X 10~° M) was performed
(Figure 18). During the progress of the titration, the peak at 236 nm exhibited a
hyperchromic shift. As observed, the enhancement in absorbance at this peak cannot be
attributed to mercury, which does not have a peak absorbance at this wavelength.
Furthermore, a new peak at 215 nm was observed to form. The difference between the

new titrated absorption behavior and the uncomplexed TCH suggests that a Hg(II)-TCH

complex forms in water.
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Figure 18. UV-visible absorbance spectra of TCH (9.421 x 10~° M) titration with
mercury(Il) trifluoroacetate in water at room temperature
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e. Pb(II)-TCH Complex

To investigate the complexation of Pb(II) to the organic ligand TCH, titration
was performed by adding increasing amounts of lead (0.1-2.0 equivalence) to the TCH
solution (9.421 x 10~° M) (Figure 19), and the inverse titration; adding TCH (0.1-2.0
equivalence) to lead solution (9.421 x 10~> M) (Figure 20). The peaks in both
absorption spectra increased additively, with no alteration in absorbance behavior. The
absence of an isosbestic point in both titration trials exacerbates the latter. This suggests
that the TCH ligand does not establish coordination bonds with lead metal ions in

solution and that the TCH-PVC membrane will not likely sequester Pb(II) from water.
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Figure 19. UV-visible absorbance spectra of TCH (9.421 x 10> M) titration with
lead(II) acetate in water at room temperature
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Titration of TCH over Lead(II) Acetate Trihydrate in
Water
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Figure 20. UV-visible absorbance spectra of lead(II) acetate (9.421 x 10~° M) titration
with TCH in water at room temperature

2. Determination of Stability Constant
Having confirmed the formation of TCH complexes with Fe(Il), Cd(II), Ag(]),
and Hg(II), the titration UV-Vis data was modeled to simulate the binding
stoichiometry and affinity of the complexes, and to compute the stability constant for
each complex accordingly. The absorption data were modeled using the Benesi-
Hildebrand relationship for 1:1 complexes (eqn. (1)) and 1:2 complexes (eqn. (2))

(Benesi & Hildebrand, 1949):

1 1 1
A=A, A —Ay ' KMI(A, — Ag) M
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1 1 1
A=A, A — A, | KJMP(4, — 4y) @

Where:
e Ay, A, and Ag: UV-Vis absorption values (Au) in the absence of, at the
intermediate and, at the saturation of the interaction with the metal ions
e [M]: concentration of aqueous metal ion added [M]

e k,: binding constant [M™1]

For additional accuracy in the computations, eqn. (1) was further expanded to

obtain a logarithmic transformation (eqn. (3)):

11 1
A—Ay Ar—Ay K M](4f — Ao)

Ar — A 1
=1+
A—4, K [M]

Ar— A
log (=2 = ~(log(K,) + log(IM1)

A—A,
Ap — A,
log (n) = log([M]) + log(K,) 3

The UV-Vis data at the excitation wavelength was simulated using each of the
three models, and the ones with the best linear correlation were deemed indicative of the
metal-ligand complex binding stoichiometry. The logarithmic transformation (eqn. (3))
presented the highest linear correlation factor for all four complexes and was utilized to
represent the binding at each complex's excitation wavelength, as illustrated in Figure
21. As a result, the four complexes maintain the 1:1 (metal:ligand) stoichiometry, and

the appropriate binding constant (K) is calculated using eqn. (3) (Table 4).
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Stability Constant Modeling
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Figure 21. Benesi-Hildebrand plots for determination of binding constant of TCH for
Fe(II), Cd(I), Ag(I), and Hg(II) ions

Table 4. Stability constant for metal-TCH complexes

Complex K, [M™1]
Fe(Il)-TCH 2.6 X 102
Cd(1)-TCH 3.2 x10*
Ag()-TCH 2.6 X 103
Hg(1l)-TCH 1.13 x 107

According to their binding constant values, we may order the complex formation
in order of decreasing binding strength as follows: Hg(I[)-TCH > Cd(II)-TCH > Ag(I)-

TCH > Fe(II)-TCH.
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B. Preparation of Electro-spun PVC Membranes

Having detected heavy metals-TSC complexation in solution, a PVC electro-
spun membrane was prepared to be used as solid support for the TCH ligand to
sequester heavy metal ions from water.

An optimized solvent ratio of 62.5:37.5 DMF:THF and a PVC concentration of
16% by weight were used in the formulation of the PVC matrix to be used in the
electro-spun membrane synthesis (Badran, 2019). The solvent was produced by mixing
7 mL of DMF with 4 mL of THF and adding 1.936 g of PVC to the mixture. The
polymer solution was mixed overnight at room temperature using magnetic stirring at
600 rpm.

The aforementioned polymer solution was utilized to produce the membrane
using a laboratory-scale electrospinning machine. The viscous polymer was injected
into a 10 ml syringe and put on the equipment's metal capillary nozzle. To guarantee
optimum synthesis with the pump rate (1 ml/hr), a thin tube and tip were employed. The
electrospun fibers were pumped at a distance of 15 cm from the collector in an electric
field of 18 kV. The fibers were collected on a cylindrical anodized aluminum drum with
a diameter of 100 cm and a length of 200 cm that was programmed to revolve at 600
rpm. The membrane was prepared at room temperature and was designed to last 8 hours
at the pump rate employed. The PVC membrane was physically characterized to ensure
that appropriate electrospinning conditions were employed, and it was compared to the

modified membrane characterization described later in this chapter.
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C. PVC Membrane Functionalization

PVC membrane was modified by incorporating TCH ligands on its surface. The
modification was accomplished by immersing the electrospun PVC membrane in a
mixture of ethanol, deionized water, and dissolved TCH following the ratios outlined in

Table 5.

Table 5. TCH-PVC membrane functionalization ratios

PVC (mg) Ethanol (pul) Water (ul) TCH(mg)
1 150 50 5

The PVC:TCH and PVC:TSC ratios in Chapter V were optimized utilizing
metal removal tests and using ratios ranging from 1:1-1:5. The removal testing revealed
that a 1:5 ratio of TCH-PVC had the highest sorption effectiveness. The findings of this
experiment, however, were influenced by a constant error caused by a contaminated
batch of 0.45 m nylon filters used for subsequent ion concentration measurement by
AAS, and hence the optimization results are not reported herein. The contamination was
detected at an advanced stage in the research and eliminated from all subsequent testing,
however, the optimization pattern was preserved. Notably, the high modification ratio
was most likely necessary due to the TCH ligand's weak solubility and the terminal NH»
group's poor nucleophilicity, which necessitates replacing a chlorine atom in the PVC
fibers to achieve modification.

The mixture with the PVC membrane was placed in an oil bath and heated
overnight at 65°C. Following this, the modified membrane was washed with ethanol
and distilled water before being allowed to dry at room temperature.

The degree of modification was determined by comparing the weight of the

membrane from unmodified PVC to modified TCH-PVC. Furthermore, the
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modification solvent was dried, and the amount of residual ligand was determined. The
difference in ligand amount was estimated and compared to the change in membrane
mass, which was found to be of comparable magnitudes. The average degree of

modification was found to be around 1:1.3 £ 0.2 (Table 6).

Table 6. Degree of PVC modification by the TCH ligand

PVC TCH-PVC  Increase in Mass  Ligand Consumed Degree of
(mg) (mg) (mg) (mg) Modification
245 52.3 27.8 31.8 1:1.3+0.2

D. Characterization of TCH-PVC Membranes

Physicochemical characterization tests on the TCH-PVC membrane were
performed and contrasted against control PVC samples to validate the functionalization

process.

1. Physical and Elemental Characterization: SEM and EDX Analysis
TCH-PVC and non-functionalized PVC membranes were analyzed by SEM to
assess the influence of the functionalization on the fibers’ morphology. Furthermore,
EDX was utilized to confirm the elemental composition of membrane samples, namely
the presence of sulfur and nitrogen; confirming the modification process. For both tests,

samples were coated with a 10 nm layer of platinum.
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Figure 22. SEM images of PVC and TCH-PVC nanofibers

The PVC nanofibers exhibit constant thickness and are consistently dispersed,
with no bulging, as revealed in the SEM images (Figure 22), indicating that suitable
preparation mixture and conditions were followed.

The SEM images of TCH-PVC demonstrate that the modification had an effect
on membrane morphology, with the spacing between fibers reduced and their
entanglement increased. The latter can be due to hydrogen bonding, which validates the
functionalization process. Furthermore, the presence of sulfur was observed in the EDX

spectra (Figure 23), validating the prior.
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Figure 23. EDX spectra of PVC and TCH-PVC nanofibers

2. Pore Size Distribution and Water Contact Angle

The pore size distribution of the PVC membrane before and after modification
was measured, as shown in Figure 48 in Appendix I. The average pore size diameter of
the PVC membrane was determined to be 2.86 pm, which was more than that of the
TCH-PVC, which was 2.79 um. The reduction in pore size distribution corresponds to
the rise in fiber entanglement seen in the SEM investigation. Furthermore, this decrease
in porosity may result in increased adsorption capacity (Jamshidi Gohari et al., 2015).
This is due to the increase in the adsorbent’s surface area that would react with the
adsorbate.

Notably, Asmatulu et al. (2018) demonstrated that the larger the electrospun
membrane thickness, the smaller the pore size. This was consistent with our findings,

where the thickness of the functionalized TCH-PVC membrane was larger than that of
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the PVC membrane (Table 7). Subsequently, the former had a lower average pore size

than the latter.

Table 7. Thickness and pore size distribution

Parameter PVC TCH-PVC

Mean Pore
2.86 2.79
Diameter (um)

Average Thickness
105 + 11 196 + 13

(um)

In order to investigate the effect of membrane functionalization on the
hydrophilicity of the membrane, the water contact angle was measured for PVC and
TCH-PVC membranes (Figure 24). The functionalization of the PVC membrane had a
negligible effect on the membrane hydrophilicity, as shown in Table 8. Although the
introduction of polar amine groups (N-functional groups), which are present in the TCH
ligand, is expected to reduce membrane hydrophobicity (Dai et al., 2009), this was not
the case in this modification due to the relatively small chains, which correlated with
the small average membrane pore size, which itself decreased with the modification.
Furthermore, the smaller the pore size, the greater the membrane wettability resistance
(McGaughey, 2020). As a result of this, the incorporation of the TCH ligand onto the
PVC membrane surface in conjunction with a reduction in pore size diameter resulted in

the latter's nullification of the former's hydrophilic enhancement of the fibers.
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Figure 24. CA measurements for PVC and TCH-PVC membranes

Table 8. PVC and TCH-PVC CA results

Parameter PVC TCH-PVC
Range 128.0°-138.0° 118.4°-144.0°
Mean 132.6° 132.5°

E. Removal Efficiency of Heavy Metal Ions from Water

Having confirmed the formation of metal-TCH complexes in solution and
characterizing their binding stoichiometry and affinity, and successful modifying the
surface of PVC membranes with the TCH ligand, we proceeded with testing the adsorption
capabilities of the modified membranes towards silver(I), mercury(Il), lead(Il), and
cadmium(II) ions. We predicted that the chemisorption efficiency might follow the order
of binding strength based on the results of the stability constants. At the same time, we
anticipated that this may not be the case since the binding motif found in the titration tests
differs when the ligand is suspended on the fibers, as the latter involves the substitution of

a functional group in the ligand (the terminal NH>).
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1. Silver(l) Removal

The removal efficacy of the functionalized membrane was evaluated using a 100
ppm solution of silver(I) in water. TCH-PVC membrane (20 mg) was immersed in 10
ml of silver(I) solution and shaken for 24 hours at room temperature and neutral pH at
600 rpm. Treated water samples were collected after 10 minutes, 20 minutes, 30
minutes, | hour, 2 hours, 5 hours, and 24 hours to determine removal ability using
atomic absorption spectroscopy (AAS). For this experiment, a calibration curve was
built using seven standard solutions with known silver(I) content with a coefficient of
determination of 99.75%, as shown in Figure 50 in Appendix II.

As demonstrated in Figure 25, TCH-PVC membrane removed around 40% of
silver(I) ions from the solution in just 10 minutes. Unmodified PVC membrane had
negligible (< 1%) silver removal; confirming silver removal as a result of silver

chemical chelation via the TCH ligand.

TCH-PVC Silver(I) Removal
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Figure 25. Percentage removal of Ag(I) from solution ([Ag]=100 ppm, at room
temperature, and pH=7)
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The treated membranes were then rinsed with distilled water and dried before
being examined with SEM and EDX (Figure 26). The TCH-PVC membrane employed
in treatment had a sensing effect compared to the unmodified PVC utilized in silver
sorption (Figure 26-(a) & (b)). Additionally, SEM micrographs detected silver
structures on the TCH-PVC fibers which were confirmed by EDX. Our findings are
consistent with the identification of heavy metals on nanofibers reported in recent

membrane filtration investigations (Youness, 2021), indicating chemical sorption of the

metals on the membrane's surface.

Spectrum 15
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Figure 26. Physical analysis of membranes used in silver sorption (a) PVC-Ag, (b)
TCH-PVC-Ag membrane sensing, (¢) SEM micrograph of TCH-PVC-Ag, and (d) EDX
spectra of TCH-PVC-Ag

2. Mercury(Il) Removal
Similar to silver(I) removal testing, 20 mg of TSC-PVC membrane was
immersed in 10 ml of a 100 ppm mercury(Il) solution in water and shaken at 600 rpm

for 24 hours. Figure 51 in Appendix II depicts the preparation of a calibration curve for

57



mercury concentration using six standard solutions (R%?= 99.97%). The TCH-PVC
membrane absorbed 70.32% of the mercury(Il) ions from the solution

Mercury removal was negligible (<3%) in unmodified PVC membranes,
indicating mercury removal as a result of the incorporation of the TCH ligand into the
membrane fibers, which then interacted with mercury in solution.

The membranes used to adsorb mercury ions were similarly examined with
SEM and EDX (Figure 27). Compared to the unmodified PVC used in mercury
removal, the TCH-PVC membrane used in treatment exhibited a sensing effect (Figure
27-(a) & (b)). Additionally, SEM micrographs detected mercury components on the

TCH-PVC fibers which were confirmed by EDX.

Spectrum 8

Figure 27. Physical analysis of membranes used in mercury sorption (a) PVC-Hg, (b)
TCH-PVC-Hg membrane sensing, (¢) SEM micrograph of TCH-PVC-Hg, and (d) EDX
spectra of TCH-PVC-Hg

3. Lead(Il) and Cadmium(Il) Removal
TCH-PVC membrane (20 mg) was immersed in 10 ml of 100 ppm lead(IT) and
cadmium(II) monoionic water solutions in water and shaken at 600 rpm for 24 hours.

Figures 52 and 53 in Appendix II depict the preparation of lead and cadmium

concentration calibration curves. AAS analysis demonstrated no removal of lead(II) and
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cadmium(II) ions from solution after 24 hours. This was anticipated for lead(Il) since it
was not found to form complexes with the TCH ligand, but not for cadmium(II) as it
established coordination bonds with TCH. The removal of lead(Il) and cadmium(II)
utilizing TCH might be improved by incorporating aldehyde into the membrane
functionalization, since metal chelation between the pyridine-sulfur coordination could
occur.

Because TCH-PVC had relatively low removal effectiveness of Ag(I) and
Hg(II), as well as a low equilibrium for Ag(I), the heavy metals sorption analysis was
limited and subsequent experiments were directed to the TSC-PVC membrane, which

demonstrated superior sorption efficiency, as shown in Chapter V.
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CHAPTER V

RESULTS AND DISCUSSION: TSC-PVC MEMBRANE

Initially, the interaction of the organic ligand thiosemicarbazide (TSC) with
heavy metals was investigated. The stoichiometry and binding constants were
determined after detecting complex formation with UV-Vis spectroscopy. Following the
formation of heavy metal-TSC associations, TSC was suspended on the surface of an
electrospun PVC membrane to be assessed for heavy metal removal from solution.

This chapter analyzes and reports on the effect of the alteration on the
physicochemical properties of the membrane, including physical characteristics,
elemental composition, hydrophilicity, porosity, and thermal stability. This study then
investigates the potential of the TSC-PVC membrane for heavy metals removal from

water.

A. Formation of Heavy Metal-TSC Complexes
1. Detection of Heavy Metal-TSC Complexes using UV-Vis Spectroscopy
The formation of the heavy metal-TCH complexes was investigated using a UV-
Vis spectrophotometer. The formation of such complexes would proceed metal chelation

in the subsequent water filtration analysis.

a. Ag(I)-TSC Complex

To investigate the complexation of Ag(I) to the organic ligand (Ag(I)-TSC), a

water solution of the TSC ligand was titrated with silver(I) nitrate. Titration was
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performed by adding increasing amounts of silver(I) nitrate (0.1-1.5 equivalence) to a
1.097 x 10™* M of TSC water solution (Figure 28).

The absorbance at the broad peak at 200 nm underwent a hyperchromic shift, as
well as a hypochromic shift at 236 nm; resulting in the creation of an isosbestic point at
230 nm. Furthermore, the absorbance past 247 nm increased in intensity, resulting in a
second isosbestic point at 247 nm. The difference in the absorbance spectrum and the

formation of two isosbestic points show that the Ag(I)-TSC complex forms in water.

Titration of Silver Nitrate over TSC in Water

e AoNO3 1.097E-4 M
e TSC 1.097E-4 M
0.1 eqv AgNO3
0.2 eqv AgNO3
—0.3 eqv AgNO3
—0.4 eqv AgNO3
—(0.5 eqv AgNO3
—0.6 eqv AgNO3
—0.7 eqv AgNO3
—0.8 eqv AgNO3
—0.9 eqv AgNO3
— 1.0 eqv AgNO3
— 1.1 eqv AgNO3
1.2 eqv AgNO3
1.3 eqv AgNO3
1.4 eqv AgNO3
1.5 eqv AgNO3

2.5

Absorbance (Au)
o

0.5

190 210 230 250 270 290
Wavelength (nm)

Figure 28. UV-visible absorbance spectra of TSC (1.097 X 10™* M) titration with
silver(I) nitrate in water at room temperature

61



b. He(ID-TSC Complex

To investigate the complexation of Hg(Il) to the organic ligand (Hg(II)-TSC), a
1.097 x 10~* M water solution of the ligand was titrated with the sequential addition of
mercury(Il) trifluoroacetate.

Up to the addition of 0.5 equivalence of mercury(Il) trifluoroacetate, the
absorbance spectrum displayed a well-defined behavior of hyperchromic shift prior to
230 nm and hypochromic shift post it, resulting in the formation of an isosbestic point at

230 nm (Figure 29).

Titration of Mercury Trifluoroacetate over TSC

in Water

1.8 e=TSC 1.097E-4 M

16 e C4F6HgO4 1.097E-4 M

14 0.1 eqv C4F6HgO4
o 0.2 eqv C4F6HgO4
Z 12 ——0.3 eqv C4F6HgO4
§ 1 —0.4 eqv C4F6HgO4
__é’ 08 ——0.5 eqv C4F6HgO4
Z
206

0.4

0.2

0

190 200 210 220 230 240 250 260 270 280
Wavelength (nm)

Figure 29. UV-visible absorbance spectra of TSC (1.097 X 10~* M) titration with
mercury(Il) trifluoroacetate (0.5 eqv.) in water at room temperature

The absorbance behavior altered as more mercury(Il) trifluoroacetate was added.
The new absorbance spectrum alternates three times between hyperchromic,

hypochromic, and hyperchromic shifts, yielding two new isosbestic spots at 200 and

205 nm (Figure 30).
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Titration of Mercury Trifluoroacetate over TSC in

Water
25 —TSC 1.097E-4 M e C4F6HgO4 1.097E-4 M
\ e ). 1 eqv C4F6HgO4 e (0.2 eqv C4F6HgO4
A ———0.3 eqv C4FG6HgO4 0.4 eqv CAF6HgO4
y 0.5 eqv C4F6HgO4 0.6 eqv C4F6HgO4
\ 0.7 eqv C4F6HgO4 0.8 eqv C4F6HgO4
|

0.9 eqv CAF6HgO4

1.0 eqv C4F6HgO4

1.1 eqv C4F6HgO4
1.3 eqv C4F6HgO4
1.5 eqv C4F6HgO4

1.2 eqv C4F6HgO4
1.4 eqv C4F6HgO4
1.6 eqv C4F6HgO4

1.7 eqv C4F6HgO4
1.9 eqv C4F6HgO4

1.8 eqv C4F6HgO4
2.0 eqv C4F6HgO4

Absorbance (Au)

190 210 230 250 270
Wavelength (nm)

Figure 30. UV-visible absorbance spectra of TSC (1.097 X 10~* M) titration with
mercury(Il) trifluoroacetate (2 eqv.) in water at room temperature

The variation in absorbance spectra might be caused by distinct binding motifs.
Mercury has prismatic structures that are tetrahedral (four coordination bonds) and
octahedral (six coordination bonds). For this, one binding motif may have predominated
up to the addition of 0.5 eqv. of mercury, while another binding motif may have
predominated after this point. This expands the possibilities of having multiple binding

motifs or a hybrid of the latter.

2. Determination of Stability Constant
Having confirmed the formation of TSC complexes with Ag(I) and Hg(II), the

titration UV-Vis data was modeled to simulate the binding stoichiometry and affinity of
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the complexes, and to compute the stability constant for each complex accordingly. The
absorption data were modeled using the Benesi-Hildebrand relationship (eqn. (1), (2), &
(3)). The logarithmic transformation (eqn. (3)) presented the highest linear correlation
factor for both complexes and was utilized to represent the binding at each complex's
excitation wavelength, as illustrated in Figure 31. Accordingly, the two complexes
maintain the 1:1 (metal:ligand) stoichiometry, and the appropriate binding constant (K, )

is calculated using eqn. (3) (Table 9).

Stability Constant Modeling

0.2
0 Amax at 198 nm ..o..b‘.
y = 0.9474x +3.626 880 L e0®
= 2 R2=0.9928  g.® e. Amax at 198 nm
2 o4 e LA o y=1.2143x +4.5038
- o ® o * R = 0.9876
S o g et ... o
%\ 06 @.- ’ .....
< 08 ¢ L ® Ag(I)-TSC complex
§ -1 Q ® Hg(I1)-TSC complex
q .......
12
1.4
1.6
4.7 45 43 -4.1 3.9 3.7
Log([M])

Figure 31. Benesi-Hildebrand plots for determination of binding constant of TSC for
Ag(I) and Hg(II) ions

Table 9. Stability constant for metal-TSC complexes

Complex K, [M™1]
Ag()-TSC 4.2 x 103
Hg(I)-TSC 3.2x10*
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According to their binding constant values, we may order the complex formation

in order of decreasing binding strength as Hg(II)-TSC > Ag(I)-TSC.

B. Modification of PVC Membrane with TSC

PVC membrane was prepared to the same conditions in the previous chapter and
functionalized to achieve the addition of the TSC ligand on its surface.
Functionalization was accomplished by immersing the PVC membrane in a mixture of

ethanol, deionized water, and dissolved TSC, utilizing the ratios in Table 10.

Table 10. TSC-PVC membrane modification ratios

PVC (mg) Ethanol (ul) Water (ul) TSC (mg)
1 150 50 3

The mixture with the PVC membrane was placed in an oil bath and heated
overnight at 65°C. Following this, the modified membrane was washed with ethanol
and distilled water before being left to dry at room temperature. The modification yield
was determined by comparing the weight of the membrane from unmodified PVC to
modified TSC-PVC. Additionally, the modification solvent was dried, and the amount
of residual ligand was determined. The difference in ligand amount was computed and
compared to the change in membrane mass, which was found to be of comparable
magnitudes. The average degree of modification of PVC with the TSC ligand was found

to be around 1:0.5 + 0.15 (Table 11).

Table 11. Degree of PVC modification by the TSC ligand

PVC TSC-PVC Increase in Mass  Ligand Consumed Degree of
(mg) (mg) (mg) (mg) Modification
44.6 63.3 18.4 20.8 1:0.5 £ 0.15
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C. Characterization of TSC-PVC Membrane

Physicochemical characterization tests on the TSC-PVC membrane were
performed and contrasted against control PVC samples to validate the functionalization

process.

1. TGA Analysis
Thermogravimetric analysis was performed on PVC and TSC-PVC membranes

and presented in Figure 32. Decomposition of non-modified PVC membrane starts in
the range of 240-250°C. The addition of TSC ligand to the PVC surface reduced the
thermal stability of the membrane, with breakdown beginning around 240°C.
Furthermore, for the same mass loss, PVC membrane degrades over a temperature
range of 130°C, whereas TSC-PVC decomposes over a shorter range of 50°C. This
change in thermal stability validates the substitution of chlorine atoms of the PVC fibers
by an amine group (Mohy Eldin et al., 2018); with the latter coming from the

modification by the TSC ligand.
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TGA Analysis
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Figure 32. TGA measurements for PVC and TSC-PVC membranes

3. Physical and Elemental Characterization: SEM and EDX Analysis
TSC-PVC and non-modified PVC membranes were analyzed by SEM to assess
the influence of the functionalization on the fibers’ morphology (Figure 33).
Furthermore, EDX was utilized to qualitatively confirm the elemental composition of
membrane samples, namely the presence of sulfur and nitrogen; confirming the
modification process. For both tests, samples were coated with a 10 nm layer of

platinum.
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TSC-PVC

Figure 33.SEM images of PVC and TSC-PVC nanofibers

Similar to results with the TCH-PVC, SEM images of TSC-PVC illustrate that
the modification had an effect on membrane morphology, with reducing the spacing
between the fibers and increasing their entanglement. Again, the latter can be due to
hydrogen bonding, which validates the functionalization process. Furthermore, the

presence of sulfur was observed in the EDX spectra (Figure 34), validating the prior.

Spectrum 1

Full Scale 1000 cts Cursor: 0.000 ke

TSC-PVC

Figure 34. EDX spectra of PVC and TSC-PVC nanofibers
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4. Pore Size Distribution and Water Contact Angle
The pore size distribution of the PVC membrane before and after

functionalization with the TSC ligand was measured, as shown in Figure 49 in
Appendix [. Similar to the results with TCH-PVC, TSC-PVC showed a smaller average
pore size diameter of 2.581 um, compared to 2.86 pm for PVC. The reduction in pore
size distribution corresponds to the rise in fiber entanglement seen in the SEM
investigation, which may result in increased adsorption capacity (Jamshidi Gohari et al.,
2015). In addition, and as observed in the previous chapter, the bigger the electrospun
membrane thickness, the smaller the pore size (Asmatulu et al., 2018). This was
consistent with our findings with the TSC-PVC membrane, where the thickness of the
functionalized membrane was larger than that of the PVC membrane (Table 12).

Subsequently, the former had a lower average pore size than the latter.

Table 12. Thickness and pore size distribution

Parameter PVC TSC-PVC

Mean Pore
2.86 2.58
Diameter (um)

Average Thickness
105 £ 11 185 £ 22

(um)

In order to investigate the effect of membrane functionalization on the
hydrophilicity of the membrane, the water contact angle was measured for PVC and
TSC-PVC membranes (Figure 35). The functionalization of the PVC membrane had a
negligible effect on the membrane hydrophilicity, as shown in Table 13. This is due to

the same reason observed with the TCH-PVC; the reduction in pore size, which
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increases the membrane's hydrophobicity, in combination with the hydrophilic effect of
the TSC’s amine groups, nullifying their effects and resulting in negligible changes in

the membrane's wettability.

CAleft: 132.3° CAleft: 128.3°

CAright: 132.3° CAright: 128.8"

PVC membrane TSC-PVC

Figure 35. CA measurements for PVC and TSC-PVC membranes

Table 13. PVC and TSC-PVC CA results

Parameter PVC TSC-PVC
Range 128.0°-138.0° 112.0°-145.0°
Mean 132.6° 128.1°

D. Removal Efficiency of Heavy Metal Ions from Water

Having confirmed and characterized the functionalization process, the adsorption
capability of TSC-PVC membranes was assessed towards the removal of silver(I) and
mercury(IT) from mono-ionic water solutions. As TSC and TCH have comparable binding
patterns, and because TCH-PVC was not found to sequester Cd(II) and Pb(II) from
solution, it was anticipated that the TSC-PVC membrane would not remove these metals
either. As a result, TSC-PVC removal testing of Cd(Il) and Pb(II) was confined to the

mixed metal system described in this chapter.
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3. Silver(l) Removal

The adsorption efficiency of Ag(I) using a TSC-PVC membrane was evaluated
using a 100 ppm solution of Ag(I) in water. TSC-PVC membrane (20 mg) was
immersed in 10 ml of silver(I) solution and shaken for 24 hours at room temperature
and neutral pH at 600 rpm. Treated water samples were collected after 10 minutes, 20
minutes, 30 minutes, 1 hour, 2 hours, 3 hours, 5 hours, and 24 hours to determine
removal ability using atomic absorption spectroscopy (AAS). The calibration curve
presented in Figure 50 in Appendix II was utilized for this experiment.

As demonstrated in Figure 36, the TSC-PVC membrane removed 79.6% of the
silver(I) from solution in 20 minutes and 97.5% after 24 hours. Unmodified PVC
membranes had negligible silver removal (<1%), confirming the enhancement of silver
removal from water as a result of the incorporation of the TSC ligand into the
membrane fibers.

The treated membranes were then rinsed with distilled water and dried before
being examined with SEM and EDX (Figure 37). The TSC-PVC membrane used in the
treatment had a sensing effect compared to the unmodified PVC (Figure 37-(a) & (b)).
Additionally, SEM micrographs detected silver structures on the TSC-PVC fibers which

were confirmed by EDX.
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TSC-PVC Silver(I) Removal
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Figure 36. Percentage removal of Ag(I) from solution ([Ag]=100 ppm, at room
temperature, and pH=7)

Spectrum 1
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Figure 37. Physical analysis of membranes used in silver sorption (a) PVC-Ag, (b)
TSC-PVC-Ag membrane sensing, (¢) SEM micrograph of TSC-PVC-Ag, and (d) EDX
spectra of TSC-PVC-Ag

4. Mercury(Il) Removal

Similar to silver(I) removal testing, 20 mg of TSC-PVC membrane was

immersed in 10 ml of a 100 ppm mercury(Il) solution in water and shaken at 600 rpm
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for 24 hours. The calibration curve presented in Figure 51 was utilized for this

experiment.

The TSC-PVC membrane absorbed 71.6% of the mercury(II) from solution in
one hour and 76.6% after 24 hours, as shown in Figure 38. Mercury removal was
negligible (<3%) in unmodified PVC membranes, indicating mercury removal as a
result of the incorporation of the TSC ligand into the membrane fibers, which then

interacted with the metal in solution.

TSC-PVC Mercury(II) Removal
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Figure 38. Percentage removal of Hg(II) from solution ([Hg]=100 ppm, at room
temperature, and pH=7)

The membranes used to absorb mercury ions were similarly examined with
SEM and EDX (Figure 39). The TSC-PVC membrane employed in mercury sorption
displayed a sensing effect compared to the unmodified PVC (Figure 39-(a) & (b)).
Furthermore, SEM images detected mercury elements on the TSC-PVC fibers which

were confirmed by EDX.
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Full Scale 395 cts Cursor: 0.000 keV|

Figure 39. Physical analysis of membranes used in mercury sorption (a) PVC-Hg, (b)
TSC-PVC-Hg membrane sensing, (¢) SEM micrograph of TSC-PVC-Hg, and (d) EDX
spectra of TSC-PVC-Hg

5. TGA Characterization of TSC-PVC Post Metals Sequestration
TSC-PVC membranes used to sequester heavy metals were subjected to

thermogravimetric analysis to detect possible changes in the membranes' thermal

structure, which would confirm the sorption of heavy metals onto the TSC-PVC fibers.

120 TGA Analysis Post Metal Absorption
100 | = —PV(C
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Figure 40. TGA measurements for membrane post metal absorption

As depicted in Figure 40, the membranes used in metal removal break down at

higher temperatures than the TSC-PVC membrane. This discrepancy indicates that
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metals were adsorbed on the surface of the TSC-PVC, and subsequently enhanced the

adsorbent's structural strength and stability.

6. Adsorption Kinetics

After confirming the removal of Ag(I) and Hg(II), the effect of contact time on
their absorption onto the TSC-PVC adsorbent was studied to establish the optimal
uptake time from synthetic wastewater. The kinetic mechanisms of the adsorption
process indicated in Figures 36 and 38 were fitted with two models; pseudo-first order
(eqn. (4)) and the pseudo-second order (eqn. (5)). A strong correlation with the pseudo-
first order would imply that the reaction is physisorption. However, if the reaction fits
well the Pseudo second order model, it shows a proclivity for chemisorption (Wang et

al., 2007).

—Et+l 4)
Qt_Q1 Q4

Where:
e ;: adsorption capacity at time t (mg/g)
e (J;: equilibrium adsorption capacity (mg/g)

e ky: adsorption rate constant of pseudo-first order (min~1)

t—tt+ 1
9 q.  kaq2

®)

Where:

e g.: amount of metal adsorbed at equilibrium (mg/g)

e k;: equilibrium rate constant of pseudo-second order ( g )

mg.min
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Pseudo-Second Order Kinetics Model
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Figure 41. Pseudo-second order kinetics model

As demonstrated in Figure 41, the pseudo-second order model can predict silver
adsorption kinetics with a coefficient of determination of 100%, whereas the coefficient
of determination of the pseudo-first order model was significantly low (19.5%) (Figure
54 in Appendix III). Similarly, the mercury adsorption kinetics is guided by a pseudo-
second order model with a coefficient of determination of 99.92%.

As the pseudo-second order adsorption process is assumed to occur as a result of
a primarily chemical reaction. This validates the study's foundation, which is the
chemical chelation of heavy metal ions via the creation of coordination bonds with the
ligands. Table 14 summarizes the pseudo-second order adsorption characteristics for
each metal. The equilibrium capacity and reaction rate for Ag(I) sorption are greater
than those for Hg(II), supporting the experimental findings of a faster and higher

absorption of Ag(I) by TSC-PVC.
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Table 14. Adsorption kinetics model parameters

Parameter Silver(I) Mercury(1I)
q. (mg/g) 49.02 48.08
g _ -
k2 G 3.89x 1072 1.14x 1073

7. Adsorption Isotherms

To evaluate the interaction with the TSC-PVC adsorbent, adsorption equilibrium
testing was performed with varied starting concentrations of Ag(I) and Hg(II) of 50,
100, 150, 200, 250, 300, and 350 ppm while keeping the concentration of the membrane
constant. TSC-PVC membranes (10 mg) were added to 5 ml of each prepared solution
containing different concentrations of each metal and shaken at room temperature and
neutral pH. Treated water was sampled at the conclusion of the 24 hours period and
analyzed for metal removal by AAS. The amount of adsorbed metal ions at equilibrium

q. (mg/g) was calculated using eqn. (6):

C;—C
4= (©)

Where:
e (;: initial metal concentration (mg/g)
e (y: equilibrium metal concentration (mg/g)
e IW:mass of TSC-PVC adsorbent used (mg)
e v: volume of solution (ml)
The experimental data were fitted using the two commonly assessed adsorption
isotherm models, Langmuir and Freundlich. These models are used to represent the

distribution of the adsorbent (TSC-PVC) and adsorbate (heavy metal ions) in aqueous
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solutions, taking into account the adsorbent's heterogeneity/homogeneity and the
interaction between the adsorbate species (Khayyun & Mseer, 2019). The Langmuir
model (eqn. (7)) validates the TSC-PVC adsorbent's monolayer interaction with the

metal adsorbate.

Q_Ce+ 1 o
de  Qmax AmaxKL

Where:
e (,: concentration of metal ions in solution at equilibrium (mg/1)
®  (max: Maximum adsorption capacity (mg/g)
e K, : Langmuir adsorption constant related to the energy of adsorption

(I/mg)

The Langmuir adsorption constant is defined using eqn. (8):

1

R =—m—m— 8
L7 14 ¢4k, ®)

Where the separation factor Ry is a dimensionless constant, also referred to as
the equilibrium parameter. As indicated in Table 15, the value of the equilibrium

parameter reflects the reaction isotherms.

Table 15. Langmuir model isotherm types (Langmuir, 1918)

Ry Isotherm Type
>] unfavorable
=1 linear

0< Ri<I favorable
=0 irreversible
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The Freundlich model is particularly useful for modeling the isotherm for

heterogeneous surfaces, and it is represented by the following relationship:

log (q¢) = log(Ky) + %log (Ce) ©)
Where:
e K: sorption capacity
. %: sorption intensity
The sorption capacity and intensity of the Freundlich model are calculated using

the linear regression slope and intercept. As indicated in Table 16, the value of n

represents the type of isotherm:

Table 16. Freundlich model isotherm types (Freundlich, 1906)

1/n Isotherm Type

>] unfavorable
0<R;<I favorable

=0 irreversible

Langmuir modeling of Ag(I) and Hg(II) sorption (Figure 42) yielded a high
coefficient of determination (over 99% for both metals sorption). The Freundlich
models (Figure 43) produced a low linear correlation. This demonstrates that the
adsorption behavior of Ag(I) and Hg(I) over the TSC-PVC membrane follows the

Langmuir model; following a monolayer chemical sorption process.
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Langmuir Model
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Figure 42. Amount of heavy metal removal from solution by Langmuir model

Freundlich Model
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Figure 43. Amount of heavy metal removal from solution by Freundlich model

The maximum adsorption capacity (qmax) was determined using Langmuir

modeling (eqn. (7)) and found to be 62.1 mg/g for Ag(I) sorption and 20.0 mg/g for

Hg(II) sorption (Table 17). The highest absorption capacities are comparable to those
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observed in the literature (Table 2), although they are not competitive with the
absorption capacity produced by modified MOFs, which demonstrated a Hg(II)
absorption capacity of 1667 mg/g (Jaafar et al., 2021). Despite the lack of competitive
adsorption capabilities, one of the primary objectives of this study is the simple
preparation and modification of electrospun membranes, which is not the case in the
synthesis of MOFs

Furthermore, the separation factor (RL) for Ag(I) and Hg(Il) adsorption was
calculated and found to be 3.67x 1072 and 4.88x 1073 respectively. The presence of
Ry values ranging from 0 to 1 for both metal adsorption processes indicates that the

heavy metal ion adsorption process into TSC-PVC is a favorable interaction (Table 17).

Table 17. Metal adsorption parameter by Langmuir model

Parameter Silver(I) Mercury(II)
Qmax (ME/C) 62.1 20.0

K; 0.52 0.20

R, 3.67x 1072 4.88x 1073

8. Ion Selectivity

The TSC-PVC membrane demonstrated a capacity for Ag(I) and Hg(II) uptake
in monoionic water solutions. However, industrial wastewater frequently combines a
variety of metal ions, which may affect the TSC-PVC membrane's removal capacity. As
a result, the TSC-PVC membrane's sorption effectiveness was investigated in a mixed
metal system including 100 ppm of Ag(I), Hg(Il), Cd(II), Pb(II), Cu(Il), and Zn(II). The

solution was shaken for 24 hours at ambient temperature and neutral pH. The sorption
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efficiency (removal percentage) for each metal by the TSC-PVC membrane was

evaluated using AAS as illustrated in Figure 44.
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Figure 44. Ion selectivity analysis

As demonstrated in Figure 44, the removal efficacy of the TSC-PVC membrane
towards Ag(I) and Hg(Il) metals was largely unaffected by the presence of competing
ions, demonstrating the functionalized membrane's adsorption selectivity towards Ag(I)
and Hg(II), respectively. This could be attributed to the electron donor groups of the
TSC ligand, namely sulfur. Silver and mercury are well known to be highly thiophilic
(Wang et al., 2020; Melnick et al., 2010); having a high affinity for sulfur in its various
forms. As a result, TSC-PVC membranes have the ability to efficiently sequester Ag(I)

and Hg(II) metal ions from industrial effluent.
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9. Regeneration of TSC-PVC membranes

This study was conducted in order to produce a green and sustainable approach
to water purification; to create a system that can be reused with low energy input and
waste generation. This was accomplished by testing the TSC-PVC membrane for
recyclability of removing Ag(I) and Hg(II) metals from mono-ionic solutions.

Sequential adsorption-desorption studies were carried out for five cycles at an
initial concentration of 100 ppm to assess the repeated use of the modified nanofiber
membranes in metal adsorption. TSC-PVC membranes were regenerated at the
conclusion of each adsorption experiment with a 0.1 M p-toluene sulfonic acid solution
at a pH of 5.5. The coordination bonds between the TSC ligand and the metal ions are
disintegrated by this acidic solution (Li et al., 2021). The performance of the
regenerated TSC-PVC membrane for Ag(I) and Hg(II) removal, respectively, is

illustrated in Figures 45 and 46.
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Figure 45. Recyclability of TSC-PVC for the removal of Ag(I) ions ([Ag(1)]=100 ppm)
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Figure 46. Recyclability of TSC-PVC for the removal of Hg(II) ions ([Hg(I)]=100
ppm)

The sorption efficiency of TSC-PVC Ag(I) does not decline substantially until
the third cycle, as illustrated in Figure 45. In the initial adsorption trial, the efficacy of
Ag(I) removal was reduced by 0.07% after the first cycle compared to the unused
membranes, and by 14% after the second cycle. The removal efficiency of Ag(I)
remained constant at 70% after the third cycle for two more cycles.

Similarly, as shown in Figure 46, the TSC-PVC Hg(II) uptake effectiveness
remains relatively constant over cycles 1 and 2. The removal effectiveness declines by
9.3% at the end of the second cycle and remains steady at approximately 59% for two
cycles before further deterioration by the end of the fourth cycle.

Evidently, the TSC-PVC membrane can be effectively reused for Ag(I) and
Hg(II) removal for three cycles with substantial efficiency and subsequent removal

cycles with declining sorption.
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Furthermore, SEM examination of the regenerated membranes confirms the
absence of metal elements from the nanofibers following desorption, followed by their

reappearance in subsequent adsorption cycles (Figure 47).

Silver

—
SEV_

_
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Figure 47. SEM images of TSC-PVC throughout regeneration cycles

The degradation in removal capacity demonstrates that in the acidic medium of
the regeneration step, functional groups of the TSC ligand (particularly sulfur) became
partially protonated, and the adsorbed metal ions on these groups were replaced by H*
ions. As surface charges accumulated over regeneration cycles, repulsion between
protonated sites and metal cations in adsorption increased, resulting in a drop in
removal efficiency (Wang et al., 2013; Meng et al., 2018). Other variables, such as
incomplete acid treatment and the likelihood of irreversible interaction of active sites on
the TSC ligand with metal cations, might have also contributed to the observed

deterioration in removal efficiency (Hezarjaribi et al., 2021).
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E. Comparative Analysis of TCH-PVC and TSC-PVC

Having synthesized, characterized, and analyzed the metal sorption efficiencies
of the two modified TCH-PVC and TSC-PVC membranes, their experimental results
are contrasted in Table 18. TCH and TSC ligands have comparable stability constants
with Ag(I), as shown in Table 18, whereas TCH demonstrated greater binding with
Hg(II) ions. However, the latter did not result in improved Hg(II) sorption by TCH-
PVC, owing to the fact that TCH-PVC has a different binding motif with Hg(II) than

with TCH separately, as discussed in Chapter I.

Table 18. Comparative analysis of TCH-PVC and TSC-PVC adsorbents

Parameter TCH-PVC TSC-PVC
Ag(l)-Ligand Stability Constant [M™1] 2.6 x 103 4.2 x103
Hg(1l)-Ligand Stability Constant [M~1] 1.13 x 107 3.2 x 10*
PVC:Ligand Preparation Ratio 1:5 1:3
PVC:Ligand Degree of Modification 1:1.34+0.2 1:0.5+0.15
Water Contact Angle 132.5° 128.1°
Mean Pore Diameter (um) 2.79 2.58
Average Thickness (um) 196 + 13 185 + 22
Ag(l) Sorption Efficiency 40.0% 70.3%
Hg(Il) Sorption Efficiency 97.5% 76.6%

Furthermore, the hydrophobicity, membrane thickness, and mean pore diameter
of both modified membranes are comparable. The enhanced Ag(I) and Hg(II) sorption

with a lower PVC:ligand preparation ratio demonstrates the superiority of the TSC-PVC
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adsorbent over TCH-PVC. This shows a cost benefit in the production of the TSC-PVC

membrane, while also attaining improved heavy metal removal from solution.
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CHAPTER VI

CONCLUSION AND RECOMMENDATION

Water pollution is a global issue that threatens the entire environment and
affects the lives of millions of people worldwide. Water pollution is not only one of the
leading global risk factors for illness, disease, and death; it also adds to the ongoing loss
of accessible potable water globally. Providing efficient, simple to deploy, and
economical solutions for water treatment is an ongoing challenge. Adsorption was
established to be an effective water purification approach due to its high removal
efficiency, reversibility, and capacity to regenerate and reuse adsorbents, as well as its
flexible design and operation.

The development of modified polymeric electrospun nanofibers as adsorbents of
heavy metal ions from water under ambient conditions was explored in this study. To
improve its uptake capacity, a polyvinyl chloride (PVC) membrane was electrospun and
then modified with TCH/TSC organic ligands. The structural and chemical changes
induced by the modification were characterized, demonstrating that the
functionalization of the membranes was achieved.

Prior to testing the adsorption capabilities of the modified membranes, the
interaction of the organic ligands with the tested metals was evaluated in solution in the
absence of the membranes. Titration experiments indicated that TCH and TSC ligands
form complexes with silver(I) and mercury(Il). The integration of these ligands on the
PVC surface considerably improved metal removal relative to the unmodified PVC
membrane. The TCH-PVC membrane enhanced silver(I) removal by 40% and

mercury(Il) removal by 70%, whereas the TSC-PVC membrane improved removal by
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up to 97.5 % of silver(I) and 76.6 % of mercury(Il). With a maximum adsorption
capacity of 62.1 mg/g for silver(I) and 20.0 mg/g for mercury(Il) by the TSC-PVC
membrane, the metal removal kinetics followed the pseudo-second order and the
Langmuir isotherm model. In a mixed metal system of competing metal ions, the TSC-
PVC membrane also demonstrated strong chelation selectivity towards silver(I) and
mercury(Il) ions. Furthermore, the TSC-PVC membrane was evaluated for
regeneration, yielding high sorption efficiency for three adsorption/desorption cycles
and substantial absorption for two further cycles.

This work expands on the TCH/TSC ligands' known metal chelation properties,
which were primarily focused on anti-bacterial activities, and investigates their effective
inclusion in nanofiltration applications. Although both fabricated modified membranes
were presented as efficient materials for heavy metal ion decontamination in this study,
TSC-PVC membranes are more efficient materials in heavy metal ion removal than
TCH-PVC, owing to the former fibers' better adsorption capacities in removing silver(I)
and mercury(Il). Although the achieved adsorption capacities are not superior to those
of other emerging technologies, the latter would need a more complex synthesis and
more expensive operation, namely in the preparation of adsorption conditions
(temperature and pH). The methods proposed in this study are appropriate for water
treatment applications that need simplicity, low cost, and appropriate for use at ambient
temperature and neutral pH.

The efficiency of the fabricated membranes in the removal of metals at larger
scale industrial wastewater, which was replicated in the laboratory mixed metal system
in this study, might be examined further in future work. Furthermore, expanding the

pool and altering the amounts of competing metal cations should be investigated.
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Additionally, while the goal of this work was to produce a simple removal
system under ambient circumstances, the influence of pH change on the sorption
effectiveness of the membranes should be investigated in order to imitate real
wastewater rich in salts. Importantly, the functionalization in this work was
accomplished by a chemical modification of the membrane's surface. It is suggested that
the organic ligands be incorporated into the PVC matrix and that the resulting

electrospun membrane be evaluated for removal behavior.
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APPENDIX I: MEMBRANE PORE SIZE DISTRIBUTION
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APPENDIX II: AAS CALIBRATION CURVES

Silver(I) Concentration Calibration Curve
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Figure 50. Calibration curve for silver(I) concentration
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Figure 51. Calibration curve for mercury(Il) concentration
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Lead(II) Concentration Calibration Curve
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Figure 52. Calibration curve for lead(Il) concentration
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Figure 53. Calibration curve for cadmium(II) concentration
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APPENDIX III: PSEUDO-FIRST ORDER KINETICS MODEL

Pseudo-First Order Kinetics Model

0.06
0.05
@ Ag(I) sorption

g 0.04 Hg(II) sorption
K
50.03 y =-2E-07x + 0.0206
- R2=0.195

0.02 We - 00 L N

y = -9E-06x + 0.0319 >
R2=0.0569
0.01
0 500 1000
Time (min)

Figure 54. Pseudo-first order kinetics model
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