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ABSTRACT

Residual estrogenic hormones represent emerging pollutants in the
environment. One of the most important aspects of their effective removal is the
design and fabrication of an adsorption system with appropriate properties. This
thesis reports on the complex research activities aimed at the development,
optimized preparation, and characterization of various electrospun nanofibrous
polymer systems for simultaneous removal of estrogenic hormones such as
estrone, estradiol, ethinylestradiol, and estriol from wastewater. A wide scale of
polymers covering polyurethanes, polyamide, cellulose acetate, polysulfone,
polyether sulfone, polylactic acid, polyacrylonitrile, and polyvinylidene fluoride
was studied as a matrix for nanofibrous sorption materials. A facile method was
developed for the simultaneous determination of tested hormones by using a high-
performance liquid chromatography technique coupled with a UV-Vis detector.
Sorption kinetics modeling and description of the material vs. hormones
interaction mechanisms were an integral part of this study.

Key words: estrogenic hormones, nanofibers, electrospinning, adsorption
kinetics, wastewater treatment, polyurethane, polyamide, polysulfone,
polylactide, polyvinylidene fluoride, cellulose acetate, polyacryl amide



ABSTRAKT

Residua estrogennich hormont ptedstavuji aktudlni problém pro Zivotni
prosttedi. Navrh, vyvoj a produkce absorpénich systémi schopnych jejich
efektivniho zachytu z environmentu jsou dulezitymi aspekty pii feSeni této
problematiky. Tato prace se vénuje komplexnimu vyzkumu cileného na vyvoj,
charakterizaci a optimalizaci pfipravy nanovldkennych systémt, pfipravenych
pomoci metody elektrozvldknovani polymernich roztokli, pro odstranovani
estrogennich hormont estronu, estradiolu, ethinyestradiolu a estriolu z odpadnich
vod. Siroka $kala polymerti zahrnujicich polyuretan, polyamid, acetat celulézy,
polysulfon, polyetersulfon, polylaktid, polyakrylonitril a polyvinilidenfluorid
byla studovéna jako matrice pro ptipravy nanovldkennych sorp¢nich materiali, V
ramci prace byla vyvinuta metoda pro soucasné stanoveni vSech pouzitych
hormonii pomoci metody vysoce uc¢inné kapalinové chromatografie se
spektrometrickou detekci v ultrafialové a viditelné oblasti. Modelovani sorpénich
kinetik a popis interakce mezi estrogennimi hormony a ptfipranymi materialy jsou
nedilnou soucasti prace.

Klicova slova: estrogenni hormony, nanovlakna, elektrozvidkiovani, sorpcni
kinetika, cistéeni odpadnich vod, polyuretan, polyamid, polysulfon, polylaktid,
pobyvinilidenfluorid, acetat celuylozy, polyakrylamid
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1. INTRODUCTION

Water is the most important and limited resource available on earth, which has
been contaminated by toxic metals, pathogens, pharmaceutical chemicals, dust,
dyes, pesticides, fertilizers, and organic and inorganic materials. VVarious methods
have been implemented for the remediation of water quality and cleaning, but
most of them are expensive, less effective, and time-consuming. In this domain,
several solutions related to nanotechnology have been successfully deployed in
recent times. In this regard, membranes based on nanofibers produced from
different polymeric materials for water treatment applications are promising
owing to their benefits, such as affordability, sustainability, efficient performance,
durability, high surface area, high aspect ratio, and nanoporous structure.
Furthermore, the nanofiber membrane functions precisely in different aquatic
conditions without the accumulation of chemicals [1].

Estrogenic hormones (EH) at significant levels are a serious cause of fish
femininity and breast and ovarian cancer because of hormonal imbalance.
Furthermore, environmental effluents that are being constantly discharged,
especially synthetic hormones, are difficult to contain and pose a severe risk to
the environment and various forms of life. So far, several techniques have been
employed to eliminate such hazardous hormones, such as ozonation, membrane
bioreactors, advanced oxidation, membrane filtration, coagulation, and
flocculation. These commonly used techniques also result in secondary pollution,
which demands secondary water treatment. In this regard, removing synthetic
hormones by adsorption via electrospun nanofibers offers a sustainable and
relatively environmentally friendly solution for eliminating synthetic hormones
with high efficiency and effectiveness of reusability for several adsorption-
desorption cycles after regeneration. This brings a practical approach to large-
scale production.

The thesis presented here is devoted to fabricating electrospun polymeric
nanofibrous membranes that are porous and most suitable for capturing EH,
owing to their specific surface area and functional groups on the surfaces
involved. The surface treatment of nanofibers further enhances the simultaneous
adsorption of EH due to the involvement of several types of interaction
mechanisms, such as physical adsorption, hydrophobic interactions, hydrogen
bonding, and n—=n stacking interaction. This surface modification of the most
promising nanofiber is used to evaluate enhanced adsorption in an optimization
study with the optimized experimental parameters via the response surface
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methodology using a central composite design model and validation of operating
parameters by the Design-Expert software. The study also contains devising a
facile HPLC method for simultaneous detection and quantification of EH. The
core part is devoted to optimized preparation, characterization of the electrospun
membranes, testing of adsorption activity under different conditions, optimization
of experimental parameters for determination of suitable kinetic models,
Isotherms, thermodynamics, and ensuring the effectiveness by reusability of
membranes over several adsorption-desorption cycles.
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2. Theoretical background

2.1 The global challenge of water filtration

In the last few decades, rapid industrialization and human population growth
have raised serious environmental concerns due to the high demand for various
synthetic chemicals, which are being released into the environment without proper
treatment. Today, the freshwater available on earth is less than 1% for the use of
human beings. This freshwater has comprised the form of snow-capped peaks,
glaciers, and ice mountains. The earth’s water includes freshwater (2.6%) and
saltwater (97.4%), which is primarily oceans (Figure 2.1). Of the freshwater, 70%
Is utilized for the purpose of irrigation, 10% for domestic use, and 20% for
industrial work [2]. About 1.3 billion population worldwide cannot acquire safe
water for drinking [3]. Approximately 1.8 million people consume unsafe and
unclean water and die yearly because of diseases such as diarrhea. The world’s
population is massively growing, with an expected number to reach 3 billion in
the next 30 years. There are almost 2.7 billion people exposed to devastating use
of poor water quality due to an economic crisis in the developing world [4].
According to reports, around 5500-6200 children die worldwide per day using
contaminated water. Globally, 0.8 million humans have unavailability of safe
drinking water because of several reasons such as climatic effects of the growing
population, increasing demand for energy, food crisis, ground and surface water
pollution, improper use of resources, sanitation problems, soil erosion, excessive
use of pesticides and fertilizers, contamination by heavy toxic metals, industrial
effluent waste, oils spillage, pharmaceutical chemicals, and steroid hormones
which are a significant contributor to contaminated water. These continuously
spreading bioactive contaminants have severe consequences on the health of
humans and marine life, uptaking water from sources leading to fatal diseases,
among them being different kinds of cancer. Thus, micro-pollutants in water are
needed to be immediately abolished and eradicated by strict control policies at
wastewater treatment plants before consumption. The fabrication of high-
performance and sustainable fibrous membranes is a necessity for all
environmental applications areas, such as the removal of effluents waste from
industries, textiles, dyes, heavy metals in water, nitrates, per- and polyfluoroalkyl
substances, bacteria, pharmaceutical chemicals, EH, viruses, desalination and
filtration of water for drinking purposes [5].
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Distribution of water on Earth

Fresh water (2.6%) Saline seawater (97.4%)

Ground water (30.1%) | |Surface water (0.3%)| |lce and Glaciers (68.7%)] Other (0.9%)

Lakes (87%) Wetlands (11%) Rivers (2%)

All water on Earth Uses of freshwater

M Unusable m Usable by humans M Irrigation ® Domestic Industry

Figure 2.1: Distribution of Earth's water and its uses (Self-representation by the
author).

2.2 Methods of removing contaminants from water

The equilibrium between sewage and freshwater resources is achieved by
wastewater treatment. Therefore, the efficiency of wastewater treatment has a
significant impact on water neutralization and reduces the depletion of precious
water resources. Therefore, the most crucial needs of the modern period are
technological advancements for wastewater treatment. The traditional and
cutting-edge methods of water purification are described in detail here.

1) Conventionally applied methods

The removal of a wide range of hazardous compounds, bacteria, and chemicals
contained in wastewater is limited by traditional methods of water filtration [6].
Conventional methods are displayed in Figure 2.2.
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Coagulation ‘ Ozonation - Chlorination

C FIoccuIation]-[PhySiOChemicaI]‘ lon exchange

process

C Biological

process

Figure 2.2: Conventional techniques of water filtration (Self-representation by
the author).

Coagulation process

Before filtration and sedimentation, the technique of coagulation is used to
clean wastewater. In this method, charged coagulants are employed to remove the
wastewater's suspended solids and neutralize them. The flocs, which are invisible
to the human eye, are formed when neutralized particles clump together.
Additionally, the wastewater can be stirred to create micro flocs, as illustrated in
Figure 2.3; however, this method is quite endothermic. Numerous academics have
been studying the coagulation method for the treatment of wastewater [7,8]. While
coagulation is widely used, new pilot plants and fully functional industrial units
have also used the ozonation process to purify water.

= Coagulant ! . ;
S,& \\ addition Flocs are forme
O %1
o°°°
Untreated water o°$oo To the flocculation tank
— (o) o R
S 09:}00 $08e03¢°
iti é/'./.. S ©80% §e©
Impurities

Coagulant adsorbs onto
impurities, reducing
their repulsive charges
and forming flocs

Figure 2.3: The Coagulation Process [9].
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Ozonation process

wastewater effluents are taken out using this method, and drinking water is
cleaned. By reducing the amount of organic and inorganic compounds in water,
ozonation purifies it. Many studies have also reported using the ozonation
technique to purify water and eliminate impurities such as effluents, dyes, and
particles. Figure 2.4 displays a schematic representation of the procedure. This
approach for purifying water is less effective due to its high cost and limited
lifespan [10,11]. These ozonation difficulties are handled in the chlorination
process, which is one of the most basic methods for purifying water.

@ O, off-gas analyzer
v Feed pump 2
P i 0, destructor
_generator, g

N

S o ol|l S
)
Sampling port 0,°
WWTP tertiary LGACS Sampling port
effluent m ?
: O:z;nalyzcr O, contactor

Figure 2.4: The Ozonation Process [1].

Chlorination process

This method is frequently employed to eliminate bacteria, pathogens, and other
germs in wastewater because its mechanism offers a residual defense against
bacteria and other organisms. Pathogens cause unwanted odor and taste in water.
Various scientists have utilized this procedure to purify wastewater [12,13].
Chlorination may alter the taste and aroma of water, which is much less likely to
occur in coagulation and flocculation.

Flocculation process

This procedure involves gentle mixing to agglomerate and settles the particles,
as seen in Figure 2.5. The settled particles are subsequently removed from the
wastewater using a filter. As the molecules are slowly mixed together, a bond is
formed that makes the agglomerated particles visible. In order to improve floc
density and settling speed, the coagulant can also be used to create a bridge
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between the flocs. Once the floc reaches its maximum size, filtering is used to
remove it from the media. Several researchers have reported that flocculation can
remove pollutants [14].

T
Coagulant

Sedimentation
basin

To

distribution

system
(o] &
Clean water
|Flocculation basin| |Sludge|

Rapid
sand filter

Water
influent

Figure 2.5: The Flocculation Process [1].

Physiochemical process of treatment

This method comprises the softening, coagulation, and flocculation of lime, and
it is effective at removing a wide range of endocrine-disrupting compounds
(ECDs). Numerous scholars have described a physiochemical method for
wastewater cleaning [15,16].

lon exchange and photolysis technique

Various treatment plants currently utilize ion exchange and photolysis to purify
water; however, these methods have drawbacks that limit their utilization. The
major downside of this approach is that it cannot be utilized to eliminate water
pollutants at the microscale [17,18]. One of the biological processes used in the
traditional category of water purification can be used to remove microscale
particles.

The biological process of treatment

Due to the biological trickling filter and sludge, which the filtering and
purification operations could not remove, several contaminants are still soluble in
wastewater. Therefore, the biological process, also known as the cellular method,
Is employed by bacteria and microorganisms to break down organic waste and
remove water contamination. Figure 2.6 depicts a procedure to remove
microorganisms and other impurities from wastewater [19,20]. Both domestically
and industrially, these traditional techniques are still in use. However, a few
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cutting-edge water filtration methods have also been developed that are more
effective and offer several benefits.

[Primary treatment] E [ Secondary treatment ] E [Tertiary treatment]

Influent. [Grit removaI]—>[Sedimentation]-é—»[Aeration Tank]—»[Secondary CIarifier]—L[Disinfection] Effluen't

Primary

! Secondary activated sludge ]
SIUdgi- Sludge thickener ==
v

l Digester

{Dewatering and landfill ]

Figure 2.6: Biological treatment of wastewater (Self-representation by the
author) [21].

i) Advance adsorption methods for wastewater treatment

Membrane filtration of water and wastewater is frequently employed to uphold
water quality standards. The pressure mechanism in the membrane purification
process serves as a barrier between beneficial water and contaminants [22]. These
membranes have a variety of advantages, including the fact that they are sturdy,
effective, take less time, take up less space, and use fewer chemicals.
Additionally, barrier membranes are sufficiently flexible. The type of material
from which it is made and the kind of nanomaterials incorporated into it
significantly impact how well membrane technology works [23]. According to the
porosity of the membranes, there are four types of advanced methods or
membrane filtering processes, as depicted in Figure 2.7.

Advanced adsorption methods for water treatment

Reverse Osmosis ][ Nanofiltration ][ Ultrafiltration ][ Microfiltration ]

Colloids
Macromolecules
Viruses

(3um 0.0(.)l um O.Z)l pum . 0.1 pm I
Figure 2.7: Advanced adsorption methods for water treatment (Self-
representation by the author) [24].

Suspended particles
Bacteria
Algae

Divalent ions
Organics

lons
Monovalent
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Ultrafiltration technique

Microorganisms and large molecules can be retained by filters employed in the
ultrafiltration process, which operate in the pressure range of 1 to 10 bars and have
pores between 5 and 2 nm [25]. The method is displayed in Figure 2.8.

Pressure Pressure
gauge gauge
Three-way Membrane
valve module - Computer
Needle valve

Deionized
water

Three-way - -
valve Peristaltic
pump
Colloidal
suspension Balance

Figure 2.8: Schematic diagram of the cross-flow ultrafiltration technique [26].

Microfiltration technique

Contrary to regular filtering techniques, microfiltration often eliminates
colloids and tiny particles with coarse pore sizes of 1-2 um and works by the
driving force. Figure 2.9 illustrates the schematic diagram.

Recycle

!

—>Permeate
T fAnr or liquid
Raw | backwash
water
Feed pump Recirculation pump
Pre-screen

Figure 2.9: Schematic diagram of the microfiltration technique [27].
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Reverse osmosis technique

Reverse osmosis is a method that uses a semi-permeable membrane at the
highest pressure of 20 to 100 bars. The membrane stops salts and must withstand
high pressures, as shown in Figure 2.10.

High ]
pressure O —
y 3

pump

—»[ Post-treatment }

|

Clean water
for use

Pressure
gauge

Pre-treatment

ﬂ\

Figure 2.10: Schematic diagram of the reverse osmosis technique (Self-
representation by the author) [28].

Brine water
discharge

Nanofiltration technique

The most cutting-edge pressure-obsessed membrane method for molten-stage
separation is called nanofiltration (NF), which operates at pressures of 7 to 30 bars
and has pores of 1-5 nm that can hold ions and organic contaminants with low
molecular weight. Because NF uses less energy but produces more fluidity, it has
replaced chiefly reverse osmosis (RO). This method is believed to be more
effective where size exclusion is crucial. By combining ions' dimensions,
electrical properties, and contact tools like RO, NF allowed ions to be separated.
Additionally, the NF's nanoporous shape makes it very effective in excluding tiny
amounts of uncharged colloids. At the same time, the exterior electrostatic
characteristics document monovalent ions to get conveyed while recalling the
multivalent ions. In recent years, NF has developed into a workable technique,
which has encouraged its usage in various industries for operations like the
treatment of bleaching wastes from textile manufacturing, the separation of
pharmaceuticals from fermentation batches, and the removal of viruses. It works
pretty well in treating organic and inorganic pollutants in water [29]. Recently,
new techniques for purifying water have been introduced. Compared to traditional
water purification techniques, these technologies are more effective. The use of
nanofiltration, ultrafiltration and microfiltration membranes for water and
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wastewater purification has increased because the nanofibrous membranes have a
high surface area to volume ratio, higher efficiency, very fine and small pore size,
good product quality, easy handling, high selectivity, ease of manufacturing, no
use of harsh chemicals, environmentally friendly, and low-cost technology [30].
Figure 2.11 shows a schematic diagram of nanofiltration.
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& = water molecule

i g S
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| ]
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M . . ‘ a & «
¢ - (8 { " ¢ ) { |
“. .: ‘ R ;‘ T ‘ TN “‘ o ‘ . ‘
(" . . e - LK G T )
. { e s
‘ Nanomembrane filtration ‘
< Pure water
S ‘ N \ N .~ S
s P b PR
\ S \ \
A A o A

Figure 2.11: Nanofiltration technique as applied in water treatment [31].

2.3 Emerging micropollutants in water

Synthetic EH, also called endocrine-disrupting chemicals (EDCs), have an
adverse effect on both human beings and animals [32,33]. Residual
micropollutants of this type are observed in low concentrations - at the level of
micro-and nanograms - in cleaning reservoirs at wastewater treatment plants [32].
This problem has aroused serious concerns among the scientific community since
synthetic hormones are known to interfere with the functional groups of natural
hormones by blocking endogenous and mimic ability, which makes it much more
dangerous [34-38]. The presence of a minuscule level of hormones represents a
severe threat to human and aquatic life through exposure to food sources or
drinking water [38,39]. Recently, the European Union directive 2020/2184
concerning drinking water quality recommended a threshold limit of 1 ng/L as a
benchmark for assessing the occurrence and treatment of EDCs [40]. The primary
sources of hormones and fatal effects are displayed in Figure 2.12.
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Consequences:
Hormonal imbalance, Metabolism

disorders, Reproduction disorder,
Psychological disorder,
Hypertension, Depression etc.

Consequences:
Impair Vision, Chronic
. Toxicity, Reproductive
' Alterations, Abnormal
development, Infertility, etc.

Steroids and Hormones

angggugnggs:

Growth reduction, Seeding
inhibition, Vegetation
growth, Reduction in root
growth and numbers, etc.

Figure 2.12: Schematic diagram of the primary sources of hormones in the
environment and their fatal consequences [41].

The types of natural and steroid hormones found in wastewater can be classified
in Figure 2.13 as follows:

Frequently Found Hormones and
Steroids in Wastewater

i < Growth )
< Estrogens ) (Glucocoﬂxcoids) ( Androgens ) C Progestogens ) Homies
[ Estrone (E1) ] [ Prednisone ] [ Androsterone ] [ Norethindrone ] [ Zeranol ]
[ Estradiol (E2) ] Prednisolone ] Epiandrosterone ] [ Progesterone ] Trenboloie ]

£ Acetate (TBA)
[ Estriol (E3) ] [ Cortisone ] [ Androstenedione ] AMlaegestro
17a-ethinylestra ] [ . ]

(Pt Sl

6a-methylpredni
olone

Figure 2.13: Classification of hormones potentially found in the natural
environment [41].

EH include estrone (E1), estradiol (E2), ethinylestradiol (EE2), and estriol
(E3), which disrupt the reproduction of aquatic species and the function of natural
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hormones in the human body [39]. Studies have proven that a rise in femininity
occurs in fish, weight loss affects the testicles of quails, and alligators experience
issues with fertility [42]. Meanwhile, reports show that humans demonstrate a
decline in the sperm counts of males, and the risk of breast and ovarian cancer is
heightened in females [43]. Quantities of these EH have been observed
downstream of the treatment plants [44-46], with lower limits having been
reported of 3.4-41 ng/L at constructed wetlands in the Czech Republic [47]. Of
the aforementioned estrogens, EE2 is a modern, formulated, synthetic EH used in
oral contraceptive pills in the treatment of prostate cancer and menstrual problems
in females [48]. It is considered the most fatal among all the EH as it only degrades
partially at wastewater treatment plants and is challenging to be removed [49].
Consequently, the natural environment deconjugates the metabolites of EE2 and
makes them active again under a suitable environment [50]. EE2 is the most
potent EDC and is considered to have high estrogenicity [51-53]; In general, these
EH (natural and synthetic) are majorly from anthropogenic sources, antibiotics,
contraceptive pills, chemotherapy drugs and are present in excreting of humans
and animals (feces and urine). These EH are released into the environment (e.g.,
reservoirs, rivers, and lakes) via insufficiently treated effluents. Hence, proper
disposal of these EH is immediately required. Figure 2.14 shows the appearance
and surface morphology of each hormone; it was captured at 8 kV applied
potential and at a magnification of 10000x except for E1, which was 1000x due
to the large size of particles. The structure and properties of EH are stated below
in Figure 2.15 and Table 2.1.

Figure 2.14: SEM of a) E3, b) E2, ¢) EE2 and d) E1 hormones, respectively
(Self-representation by the author).
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Figure 2.15: Steroid estrogenic hormones a) E1, b) E2, ¢) EE2, d) E3 (self-
representation by the author).

Table 2.1: Specific properties of hormones

Estrogenic Molecular | Molecular Melting Solubility in
Hormone formula | Weight (g/mol) | point (°C) | water (mg/l)
Estrone CisH220, | 270.37 258.0-260.0 | 12.42
B-Estradiol CigH240, | 272.38 178.5 12.96
17a-Ethinyl- | CH240, |296.40 182.0-183.0 [ 4.83
Estradiol

Estriol CisH2405 | 288.38 282.0 13.25

2.3.1 Solution preparation and sampling

Hormone solution was prepared in three different mediums viz. ethanol,
ethanol: water (20:80), and water. For the ethanol, 5 mg/L stock solution was
prepared after stirring the solution for 1 h, and it was seen that hormones dissolved
immediately. For the ethanol: water system, the concentration of 20 mg/L in
solvent 10:90, 10 mg/L 10:90, 20 mg/L 20:80, and 10 mg/l 20:80 was prepared
but didn’t dissolve completely and stayed as a suspension. However, at a higher
volume ratio of ethanol: water 20: 80, solubility was better, as can be seen in
Figure 2.16 below.
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Ethanol: water Ethanol: water Ethanol: water Ethanol: water
(20:90) 20mg/L (20:90) 10mg/L (20:80) 20mg/L

Figure 2.16: Solubility of all four hormones together in a solution at different
concentrations (Self-representation by the author).

Hence, using ethanol: water 20:80, 5 mg of each hormone was dissolved in a
total of 1000 mL by initially dissolving in 200 mL ethanol, followed by 800 mL
of water properly stirred at 800 rpm for 24 hours to make sure complete
homogenous mixing and solubility. It was also observed that if hormones are first
dissolved in water followed by ethanol, then hormones are only partially
dissolved. The descending order of solubility using HPLC is EE2>E3>E2>El. In
the case of water, solubility was a problem because individual solubility of each
hormone is available in literature but considering all 4 hormones together in a
single solution was challenging, especially for distilled and deionized water.
Solubility was lower than the values available in the data, and it was seen that
preparing a solution of 1mg/L concentration of each hormone, even after stirring
for 1 whole day, there were still some particles at the bottom of the container
which could be referred to as E1 because of its least solubility [39]. It was also
checked by separately dissolving each hormone in 1 L of water. When the solution
was sonicated for 30 mins, there was an increase in peak for E1, proving that its
solubility improved. Therefore, finally, a concentration of 0.2 mg/L of each
hormone was prepared by adding 1 mg of the given hormone into 5 L of HPLC
grade water; magnetic stirring was maintained at 800 rpm for 24 h to prepare 0.8
mg/L of solution and stored in the dark. Samples of concentrations 0.2, 0.15, 0.1,
0.05, 0.03, and 0.02 mg/L were collected by a micropipette and dosed into 1.5 mL
screw neck vials after passing through a glass microfiber (GMF) filter of pore size
0.45 pm and 25 mm diameter. HPLC was performed on triplicated samples,
resulting in mean concentrations plotted on a calibration curve.
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2.3.2 Devised method of High-Performance Liquid Chromatography
(HPLC)

Several methods have been devised in the literature using various instruments
to quantify EH. However, they are limited to a single or two hormones at a time.
Herein, using this procedure, we have devised a facile HPLC method for
concurrent detection and quantifying of four EH in a single run. The hormone
samples (E1, E2, EE2, E3) were analyzed, and their calibration standards were
discerned on an HPLC DionexUltiMate 3000 Series unit (Thermo Fisher
Scientific, Germany). Separation took place on a reversed-phase column (Kinetex
2.6 um C18 100 A, 150x4.6mm; Phenomenex, USA) equipped with an ULTRA
precolumn guard, UHPLC C18 (Phenomenex, USA) at 30 °C. A mixture of HPLC
grade acetonitrile and water constituted the mobile phase (45:55, vol/vol) applied
at the flow rate of 0.8 mL/min over a total isocratic run time of 12 min. The
autosampler chamber was set to 5 °C, and a volume of 20 pL was injected each
time into the column. Eluates were detected at the wavelengths 200 and 205 nm,
and the concentration of hormones was calculated from the findings of the 200
nm tests. A calibration vial with a concentration of 0.02 mg/L was employed to
determine the detection limit for each hormone in water; the limit of detection and
quantification were found to be 0.560 and 1.867, 1.189 and 3.963, 0.920 and
3.067, and 1.883 and 6.280 ng/L for E3, E2, EE2, and E1, respectively. Values
for concentration were quantified by external calibration in software Chromeleon
version 7.2 (Thermo Fisher Scientific, USA), as demonstrated in Figure 2.17.
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Figure 2.17: Calibration curve and chromatogram of stock solution
concentration of 0.8 mg/L containing 0.2 mg/L concentration of each hormone
(E1, E2, EE2, E3) in the mixture (Self-representation from experimental data).
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2.3.3 Detection and quantification

To identify the peak of hormones, firstly, each hormone solution was tested to
detect and identify the retention time (r.t), and then a combined solution of
hormones was tested. Also, the limit of detection (LOD) and limit of
quantification (LOQ) were calculated from 0.01 mg/L standard as given in the
formulas below:

LOD = ((S/LN) X 3) (2.1)

LOQ = ((S/LN) x 10) (2.2)

Where c is the concentration (mg/L) of each hormone and S/N is the signal-to-
noise ratio.

Table 2.2 represents intensity peaks, calibration equations along with LOD
(mg/L) and LOQ (mg/L) of each hormone at their particular retention time in the
ascending order of time of E3, E2, EE2, and E1, respectively, in a given medium.

Table 2.2: Intensity peak, calibration equation, and limits of each hormone
when mixed in a specific solution medium (a) ethanol, (b) ethanol: water 20: 80,
and (c) water

Ethanol Equation Limits
E3 | | y=5.11x+ | LOD: 0.001
' 0.02 LOQ: 0.004
| | /=1
. | | f
E2 | l | - y=552x+ | LOD: 0.002
| | —— 0.04 LOQ: 0.006
AR .II- :Ia” I 3 ; ill&n'.!'
(R?=1)
EE y =4.2557x — | LOD: 0.003
2 0.0004 LOQ: 0.009
(R*=1)
El y=5.64x+ | LOD: 0.002
0.04 LOQ: 0.007
(R*=1)
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Ethanol: water 20: 80 Equation LOQ/LOD
E3 || | y=3.44x+ | LOD: 0.002
| | 0.07 LOQ: 0.006
|
| (R*=1)
E2 | [' | g | Y=2.92x +0.06 | LOD: 0.003
: | | LOQ: 0.011
| J i (R?=0.9999) Q
EE | y=2.58x +0.05 | LOD: 0.005
2 I LOQ: 0.015
(R2=0.9999) Q
El y=2.99x+ | LOD: 0.004
0.06 LOQ: 0.014
(R*=1)
Water Equation LOQ/LOD
E3 [.] y=2.00x +0.04 LOD:
. 0.0005
(R*=0.9885) | | 0Q: 0.002
|
.. ."| \ |1|
E2 |- ] (I y=2.06x +0.05 | LOD: 0.001
1 M~ L LA LOQ: 0.004
: \ (R=0.9918)
EE |- y=1.60x +0.04 | LOD: 0.002
2 LOQ: 0.005
(R?=0.9939)
El y=0.61x +0.02 | LOD: 0.005
LOQ: 0.017
(R?=0.9901)

2.4 Method of membrane preparation (Electrospinning)

Although a variety of approaches have been used in the literature to remove
water pollutants, some of them are appropriate and effective, but they all have
drawbacks [54,55]. Conventional treatment plants cannot eliminate EDCs
efficiently owing to their properties of low molecular weight and slow
biodegradability [56]. This has led to the widespread occurrence of the same
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quantity in reservoirs, rivers, and lakes since they are released from treatment
plants alongside treated effluents [57,58]. In this regard, various strategies have
been applied to capture, eliminate or completely degrade the EDCs and other
common toxic chemical effluents, such as ozonation, membrane bioreactors,
advanced oxidation, membrane filtration, coagulation, flocculation, and
photocatalysis [59-61]. Each technique has certain limitations, such as low
efficiency, and any resulting by-products demand further purification and
sophisticated methods for processing them. Nano-filtration and reverse osmosis
have proven to be interesting, but the extent of energy consumption makes them
unfavorable for treatment at a large scale [62,63].

Sorbents based on nanofibers have garnered much attention due to a number of
favorable characteristics reported for them, such as large aspect ratio, high surface
area, and small pore size [64]. For this purpose, electrospinning is a versatile
technique for generating continuous nanofibers, which gives rise to a material’s
diameter ranging from tens to hundreds of nanometers for adsorption and water
filtration processes [65,66]. The large aspect ratio of nanofibers gives significant
rise to the filtration efficiency since the pore size is reduced; moreover, the large
surface area allows greater contact between the solution and filtration-sorption
adsorbent [67]. The apparatus requires an applied voltage between the cathode
and anode to allow the electrostatic forces to overcome the tension on the surface
of the polymer, thereby ejecting the polymeric solution and solidifying non-
woven nanofibers on a collecting electrode covered in a textile substrate [65,68—
71]. The quality of nanofibers can be improved by utilizing binary polymers with
additives such as acetone and polyethylene oxide (PEO) to obtain beadless
nanostructures [67]. The schematic diagram of electrospinning is displayed in
Figure 2.18.
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Figure 2.18: lllustration of a needle electrospinning system for the fabrication
of nanofiber sheets (Self-representation by the author).

The other types of electrospinning are needleless electrospinning, two-layer
fluid electrospinning, rotating roller electrospinning, bubble electrospinning, and
conical wire electrospinning.

2.4.1 Influence of parameters for electrospinning

Numerous factors involved in the solution preparation process can be divided
into various categories and have a major impact on the morphology of nanofibers
are discussed here in detail [72].

Effect of molecular weight and polymer concentration

The molecular weight of the polymer and concentration of the polymer solution
directly impact the viscosity of the polymer solution. The entangled molecule
chains at the desired molecular weight and concentration prevent the solution jet
from breaking during stretching as it advances toward the collector. Similar to the
situation of high concentration, a greater number of molecular chains in a polymer
solution will result in more entanglements and viscosity. As chain length rises,
molecular chains get more entangled, and eventually, viscosity increases with
increasing molecular weight. The drawback of high concentration is caused by
the nanofibers' small surface area of deposition. To create continuous nanofibers
without flaws, sufficient molecular weight and concentration are needed.
Increasing the concentration of the solution, which prevents the solvent from
moving freely and forming the beads, can remove the beads in nanofibers. Smooth
nanofibers that are appropriate for filtering nanoscale particles will form as the
molecular weight is further increased while the concentration is held constant.
The creation of microribbons, which are appropriate for filtering microsize
particles, is caused by raising the molecular weight to a greater level [73].
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Additionally, maintaining a lower solution concentration before electrospinning
enables the production of nanofibers with the smallest fiber diameter at the given
constant molecular weight.

Influence of intrinsic viscosity

Viscosity is a crucial factor in the formation of continuous, bead-free
nanofibers. When the viscosity of the polymer solution is extremely low or
extremely high, electrospinning is not feasible. It will be challenging to push the
fluid through the syringe at greater viscosities. Second, the solvent may evaporate
at the needle's tip before the solution can be ejected. Numerous researchers have
looked at the beads along the length of nanofibers at low viscosities. They have
also looked at how a progressive increase in viscosity causes the shape of the
beads to change from spherical to elliptical until smooth fibers are produced. After
the creation of smooth fibers, a further rise in viscosity may result in the formation
of coarser nanofibers. The main jet may not create secondary jets due to the
increased viscosity, which causes the nanofibers' diameter to expand. Similar to
this, helix-shaped microribbons that are appropriate for micro-size particles are
seen at very high concentrations. Additionally, the low concentration results in
nanofibers with narrow pore sizes [74].

Effect of electrical conductivity

To start the viscoelastic jet, the polymer solution must overcome surface
tension, which necessitates the delivery of a crucial amount of electrostatic force.
Due to the solution's surface tension, the solution jet may fracture during
stretching. At low viscosities, the solvent's surface tension begins to take control
and forms beads along the length of the nanofibers. Therefore, it is possible to
increase the electrical conductivity of the solution and lower its overall surface
tension by adding solvents such as ethanol, borax, and citric acid (BC). The wide
surfactant varieties can also be utilized to create continuous and smooth
nanofibers. The surface tension of the solution has a direct impact on the filtration
abilities of nanofiber. Bead fibers can be transformed into a smooth fiber mesh
that is ideal for nanoscale particles at low surface tension [75].

2.4.2 Influence of parameters while electrospinning
Variation of voltage

Voltage is a key factor in the creation of smooth, bead-free nanofibers. Most of
the time, stronger electrostatic forces at high voltage (greater stretching) cause the
finer fibers to form. To create finer or coarser fibers at a certain voltage, flight
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duration is also important. By reducing flight time and raising voltage, the
solution jet has less time to stretch, resulting in the formation of coarser fibers.
Below the minimum voltage necessary to create a Taylor cone at the needle tip,
the solution cannot erupt from the needle. Therefore, producing fine and smooth
fibers is only possible at a certain voltage level. The smaller pores in the finer
fibers make them appropriate for nanoscale particles and other agents [76].

Variation of flow rate

The amount of solution that is accessible for electrospinning at the needle tip
depends on the feed rate. A crucial feed rate value should match the applied
voltage for a stable Taylor cone. More solution is available at the needle tip at
high feed rates, which causes the formation of coarser or beaded nanofibers. The
solvent may be fused together and create web-like structures when fed at a greater
rate since it doesn't have enough time to dissipate. Lower flow rates are preferred
for the production of finer fibers. In comparison to coarser fiber filters, finer fiber
nano filters offer more filtration capacity.

Effect of distance between needle and collector

The distance between the needle and the collector has a direct impact on the
electric field's strength and flight time. The strength of the electric field increases
at very close ranges, causing the solution jet to accelerate and, ultimately, shorten
flight time. The flight duration shortens, preventing solvent from evaporating and
leading to the formation of an interconnected mesh. Beaded fibers occur because
a low distance has the same effect as a high voltage. However, at a higher distance,
the stretching of the solution jet is increased due to an increase in flight time; a
longer distance produces finer fibers. As a result, finer fibers are favored for
removing tiny particulates from water [77].

Type of needle

The process is directly impacted by the needle's interior diameter. Because less
solution is exposed to the environment when utilizing smaller inner diameter
needles, the likelihood of needle clogging is significantly decreased. The
nanofibers' diameter is also decreased due to the smaller inner diameter. Various
materials can be electrospun using different types of needle spinnerets depending
on their physiochemical needs for the intended usage. The type of needle can be
altered based on the level of filtration necessary. Tiny diameter needles are
preferred for removing the finer fiber and small particulates. Similar to this, a
bigger diameter needle is preferred for prefilter application and the removal of
large particles from water [78].
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3. MOTIVATION FOR THE DOCTORAL STUDY

3.1 Conclusions and bridging the gap

Today, there is a vast awareness of the growing water challenges due to the
growing population, use of synthetic chemicals, newly developed pharmaceutical
products, industrial waste, pesticides, and especially the use of contraceptive pills
that leads to hormonal imbalance, which ultimately ends up in fatal diseases such
as breast, ovarian and prostate cancer. Therefore, considering smart,
functionalized, and high-performance polymeric materials are highly desired to
overcome this nuisance.

In this regard, special attention has been given to EH due to their minuscule
concentrations in water streams, and the difficulty is complex methods of
detection. Limited methods have been devised in the literature that can
simultaneously quantify EH at lower limits of micro and nanograms. These four
EH: estrone (E1), estradiol (E2), estriol (E3), and ethinylestradiol (EE2), have
high potencies measured in wastewater and the existing conventional wastewater
treatment plants are inefficient in removal, recovery, and proper disposal of these
EH or have high operating costs.

In literature, nanoparticles for adsorption have been used in this application
which further requires additional purification and separation steps that raise the
cost of work. However, nanofibers prepared from electrospinning have recently
gained great attention due to their high aspect ratio, lightweight, and reusability.
Still, they have least been used for this application in water treatment. Therefore,
few works have been done with electrospun nanofibers for eradicating these EH
from wastewater. Some works have been done with PA, nylon, PVDF, and PES
membranes but are limited to just removing a single EH. Hence, it creates a gap
that needs more comprehensive work to be done in this area to address this issue

properly.

To bridge this gap, this application requires the preparation of more optimized
polymeric nanofibers with a facile technique and their surface modification to
enhance activity, which can be cost-effective and better in simultaneously
adsorbing EH. Further, discuss the mechanisms, measure kinetics, isotherms, and
thermodynamics with appropriate models, and finally, prove the effectiveness of
materials with several adsorption-desorption cycles for the recovery of EH, as
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well as test the reusability of materials to be practically applicable over large-scale
use.

3.2 Aims of doctoral thesis
The aims of this doctoral research work are defined in the state-of-the-art study

and, based on the conclusions made, are classified into four main categories of
work which are demonstrated in the schematic diagram in Figure 4.1 below.

Summary of works

Preparation of materials| [Characterizations | [Development of method Experimental
| for estrogenic hormones evaluation

Nanofibers by
electrospinning Simultaneous detection and
quantification of E1, E2, EE2,

and E3 by HPLC

Adsorption study

Figure 3.1: Schematic outline of works (Self-representation by the author).

This thesis work includes the preparation of nanofibers based on selective
polymers via electrospinning, their characterization, determination of adsorption
activity by nanofibers, the study of interactions between polymeric nanofibers and
EH, desorption study for the recovery of hormones and reusability of materials.
The specifications of these classifications are described in more detail as follows:

e Developing a method for simultaneous detection and quantification of
EH (E1, E2, EE2, and E3) via HPLC technique using UV-Vis detector.

e Selection of appropriate polymers for high removal of EH and their
optimized synthesis prior to electrospinning. These materials include
both hydrophilic and hydrophobic polymers (polyurethanes commercial
and lab synthesized (PU Elastollan and PU 918), PA, CA, PSU, PES,
PLA, PAN, and PVDF).

e Preparation of solution for each polymer with the desired properties such
as solution concentration, intrinsic viscosity, and electrical conductivity

of each polymer based on its molecular weight and density.

e The fabrication of nanofibers with the least diameter (ideally < 350 nm)
using defined adjusted parameters on electrospinning such as applied
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voltage, the distance between electrodes, the rotational speed of
collecting PP roll, solution dosage, chamber temperature, and pressure
to eliminate and avoid bead defects.

Determination of adsorption removal efficiency of each EH on the
prepared nanofibers via static adsorption test.

Investigation of adsorption mechanisms (hydrophobic interactions,
hydrogen bonding, charge interaction, size exclusion, and n—r stacking
interaction) for the promising adsorbent polymers based on their
structure and the functional groups of the hormones.

Determination of contact time study to apply suitable kinetic models
(pseudo-first-order,  pseudo-second-order, Weber and Morris
intraparticle diffusion, Elovich, Boyd, and fractional power models),
variation in adsorbate concentration for isothermal models (Freundlich
and Langmuir) and thermodynamic study.

Optimization study with variation in experimental condition parameters
such as concentration of adsorbate, adsorbent dosage, pH of the solution,
the temperature of interaction, and time of contact.

Testing reusability of high-performance materials for at least six
adsorption-desorption cycles.

A separate study of recycled CBs to prepare CA electrospun nanofibers
(WCENFs) to compare their performance with the commercial CA
nanofibers and further fabrication of membrane film for possible
comparison of hormone uptake with the commercially available syringe
filters (CA, regenerated cellulose (RC), polytetrafluoroethylene (PTFE),
and PP).

Surface modification of the best performance polymeric nanofiber by
coating it with polyaniline/polyvinyl alcohol to enhance the adsorption
activity of hormones owing to stronger hydrogen bonding interactions.
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Determination of optimum experimental conditions by analysis via
response surface methodology using a central composite design model
and validation of operating parameters by the Design-Expert software.

Comparative study of prepared materials’ performance of capturing EH
with the materials reported in the literature.

Publish all the data from the mentioned works in Q1/Q2 impact factor

journals and international scientific conferences within the frame of
university policy and the rector’s directive.
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4. CONCLUDING REMARKS

4.1 Conclusions of work done

This doctoral work focused on developing and characterizing electrospun
nanofibrous polymeric materials that were tested for the elimination of
estrogenic hormones from wastewater by adsorption. All the mentioned aims
were successfully achieved, and the brief summary of this doctoral work which
was prepared and published in the form of articles, is explained below:

Article | entitled “The adsorption, kinetics, and interaction mechanisms of
various types of estrogen on electrospun polymeric nanofiber membranes.” This
work comprised of preparation and characterization of six different electrospun
polymeric nanofibers: CA, PA, PES, polyurethanes (918 and Elastollan), and
PAN to simultaneously adsorbing four EH (E1, E2, EE2, and E3) in a single step
process and to compare their performance (adsorption efficiency and adsorption
capacity). The nanofibers possessed an average fiber diameter in the range of 174—
330 nm, and their specific surface area ranged between 10.2 and 20.9 m? g . The
adsorption-desorption process was investigated in four cycles. The pseudo-first-
order, pseudo-second-order, and intraparticle diffusion models were deployed on
experimental data to determine the kinetics. Findings showed that E1, E2, and
EE2 Dbest fitted pseudo-second-order kinetics, while E3 followed pseudo-first-
order Kkinetics. It was found that PU Elastollan nanofibers were the best and had
maximum adsorption capacities of 0.801, 0.590, 0.736, and 0.382 mg g* for E1,
E2, EE2, and E3, respectively. In addition, the results revealed that PU Elastollan
nanofibers had the highest percentage efficiency of estrogens removal at ~58.9%
due to its strong hydrogen bonding with EH, which was explained in the
mechanism. In comparison, the least removal efficiency was observed for PAN at
~35.1%. These mentioned results were reported and published in
“Nanotechnology” 33, (2021), 75702, https://doi.org/10.1088/1361-6528/ac357b
(Web of Science Indexed [Materials Science], Q2, Jimp: 3.953)

Article 11 entitled “Adsorption of estrogenic hormones in aqueous solution
using electrospun nanofibers from waste cigarette butts: Kinetics, mechanism,
and reusability. ” This study emphasized recycling waste CBs to produce detect-
free electrospun nanofibers (WCENFs) to adsorb EH simultaneously. The
WCENFs were characterized by SEM, XRD, FTIR, BET, porosimetry, contact
angle by sessile drop technique, TGA, DSC, GPC, and tensile test. Five models
(pseudo-first-order, pseudo-second-order, intraparticle diffusion, elovich, and
fractional power model) were deployed to determine the kinetics. The strong
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affinity of WCENFs was found to be towards all EH due to abundant hydrogen
bonding interactions between functional groups (C=0, C-O-C, and C-O-H) of
WCENFs and O-H of all EH (additionally, with C=0 group of E1). The highest
percentage removal efficiencies from the batch adsorption were 64.3, 53.6, 52.7,
and 34.6% for EE2, E1, E2, and E3, respectively. Results showed that the total
adsorption capacity achieved was 2.14 mg/g, whereas the individual values for
El, E2, EE2, and E3 were 0.551, 0.532, 0.687, and 0.369 mg/g, respectively. To
summarize, the WCENFs was further thermally pressed to fabricate
PET/WCENFs syringe film. It successfully and better responded to the retention
time for these EH compared to the commercial CA syringe film. Therefore, it
implies that recycled WCENFs can be considered a promising adsorbent for
rapidly remediation wastewater streams to eliminate hormones and possibly
replace the commercially available CA syringe film. These results were reported
and published in “Express Polymer Letters” 16, (2022), 624-648,
https://doi.org/10.3144/expresspolymlett.2022.46 (Web of Science Indexed
[Polymer Science], Q2, Jimp: 3.952)

Article 111 entitled “Electrospun polyurethane nanofibers coated with
polyaniline/polyvinyl alcohol as ultrafiltration membranes for the removal of
ethinylestradiol hormone micropollutant from aqueous phase.” This study
reported the fabrication of electrospun polyurethane (PU 918) nanofibers
modified by coating with polyaniline/polyvinyl alcohol (PANI/PVA) to form
filtration membranes for the enhanced removal of ethinylestradiol (EE2)
hormone. Structural and morphological characterization was performed by FTIR,
SEM, and optical microscopy, while the detection and quantification of EE2 were
analyzed using HPLC. PU-PANI-ES as a modified material demonstrated to be
the most efficient with 90.30% removal efficiency of the studied hormone
compared to its base form PU-PANI-EB (81.50%) and neat PU 918 (55.40%) as
control. Findings demonstrated that EE2 best fitted pseudo-second-order Kinetics.
Furthermore, the adsorption process was optimized via response surface
methodology using a central composite design model by varying parameters such
as pH, temperature, the concentration of adsorbate, and adsorbent dosage to
determine. The model proved to be significant for optimizing the removal of the
EE2 hormone with a high regression coefficient (R?) of 0.983. The optimum
parameters were found to be pH 7 (considering that wastewater or river water is
in the range of pH 6-8), the temperature of 40 °C, 0.3 mg/L concentration of EE2,
and 20 mg of PU-PANI-ES dosage. It was found that the modified PU membranes
had a maximum adsorption capacity of 2.11 mg/g and high removal percentage
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efficiency of ~82.20% for EE2. Adsorption mechanism and thermodynamics were
also evaluated, and the results depicted the adsorption process of EE2 occurred
via intraparticle diffusion and was exothermic in nature. Finally, a reusability
study was done over six adsorption-desorption cycles to test the consistent
effectiveness of the modified PU membrane, which remained above 80% removal
capacity. Overall, the reported results proved that the modification of the spun PU
nanofiber with PANI significantly improved hormone removal from water and
can be considered a promising adsorbent membrane for the remediation of
different steroid hormones from water. The results mentioned above were
reported and published in “Journal of Environmental Chemical Engineering”
10, (2022), 107811, https://doi.org/10.1016/j.jece.2022.107811 (Web of Science
Indexed [Chemical Engineering], Q1, Jimp: 7.968)

Article 1V entitled “The adsorptive behaviour of electrospun hydrophobic
polymers for optimized uptake of estrogenic sex hormones from aqueous media:
Kinetics, thermodynamics and reusability study.” This study focused on
hydrophobic polymeric nanofibers of PSU, PVDF, and PLA, that were prepared
via an electrospinning process and characterized using SEM, FTIR, TGA, BET,
XRD, and porosimetry. Nanofibers possessed a mean fiber diameter of 149 - 183
nm and a specific surface area of 1.6 - 6.3 m?/g. The adsorption efficiency of
simultaneous removal of E1, E2, E3, and EE2 in a mixed concentration was
investigated using HPLC. The preliminary study showed that PSU was the best
among these polymers, with the highest percentage of removal (71.2%) of EL.
The adsorption of hormones on PSU was significantly high compared to other
polymers owing to the hydrogen bonding interactions. Therefore, five models
(pseudo-first-order, pseudo-second-order, intraparticle diffusion, Elovich, and
fractional power model) were deployed on experimental data to obtain the
adsorption kinetics and to understand the characteristics of PSU fibers with
contact time. The results indicated that spun PSU fibers exhibited the highest
removal of all four estrogens, with a maximum removal efficiency of 71.2, 65.9,
56.9, and 36.1 % and adsorption capacity of 0.508, 0.703, 0.550, and 0.354 mg/g
for E1, EE2, E2, and E3, respectively. Additionally, the adsorption was optimized
by varying parameters such as concentration of adsorbate, pH, adsorbent dosage,
and temperature to analyze one-way variance using ANOVA statistically. The
pseudo-second-order is best fitted for E1, EE2, and E2, while the pseudo-first-
order is for E3. The Langmuir-Freundlich isothermal model was most suitable for
evaluation, and the thermodynamics depicted the adsorption of E1 on PSU was
exothermic and spontaneous. The results indicated that spun PSU can be an
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efficient adsorbent in the simultaneous elimination of estrogens from wastewater
and exhibits high regeneration performance of over 60% after six adsorption-
desorption cycles. These mentioned results were reported and published in
“Journal of Chemical Technology and Biotechnology” (2022),
https://doi.org/10.1002/jctb.7191 (Web of Science Indexed [Chemical
Engineering], Q2, Jimp: 3.709)

Apart from the adsorption study of hormones on nanofibers, some
photocatalyst materials (nanoparticles, nanowires, and nanorods) were prepared
to test the photodegradation of these hormones as secondary work. The results of
work with nanoparticles titled “Green synthesis of titanium and zinc oxide
nanoparticles for simultaneous photocatalytic removal of estrogens in
wastewater” was reported and published in “AIP Proceedings of the 13"
International Conference on Nanomaterials, Brno, Czech Republic” 189-196,
(2021), https://doi.org/10.37904/nanocon.2021.4333. In this study, titanium and
zinc oxide nanoparticles (ZnO-NPs) were green synthesized using lemon juice
and peel extract, zinc acetate, ethylene glycol, and titanium IV isopropoxide as
precursors. The prepared TiO, and ZnO-NPs were characterized and subjected to
the photocatalytic degradation of EH (E1, E2, EE2, and E3) under UV light
irradiation at 365 nm, which resulted in promising photocatalytic activity. All four
EH were significantly degraded owing to the photocatalytic activity combined
with a slight contribution of hormonal adsorption (4-11 %) onto the surface of the
photocatalysts. Overall hormonal degradation rates were in the range of 84-93 %,
and approximately 99 % removal was achieved in 60 minutes under UV light
irradiation by ZnO and TiO,, respectively.

The second work entitled “Zn0O nanowires and nanorods based ZnO/\WO3/Pt
heterojunction for efficient photocatalytic degradation of Estriol (E3)
hormone” was based on the removal of E3 hormone (which had least been
adsorbed by nanofibers) by heterojunction photocatalytic nanowire and nanorod
thin films. It was done because nanofibers possessed the least adsorption
efficiency with this hormone. In this work, ZnO nanowires and nanorods based
on ZnO/WOQ3/Pt heterojunction were successfully grown on glass substrates via a
facile hydrothermal method followed by spraying. The photocatalytic
performance was evaluated by the degradation of the E3 hormone under UV light
irradiation (~365 nm) in a closed continuous flow reactor. The as-prepared
samples achieved an excellent photodegradation rate in the range of 23-37 % and
63- 86 % for the nanorods and nanowires morphology, respectively. This article
provided new insight into the construction of suitable geometrically optimized
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heterojunctions for the remediation of persistent bio toxicants such as E3, which
are the most difficult to be removed from wastewaters by adsorption. The above-
mentioned results were reported and published in “Materials Letters” (2022),
132291, https://doi.org/10.1016/j.matlet.2022.132291 (Web of Science Indexed
[Applied Physics], Q2, Jimp: 3.574)

4.2 Contribution to science and practice

In the present scenario, a minuscule level of EH present are a severe threat to
human and aquatic life through their exposure via food sources or drinking water.
As a result, fish femininity, breast, ovarian, and prostate cancer caused by
hormonal disorders is a serious threat and problem to society. The current
European Union directive 2020/2184 concerning drinking water quality
recommended a threshold limit of 1 ng/L as a benchmark for assessing the
occurrence and treatment of EDCs. Thus, this doctoral work focuses on the
preparation and characterization of smart materials that can be utilized for the
simultaneous elimination of estrogenic hormones from wastewater by means of
an adsorption technique for practical application.

The commonly used techniques are incapable of capturing EH at water
treatment plants and result in secondary pollution due to insufficiently treated
effluents, which demand secondary water treatment. Moreover, adsorbent
nanoparticles which are promising for estrogens, have been reported in the
literature, but they require an additional separation process from wastewater that
raises the costs. In this regard, removing EH by adsorption via electrospun
nanofibers offers a sustainable and relatively environmentally friendly solution
for eliminating synthetic hormones with high efficiency and effectiveness of
reusability for several adsorption-desorption cycles after regeneration. This brings
a practical approach to large-scale production. Polymeric materials for water
treatment applications are promising owing to their benefits, such as affordability,
sustainability, efficient performance, durability, high surface area, high aspect
ratio, and nanoporous structure. Furthermore, the nanofiber membrane functions
precisely in different aquatic conditions without the accumulation of chemicals.
In literature, commercially available nylon, PP, polytetrafluoroethylene, CA,
regenerated cellulose, and glass microfiber filters have been reported for the
removal of E1. Meanwhile, PA nanoparticles were employed to extract just EE2,
PES nanofibers for the removal of E2, and PVDF doped with PVP and TiO;
membranes prepared by the phase inversion process for the removal of E1 and
E2. However, these studies were solely limited to the filtration of a single natural
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or synthetic hormone. Therefore, different combinations of polymeric materials
have been utilized to develop electrospun nanofibers, which can be utilized in
simultaneous adsorption removal of four EH. Additionally, CBs were recycled to
fabricate WCENFs that were used for comparison with the commercially
available filters in the market. The studies were optimized using modeling to
obtain the best conditions, understand interaction mechanisms, and apply Kinetics,
Isotherms, and thermodynamics. Also, the most promising lab synthesized
polyurethane (PU 918) was surface coated with PANI/PVA to enhance adsorption
removal capacity owing to ionic interaction and improved hydrogen bonding.
Furthermore, ZnO and TiO, nanoparticles were green synthesized, considering
environmental protection to test their photodegradation performance. Later these
particles can be used in nanofibers for combining the photodegradation and
adsorption processes. Finally, ZnO-based nanorods and nanowires thin films were
prepared, characterized, and tested in a continuous cross-flow closed system for
E3 hormone, which was least adsorbed by nanofiber membranes.

This doctoral study elaborated on the use of several hydrophilic and
hydrophobic polymeric electrospun nanofibers, especially recycled WCENFs for
adsorption and smartly functionalized polymers for optimized removal of
hormones considering wastewater treatment applications. As a secondary work,
nanoparticles, rods, and wires heterojunctions were tested for photodegradation
of these hormones. This provides an opportunity for the next generation of
scientific researchers to develop further modified and extremely specific
polymeric nanofiber membranes incorporated with such photocatalysts intended
for the eradication of micropollutants at wastewater treatment plants.

4.3 Future plans

The primary goal of this doctoral work was the development and
characterization of electrospun nanofibrous polymeric materials that were
tested for the elimination of estrogenic hormones from wastewater by means of
an adsorption technique. This aim was successfully achieved by preparing smart
electrospun polymeric nanofibers for the adsorption removal of EH. However, the
experimental work was restricted to batch adsorption study. Furthermore, as a
secondary work, photocatalyst materials such as nanoparticles, nanorods, and
nanowires were synthesized and were successful with a high performance of
photocatalytic degradation of these EH but only in the presence of UV light.
Additionally, the studies were limited to the use of these materials individually
and separately for adsorption and photodegradation techniques. Thus, this
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generates the following aims of studies that could be achieved before the final
application of these studies can be implemented over large-scale use.

» Optimized fabrication jointly of high-performing electrospun nanofiber
membranes (PU and WCENFs) incorporated with highly efficient
photocatalysts that can operate at both UV and visible light conditions to
have rapid simultaneous adsorption removal and photocatalytic
degradation of micropollutants such as EH from wastewater.

» Determination of the possible enhanced adsorption activity by surface
functionalization in the presence of an incorporated photocatalyst and
observing the stability of nanofibers in different mediums.

» Determination of contact time study to apply suitable kinetic models in
continuous crossflow and dead-end flow closed systems to obtain high flux
and true removal percentages in natural water samples for complete
wastewater remediation.

» Testing the reusability of material for at least ten cycles to be economically
viable where the performance must remain high above 90% and the
recovery of EH is significantly possible.

» Optimization study with variation in experimental condition parameters
such as the influence of competing ions and interacting media, the
concentration of adsorbate, adsorbent dosage, pH of the solution, the
temperature of interaction, and time of contact to precisely evaluate the
types of the mechanism involved, apply thermodynamics, lIsothermal
models, identify the most suitable cost-effective operating conditions, and
determine the economic feasibility.

> Observe the adsorption and photodegradation capacities of the prepared
materials to analyze their performance in capturing EH and compare them
with the best materials reported in the literature.
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