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ABSTRACT

Full Name . [Zeeshan Arshad]

Thesis Title . [Bio-inspired pH-responsive polyelectrolytes containing motifs of
catechol and Beta-cyclodextrin: synthesis and application]

Major Field . [Chemistry]
Date of Degree : [May 2024]

A series of copolymers containing bio-inspired catechol and Beta-cyclodextrin (3-CD)
motifs as backbone pendants using Butler’s cyclopolymerization protocol involving
diallyl amine salts [(H.C=CH-CH2)N*R!R? X'] has been synthesized for the first time to
use in various applications. The identification of the basic design principles employed by
common marine organisms such as mussels and then translate key functional group to
synthetic systems has been carried out. Dopamine hydrochloride was converted to
monomer N,N-diallyldopamine hydrochloride [(3,4-
(HO)2CsH4CH2CHoNH*(CH2CH=CH), CI] (I), while its copolymerization and
terpolymerization with other monomers gave respective alternate copolymers and
terpolymers. Solution properties of synthesized polymers including viscosity have been
examined. Bio-inspired polymers were demonstrated as acidic corrosion inhibitors for
mild steel and shown improved separation efficiencies and anti-fouling characteristics for

the membrane, while treating the oil-in-water emulsions.

A diallyl amine salt monomer bearing -CD substituent has been cyclopolymerized for
the first time. Thus, 6-O-toluenesulfonyl-B-cyclodextrin -[(CsH1005)s-(CsH7)]-CH20Ts

upon reaction with diallylamine followed by protonation afforded diallylamine salt

XiX



monomer -[(CsH1005)6-(CsH7)]-CH2NH*(CH2CH=CH). CI] (). Cyclopolymerization of
monomer | and its copolymerization with monomers [Me2N*(CH2CH=CH>). CI] (I1) or
[[02CCHaNH*(CH2CH=CH2)2] (111) or [H20sPCH.NH*(CH2CH=CH), CI7 (1V) or
[HO.CCH>CH(CO2H)NH*(CH2CH=CH>)> CI'] (V) gave a series of copolymers having
residues of B-CD and glycine or methyl phosphonate or aspartic acid. Terpolymerization
in the presence of SO, afforded polymers with alternate placement of the SO units.
Solution properties of the pH-responsive polyzwitterions including viscosity have been
examined. Water-insoluble terpolymer 1/VV/SO; having 20 mol% B-CD residues has been
shown to remove organic micropollutant 2-naphthol by host/guest complexation. This
work paved the way to synthesize cross-linked polymers for water treatment application.
The synthesized cross-linked resin demonstrated simultaneous removal of polyaromatic
hydrocarbons (encapsulation by B-CD) and toxic metal ions (by complexing with
chelating ligands of glycine, aspartic acid, aminomethyl phosphonate) from contaminated

aqueous bodies.
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CHAPTER 1

INTRODUCTION

1.1 Bio-inspired polymers

Moisture-resistant adhesive proteins, secreted by holdfast of marine mussels, contain 1-
28% of -L-alanine (L-DOPA), form strong adhesives on solid surfaces in the turbulent
sea (Fig. 1.1) [1]. The presence of catecholic 3,4-dihydroxyphenyl functionality in the
proteins is responsible for covalent interfacial interactions. This adhesive chemistry
provided by marine mussels has become the inspiration to mimic in the chemistry
laboratories. The DOPA-containing proteins have substantial amount of anionic
phosphoserine residues that can form complex such as coacervates with other proteins
having cationic 4-hydroxyarginine moieties. For wet adhesion, this phase-separated

coacervates feature is crucial [2—4].

0
HO HO
OH
NH, NH\)L
HO HO I Me (H)
o)

L-DOPA [ Dopamine acrylamide and methacrylamide ]

SO DO ™

DOPA]\]]NE. ] [ 4-(N-(2-Hydroxyethyl)-N-methylamin om ethyl)b enzene-1,2-diol

Figure 1.1. Chemical structure of L-DOPA, dopamine, methylacrylamide, and methacrylate monomers having
residues of dopamine and catechol motifs
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3,4-Dihydroxyphenethylamine, known as Dopamine (DA), a hormone and
neurotransmitter, is commonly used in clinical medicine. DA possesses the vital
functional motifs of catechol present in mussel’s adhesive proteins. At pH value > 8.5,
the catechol groups are oxidized into the quinone form, which can react with amine and
self-polymerize to polydopamine (PDA) that can adhere to various substrates [5]. DA [6]
and 3,4-dihydroxystyrene [7] have been utilized to synthesize mussel mimetic adhesive
polymers [4,8]. The catecholamines deposited on the surface of membranes led to their
improved performance [9]. Cross-linking of polydopamine attached graphene oxide by

polyethylenimine paved further the applications of graphene [10].

The biomimetic designs have been articulated in several reviews, which describe the
incorporation of catechol moiety to use in different applications such as drug delivery and
anti-biofouling due to its adhesive nature [11-13]. Researchers were attracted to imitate
the adhesive chemistry used by the mussels. Synthesis of mussel-inspired biomimetic
materials having catechol functionalities and their applications in fields such as
underwater adhesives [14,15], coatings [14,16], biological adhesives [17], self-healing of
hydrogels [18,19], anti-biofouling [20], have been reported. The mechanical strength of
polymers having catechol has been shown to improve by coordinating with metal cations
commonly found in seawater [19]. A Review articles describe the biomedical importance
of mussel-inspired polymers and mechanism of wet adhesion [12,21]. Numerous
biomimetic polymers bearing catechol or dopamine motifs have been synthesized via 2,2-
azodiisobutyronitrile (AIBN)-initiated free radical polymerization. Copolymerization of
methacrylate and polyethylene glycol (PEG)-methacrylate led to polymers with excellent

coat ability on various surfaces [17]. Acrylic terpolymers bearing pendant catechol,



oligo(ethylene glycol), and perfluoroalkyl groups in varying ratios gave low-biofouling
polymeric coatings [20]. Dopamine acrylamide and butyl acrylate monomers led to
copolymers that can self-heal in seawater through hydrogen bonding and coordination
[19]. The copolymer of 2-(methacryloyloxy) ethyl phosphonate and dopamine
methacrylamide (DMA), having negative charges on the phosphonate, can form
nanocomposite complex coacervate on positively aminated gelatin [22]. A copolymer of
dopamine methacrylamide and 2-methoxyetheyl acrylate has been shown to reduce
failure of dental restorations due to saliva contamination [23]. A pH-Responsive
molecularly imprinted polymer (MIP) hydrogel, to control the release of a drug, was
synthesized by polymerization of dopamine acrylamide and acrylic acid [24]. Gecko
adhesion, which allows the gecko to cling onto vertical and even inverted surfaces, is
greatly diminished under wet conditions. A hybrid adhesive of gecko-mimetic and
mussel-mimetic polymers (of dopamine methacrylamide (DMA) and methoxyethyl
acrylate) is shown to maintain its adhesive performance in both dry and wet
environments [4]. The polymers derived via acrylic monomers (vide supra) have the
pendants of catechol or dopamine motifs linked to the polymer backbone via ester or
amide linkage. However, the polymers derived via Butler’s protocol will have the
pendant dopamine attached to the polymer backbone by a robust N-C bond, which will
not be susceptible to hydrolysis like the cases of ester and amide linkages (in proteins).
Moreover, the dopamine will keep intact the original functionality of the basic amine in

the polymer.



1.2 Polymers containing B-Cyclodextrin pendants

Cyclic oligosaccharide B-Cyclodextrin (B-CD), composed of seven glucopyranose units

bonded by a-1,4 glycosidic linkage, takes the shape of a truncated cone where the apex is

replaced by a plane parallel to the base (Fig.1.2) [25]. The secondary OH groups remain

in the bigger cavity while the primary OH groups stay in the smaller cavity (Scheme 1,

inset). U.S. FDA considers the cyclodextrin as safe [26,27]. B-CD, produced by

enzymatic degradation of starch, has an inner lipophilic cavity having a diameter of 0.60-

0.65 nm wrapped up by hydrophilic peripheral [27,28]. The hydrophilic nature of the

exterior of cyclodextrin or its complexes imparts water-solubility and insolubility in

typical organic solvents.

HOH,C ¢
0%0 CH,O0H
442
o0 HO
HOH,C 0
HO
O OH
0 P
OH ~ HO —
o PCyclodextrin CH,0H
HOH,C OH 1 HO™/ o
0 HO ¢
OH
0
o HO CH,OH
CH,0H o

Cavity size

0.65 nm

- -

HOW (7 primary OH)

OH OH (14 secon-
0.78 nm dary OH)

- -
Cavity size

Figure 1.2. B-cyclodextrin structure and shape

Easy availability and applications in the fields of drug delivery, pharmaceutical industry,

biosensors, tissue engineering, water treatment, etc. make B-CD an attractive natural

material [25]. B-CD is used as a stationary phase in HPLC chromatography [29]. In drug



delivery, the cyclodextrins confer solubility and stability to a variety of hydrophobic
drugs in the process of formation of inclusion compounds, which are then able to
penetrate body tissues to deliver biologically active functional groups [30,31]. B-CD
forms intramolecular H-bonds involving secondary OH groups owing to which it has
poor water-solubility [32,33]. Each glucopyranose unit has sterically crowded two
secondary OH groups, while the primary OH at C-6 faces less steric encumbrance.
Chemical modification of cyclodextrins via methylation, tosylation, etc. helps to
manipulate their host-guest behavior [30,34]. The water-soluble inclusion complexes
were made by B-CD with cholesterol to manufacture cholesterol-free products. The
cholesterol moiety (hydrophobic) does go into the interior of the cyclodextrin [35]. A
book chapter describes the emerging usage of cyclodextrin systems in the food industry
[36]. Host-guest inclusion complexes of B-CD with several vitamins have been explored
[37]. The use of cyclodextrins primarily as a reliable and powerful mode of transport for
drug delivery has been reviewed [38]. Crosslinked hydrogels of B-CD and poly B-CDs
have been synthesized via reaction of -OH groups with -COOH, -COCI, epoxides, and -
NCO [39-41]. Modification of hydroxyl groups of B-CD to accommodate vinyl motifs
and their free radical polymerization (FRP) leads to poly(B-CDs) bearing CD motifs as
pendants [42-44]. ‘Click’ reaction involving azide/alkyne cycloaddition has been
explored for the probable formation of a thermoresponsive hydrogel [45]. The inner
hydrophobic cavity of the B-CD in CD-based polymers can play host to numerous
organic compounds [46]. The -OH of B-CD groups has been modified using common
organic reagents [47]. A methyl methacrylate monoester of B-CD has been

copolymerized with N-isopropyl acrylamide via FRP [48]. A bis-acrylate ester of B-CD



upon polymerization with acrylic acid and N-isopropyl acrylamide led to the formation of

thermo and pH-responsive hydrogels [49].

1.3 Butler’s cyclopolymerization protocol

Butler’s  cyclopolymerization protocol [50,51] using homo- [52] and co-
cyclopolymerization [53-55] of N,N-diallyl quaternary ammonium salts led to numerous
synthesis of industrially important polyelectrolytes [56-58] (Fig.1.3). This protocol leads
to polymer backbone, embedded with pyrrolidine rings, known as the eighth most
important polymer architecture [51,59]. Poly(diallyldimethylammonium chloride),
documented in over 1000 patents and publications; is extensively used for water
treatment [50]. The polymers from diallylamine salts [(CH2=CH-CH2)2NH+R CI-],
bearing pH-responsive nitrogens and functionalities (R), can be transformed to
polyzwitterions (PZs) (x) [58,60,61]. The bio-mimicking polyampholytes (+ —) [62,63]

and PZs [64] have found applications in various fields [65].

o
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Figure 1.3. Diallylamine salt monomers and their polymers



1.4 Statement of the problem and objectives

The literature does not report any document describing the synthesis of polymeric
materials containing bio-inspired catechol and p-cyclodextrin motifs using Butler’s
cyclopolymerization. Thus, the objective of the proposed project is the synthesis of a
series of copolymers containing bio-inspired catechol and p-cyclodextrin motifs as
backbone pendants using Butler’s cyclopolymerization protocol for use in various

applications.

Metal corrosion is an expensive process and industries using mild steel components lose
billions of dollars each year. The presence of atoms like O, N, S, P in inhibitor molecules
[66] impedes metal corrosion upon adsorption above metal surface doing so interfering
with cathodic or anodic reactions causing corrosion loss [67—69]. Low carbon steel (LCS)
is less expensive as such used in the constructions for mechanical parts, pipes [70,71] and
several industrial processes in oil and gas sectors [72,73]. However, LCS is susceptible to
undergo corrosion process over time [74,75]. During acid cleaning using concentrated
acids (HCI, H2S04), corrosion of LCS remains a major threat [76]. In acidizing
application involving mostly used 15% HCI, heteroatom containing organic inhibitors are
often used to minimize LCS corrosion [77,78]. Three benzimidazole derivatives imparted
89.5-96.4% inhibition of LCS corrosion [79,80]. Two benzimidazole derivatives were
reported as a corrosion inhibitor for LCS in 1.0 M HCI solution [81]. Our objective is to
use polymers containing catechol motifs to test in 15% solution of HCI by using weight

loss methods to confirm the minimization of LCS corrosion.



Oily wastewater produced by petrochemical, oil and gas, food, and pharmaceutical
industries has now become the most serious environmental challenge worldwide [82]. It
is affecting ecology, the ecosystem, and human health negatively. Therefore, it is
important to develop effective methods for the treatment of oily wastewater [83]. The
membrane technology is considered the most effective for water-oil separation due to
process simplicity and low cost. PVDF membranes have been used extensively for the
treatment of oily wastewater but due to hydrophibic nature of these membranes, the
membrane fouling blocks the pores caused by the attachemnt of hydrophobic solutes
present in the waste during separation process. PVDF membrane can be modified to
reduce the membrane fouling by fabricating with polymer that will enhance the
hydrophilicity of the membrane. A terpolymer containing catechol motifs will be
synthesized and incorporated into the membrane to enhance the antifouling and

permeability properties of PVDF membranes.

Water resources are under threat owing to the presence of micropollutants (organic
moieties in low concentration). A porous polymer based on cyclodextrins has been
demonstrated to have a high affinity towards micropollutants resulting in high uptake of
them [84]. A mesoporous polymer of high surface area having stiff aromatic groups has
been generated by crosslinking B-CD [85]. The encapsulation and removal of
micropollutants from the water via adsorption method have been reported for the
polymer. Environmental toxicants such as polycyclic aromatic hydrocarbons (PAHSs) and
heavy metals (HMs) have been frequently found in contaminated water and have
attracted great concerns in recent years due to their persistent toxicological risk to

humans and wildlife. Recent studies have stated the occurrence of organic pollutants,



such as PAHSs, and inorganic HMs in various aquatic systems such as influent and
effluent from wastewater treatment plants, groundwater, surface waters or seawater. For
removing both PAHs and HMs from water, a new adsorbent will be designed. A novel
cross-linked resin will be synthesized, in which -cyclodextrin and metal chelating motifs
(aspartic acid and aminophosphonate) will be incorporated in a polymer network via

Butler’s cyclopolymerization.

The specific objective for this work is to synthesize several precursor molecules,

monomers, their copolymers, terpolymers and cross-linked resin.

1. Synthesis of several diallyl amine salt monomers including the one containing catechol

motifs.

2. Polymerization and copolymerization of the catechol-derived monomer with various

diallyl amine salt monomers.

3. Co- and/or terpolymerization of catechol-derived monomer with SOs..

4. Synthesis of a diallyl salt monomer including containing B-cyclodextrin motifs as a

substituent.

5. Polymerization and copolymerization of the B-cyclodextrin-derived monomer with

various diallyl amine salt monomers.

6. Analysis of the synthesized polymers using NMR, IR, TGA, elemental analysis,

viscosity, etc



7. Application of catechol-derived polymers for membrane surface modification and as

inhibitor of mild steel corrosion.

8. Application of B-cyclodextrin-derived polymers for simultaneous trapping priority

metal contaminants as well as organic contaminants.

1.5 General description and the work plan

1.5.1 Synthesis of monomers especially the one having catechol
motifs

The synthesis of several monomers 3, 5 and 8 is outlined in Scheme 1.1. The synthesis of
monomer 3 will be achieved by reacting diallyl amine 1 with dimethyl maleate [86].
Diallylamine 1 upon treatment with formaldehyde in the presence of phosphorous acid
will afford 4 which on acid treatment will be converted to monomer 5 [87]. Dopamine
hydrochloride 6 upon diallylation followed by treatment with HCI gas is expected to

generate new monomer 8. Monomer 9 will be purchased from Sigma-Aldrich.
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Scheme 1.1. Synthetic plan of monomers

The monomers 3 and/or 5 and/or 9 will be subjected to undergo copolymerization with 8
(in various proportions) and terpolymerization with SO; to give the polymer 10 and 11,

respectively (Scheme 1.2). The polymerization conditions will be varied to obtain
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polymer with higher yields and viscosity. The polymer will be identified by the *H and

13C NMR spectra.

Polymerization reactions will be carried out using monomers and SO in the presence of

AIBN and ammonium persulfate [55,60,61]. The resultant polymers will be characterized

using various physical techniques.
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Scheme 1.2. Cyclopolymerization of 8 with various diallyl amine salt monomers
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1.5.2. Synthesis of monomer having B-Cyclodextrin motifs

B-Cyclodextrin 12 upon selective tosylation [88] would lead to 13 which upon treatment

with diallylamine followed HCI treatment is expected to give monomer 14 (Scheme 1.3).

HO

HO
G /b/b
0 n
OH
04— O

Scheme 1.3. Synthesis of diallylamine salt containing B-cyclodextrin motifs

Diallylamine salts 3 and 5 will be cyclopolymerized with SO, and monomer 14 (Scheme

1. 4).
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Scheme 1.4. Terpolymerization of 14 with 3 and 5

1.5.3. Synthesis of cross-linked resin

A cross-linked polymer will be obtained by polymerizing 14, and cross-linker to obtain a
novel resin which could be used to capture and remove lethal metal ions and organic

contaminants from wastewater (Scheme 1.5).

Scheme 1.5. Cross linked resin containing B-cyclodextrin motifs
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1.5.4. Assessment of toxic metal ion and organic pollutant removal
proficiency

Toxic metal removal efficiency [89,90] and removal of organic contaminants will be

tested using known protocol in the literature [85,91].
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CHAPTER 2

Synthesis and anticorrosive application of biomimetic
dopamine-based cationic polyelectrolytes derived from

diallylammonium salts

Taken from Zeeshan Arshad, Shaikh A. Ali, Synthesis and anticorrosive application of
biomimetic dopamine-based cationic polyelectrolytes derived from diallylammonium

salts, Polymer, 264 (2023), 125537

Abstract

Dopamine hydrochloride was converted to monomer N,N-diallyldopamine hydrochloride
[(3,4-(HO)2CsH4CH2CH2NH*(CH2CH=CH>). Cl] . Polymerization of
diallydimethylammonium chloride (I1) monomer gave homocyclopolymer 111, while its
copolymerization with 5-20 mol% | afforded copolymers 1V. Likewise, 11/SO>
copolymerization and 1/11/SO; terpolymerization gave respective alternate copolymer V
and terpolymers VI. At a concentration of 10 and 20 ppm IV (containing 20 mol%
dopamine motifs) imparted respective 94.1 and 98% inhibitions of mild steel corrosion at
60 °C in 1 M HCI. Increasing mol% of dopamine motifs in 1V resulted in increasing
corrosion protection and demonstrated better efficiency than monomer Il and its
homopolymer I11. Polymer IV at 20 ppm imparted inhibitions of 85.2%. in 15% HCI at

60 °C, while a mixture of 20 ppm IV and 400 ppm iodide ions provided synergistic
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inhibition of 95.1%. Cationic polyelectrolyte 1V has been shown to form polyelectrolyte
complex/coacervate with three model anionic polyelectrolytes.
Keywords: Diallylamine salts; Polyelectrolyte complex; Coacervate; Mild steel

corrosion; Dopamine; Cyclopolymerization

2.1. Introduction

Clasp of marine mussels release diverse moisture-reluctant sticking proteins, known as
nature’s water-resistant glue, having =~1-28 mol% 3,4-dihydroxyphenyl-L-alanine (L-
DOPA) (Fig. 2.1), which twig swiftly and firmly to solid surfaces in the areas of turbulent
sea [92] by virtue of covalent type strong interfacial interactions involving the catechol
moieties (i.e., dihydroxyphenyl groups). The DOPA-containing proteins have substantial
amount of anionic phosphoserine residues that can form complex such as coacervates
with other proteins having cationic 4-hydroxyarginine moieties. For the wet adhesion,
this phase-separated coacervates feature is crucial [2-4]. 3,4-Dihydroxyphenethylamine,
known as Dopamine (DA), a hormone and neurotransmitter, is commonly used in clinical
medicine. DA possesses the vital functional motifs of catechol present in mussel’s
adhesive proteins. At pH value > 8.5, the catechol groups are oxidized into the quinone
form, which can react with amine and self-polymerize to polydopamine (PDA) that can

adhere to various substrates [10].

17



HO HO

OH
NH, NH\)L
HO HO Me (H)

O

L-DOPA ‘ Dopamine acrylamide and methacrylamide ‘

HO HO O\J\
N7 T ” Me
NH; | 0
HO HO

‘DOPAM]NE. ‘ | 4-(N-(2-Hydroxyethyl)-N-methylaminom ethyl)b enzene-1,2-diol

Figure 2.1. Chemical structure of L-DOPA, dopamine, methyl acrylamide, and methacrylate monomers having
residues of dopamine and catechol motifs

Researchers were attracted to imitate the adhesive chemistry used by the mussels.
Synthesis of mussel-inspired biomimetic materials having catechol functionalities and
their applications in fields such as drug delivery [13], underwater adhesives [11,14,15],
coatings [14,16], biological adhesives [17], self-healing of hydrogels [18,19], surface
modification of membranes [9], and anti-biofouling [20] have been reported. The
mechanical strength of polymers having catechol units has been shown to improve by
coordinating with metal cations commonly found in seawater [19]. A Review article
describe the biomedical importance of mussel-inspired polymers and mechanism of wet
adhesion [12,21].

Numerous biomimetic polymers bearing catechol or dopamine motifs have been
synthesized via 2,2-azobisisobutyronitrile (AIBN)-initiated radical polymerization of
acryl-based monomers containing dopamine motifs (Fig. 2.1). Polymerization of a

dopamine-derived methacrylate monomer and poly(ethylene glycol)-methacrylate
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macromonomer led to copolymers with excellent coatability on various surfaces [16]. The
polymers having catechol or dopamine motifs are shown to have strong adhesion in the
wet environment [4,6-8] and low-biofouling property [20] on various surfaces.
Dopamine acrylamide and n-butyl acrylate monomers led to copolymers that can self-
heal in seawater through hydrogen bonding and coordination (Fig. 2.1) [19]. The
copolymer of 2-(methacryloyloxy) ethyl phosphonate and dopamine methacrylamide,
having negative charges on the phosphonate, can form nanocomposite complex
coacervate on cationized gelatin [22]. A dopamine methacrylamide /2-methoxyetheyl
acrylate copolymer has been shown to reduce failure of dental restorations due to saliva
contamination [23]. A pH-responsive hydrogel of dopamine acrylamide/acrylic acid
copolymer has been used to control the release of a drug [24]. Gecko adhesion, which
allows the gecko to cling onto vertical and even inverted surfaces, is greatly diminished
under wet conditions. A hybrid adhesive of gecko-mimetic and mussel-mimetic polymers
based on dopamine methacrylamide is shown to maintain its adhesive performance in
both dry and wet environments [4].

The current work has three main objectives: (i) synthesis of a new class of water-
soluble mussel-mimetic polymers via Butler’s cyclopolymerization protocol involving
diallylamine salts having residues of dopamine, (ii) exploitation of catechol motifs’
chelation ability to mild steel surface to inhibit corrosion in acidic media, and (iii) use of
Butler’s dopamine-containing cyclopolymers having cationic backbones to form
polyelectrolyte complex/coacervate with some zwitterionic/anionic polyelectrolytes.

Butler’s cyclopolymerization protocol of N,N-diallyl quaternary ammonium salts

[H2C=CHCH,),N*R'R?] led to the synthesis of numerous industrially important
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polyelectrolytes [56-58,93]. We intend to synthesize a dopamine-derived monomer 3 and
co-polymerize it using the cyclopolymerization protocol to obtain a series of homo- and
co- and ter-polymers as outlined in Scheme 2.1. The polymers would then be used as
corrosion inhibitors in well acidizing [76] and as a component to form technologically
important polyelectrolyte complex/coacervate with zwitterionic/anionic polyelectrolytes

[94-96].
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2.2. Materials and Methods

2.2.1. Physical Methods

Elemental analyses were performed using a Perkin Elmer instrument (Model 2400).
Thermogravimetric analyses (TGA) under N2 were performed by an SDT analyzer
(Q600: TA Instruments). The FTIR spectra (Transmittance mode) of the synthesized
materials were recorded by a Thermo Scientific Nicolet iS10 spectrometer and are
reported in wave numbers (cm™) (Spectral resolution, 4 cm™; number of scans, 64). An
Ubbelohde viscometer having a Viscometer Constant of 0.005 cSt/s was utilized to
perform viscosity measurements at 30.0+0.1 °C using a CT72/P water bath (SI Analytics,
Germany). The bath contained an automatic viscoclock to record the time. Viscosity
values were determined in triplicate having an error in time of < 0.2%. *H and 3C NMR
spectra were recorded in a 400 MHz spectrometer (Bruker Avancelll) using the residual
D20 protons (HOD) at & 4.65 ppm, and *C dioxane signal at & 67.4 ppm as internal
standards. For quantitative analysis, a pulse width of 14 us for 90° pulse (hard pulse) with
a power level of 9.9 watts and a delay time of 5 s was employed to make sure the full
relaxation of *H NMR signals (which usually have a T1 of 1 s). An Olympus optical
microscope (SZX16), fitted with a SC-50 Q-Imaging Retiga EXi digital camera and
Olympus cellSens Entry software, was used to take optical microscope images of

polyelectrolyte complexes.
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2.2.2. Materials

2,2"-Azobisisobutyronitrile (AIBN) (> 98%) was purchased from Fluka Chemie AG and
crystallized from chloroform-ethanol. Diallyldimethylammonium chloride, dopamine
hydrochloride, Dimethylsulfoxide (DMSO) = 99.5%), 2,2'-azobis(2-
methylpropionamidine) dihydrochloride (AMPD), allyl bromide, and Poly(4-
styrenesulfonic acid) lithium salt (PSS) 9 solution (30 wt. % in H20) (MW 75000 g mol-
1) were purchased from sigma Aldrich. Zwitterionic 10 [97] and zwitterionic/anionic 11
[98]were prepared as described. All water used was of Milli-Q quality. A Spectra/Por

(Spectrum Lab., Inc.) membrane (MWCO 3500 and 6000-8000) was used for dialyses.

2.2.3. Synthesis of N,N-diallyldopamine 2

To a stirred mixture of DA-HCI 1 (9.5 g, 50 mmol) in acetonitrile (200 mL)
containing anhydrous K>COs (24.3 g, 175 mmol) was added dropwise (N2) a solution of
allyl bromide (12.7 g, 105 mmol) in acetonitrile (25 mL) at room temperature for 30 min.
After stirring under N2 at 50 °C overnight, the mixture was filtered while hot, and hot 1:1
MeOH/CHsCN mixture (150 mL) was used to wash the solid residue. After removal of
the solvent, the residue upon silica gel chromatography in a short column using ether
followed by 9:1 MeOH/CH3sOH mixture as eluant to give diallyl dopamine 2 as a white
solid (7.3 g, 63%) (Scheme 2.1). For analysis, a pure sample was prepared by
crystallization form hot MeOH, mp 129-131 °C, (Found: C 71.8; H 8.1; N 5.9%.
C14H1sNO> requires C 72.07; H 8.21; N 6.00%); vmax (KBr): 3283, 3076, 3015, 2933,
2852, 2712, 2562, 1750 (very broad), 1589, 1519, 1458, 1373, 1283, 1206, 1118, 1077,

935, 809, 674 and 584 cm™%; 5y (DMSO-ds) 2.51 (4H, ), 3.09 (4H, d, J 6.3 Hz), 5.11
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(4H, m), 5.80 (2H, m), 6.40 (1H, d, J 8.0 Hz), 6.54 (1H, s), 6.61 (1H, d, J 8.0 Hz) (Note
that the residual DMSO-ds proton singnal also appeared overlapping at & 2.51 ppm); dc
(DMSO-dg) 31.89 (1C), 54.96 (1C), 56.11 (2C), 115.43 (1C), 116.00 (1C), 117.10 (2C,

CH=CH,), 119.19 (1C,), 131.24 (1C), 136.09 (2C, CH=CHy), 143.26 (1C), 144.97 (1C)

(DMSO-ds middle C:39.51). DEPT 135 NMR spectrum was recorded to assign the 3C
signals. The compound was water-insoluble, slightly soluble in CHCI3 but soluble in hot

(45 °C) CHsCN, MeOH, and DMSO.

2.2.4. Synthesis of N, N-diallyldopamine hydrochloride 3

To a stirred solution of N, N-diallyldopamine 2 (6.30 g, 27 mmol) in hot MeOH (20
mL) was added dropwise conc HCI (37 wt%) (3.94 g, 40 mmol). The solvent was
removed, and monomer dried in vacuum to yield 3 as a white solid which was
crystallized from MeOH/Et,0 (6.8 g, 93%). Mp 164-166 °C; (Found: C 62.1; H 7.6; N
5.1%. C14H20CINO> requires C 62.33; H 7.47; N 5.19%). This monomer was soluble both
in water and methanol. vmax (KBr): 3342, 2938, 2818, 2743, 2642, 1604, 1519, 1453,
1353, 1270, 1179, 1112, 1056, 1000, 945, 870, 786, 664, and 609 cm!; &4 (D20) 2.78
(2H, t, J 7.8 Hz), 3.17 (2H, t, J 7.8 Hz), 3.64 (4H, d, J 7.2 Hz), 5.47 (4H, m), 5.75 (2H,
m), 6.57 (1H, d, J 8.0 Hz), 6.65 (1H, s), 6.72 (1H, d, J 8.0 Hz) (residual HOD proton
singnal appeared at 6 4.65 ppm); dc (D20) 29.69 (1C), 53.67 (1C), 55.78 (2C), 117.32

(1C), 117.34 (1C), 121.93 (1C), 126.26 (2C, CH=CHy,), 127.49 ( CH=CH,), 129.51 (1C),

144.00 (1C), 145.10 (1C), (dioxane: & 67.4 ppm). DEPT 135 NMR spectrum was

recorded to assign the 13C signals.
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2.2.5. Homopolymerization of diallyldimethylammonium chloride 4

A solution of monomers 4 (1.62 g, 10 mmol) and AMPD (75 mg) in water (0.87 g)
was heated at 65 °C in a closed flask under N2 for 24 h. The reaction mixture becomes
solidified within 4 h. Thereafter, upon dialysis against distilled water by using 3500
MWCO dialysis bag for 24 h and freeze-drying gave white solid of polymer 5 (1.4 g,

869%).

2.2.6. Copolymerization of diallyldimethylammonium chloride 4 and

N, N-diallyldopamine hydrochloride 3

2.2.6.1 Using monomers 4/3 in a 95:5 ratio

A solution of monomers 4 (1.54 g, 9.5 mmol), 3 (135 mg, 0.5 mmol), and AMPD (75
mg) in water (0.9 g) was heated in a closed flask under N2 for 24 h at 65 °C. The reaction
mixture becomes solidified within 4 h. Thereafter, upon dialysis against distilled water by
using 3500 MWCO dialysis bag for 24 h and freeze-drying gave polymer 6a as a white
solid (1.4 g, 84%). (Found: C 59.2; H 9.9; N 8.0%. monomers 4 and 3 incorporated in a

respective ratio of 95:5 requires C 59.67; H 9.77; N 8.38%).

2.2.6.2 Using monomers 4/3 in a 90:10 ratio

A solution of monomers 4 (1.46 g, 9.0 mmol), 3 (270 mg, 1.0 mmol), and AMPD (75
mg) in water (1.10 g) was heated (65 °C, 24 h) in a closed flask under N.. The reaction

mixture becomes viscous within 4 h. Thereafter, upon dialysis against distilled water by
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using 3500 MWCO dialysis bag for 24 h and freeze-drying gave polymer 6b as a white
solid (1.54 g, 89%). (Found: C 58.9; H 9.7; N 7.7%. monomers 4 and 3 incorporated in a
respective ratio of 90:10 requires C 59.89; H 9.58; N 8.12%). vmax (KBr): 3658, 3381,
3164, 2976, 2898, 2346, 1636, 1466, 1383, 1250, 1152, 1074, 955, 815, 648, and 536

cm 2,
2.2.6.3 Using monomers 4/3 in a 80:20 ratio

A solution of monomers 4 (1.293 g, 8.0 mmol), 3 (541 mg, 2.0 mmol), and AMPD
(100 mg) in water (987 mg) was heated (65 °C, 24 h) in a closed flask under N> for 24 h.
The reaction mixture becomes viscous within 4 h. Thereafter, upon dialysis against
distilled water by using 3500 MWCO dialysis bag for 24 h and freeze-drying gave
polymer 6¢ as a white solid (1.6 g, 87%). (Found: C 59.1; H 9.6; N 7.3%. monomers 4
and 3 incorporated in a respective ratio of 80:20 requires C 60.29; H 9.24; N 7.64%). Vmax

(KBr): 3650, 3388, 2967, 2574, 1622, 1462, 1376, 1259, 957, 809, 678, and 538 cm ™.

2.2.7.  Cyclopolymerization of 4 with SO>

SO (0.737 g, 11.5 mmol) was adsorbed on 4 (1.62 g, 10.0 mmol) in DMSO (2.8 g).
After adding AIBN (100 mg), the mixture was heated under N at 65 °C for 24 h. The
resultant mixture was dialyzed against distilled water using 6000-8000 MWCO dialysis

bag for 24 h and freeze dried to obtain white copolymer 7 (2.1 g, 93%).
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2.2.8. Terpolymerization of monomers 3, 4 and SO

2.2.8.1 Using monomers 4/3/SOz in a 95:5:100 ratio

SO, (0.737 g, 11.5 mmol) was adsorbed on 4 (1.54 g, 9.5 mmol), 3 (135 mg, 0.5 mmol)
in DMSO (2.8 g). After adding AIBN (100 mg), the mixture was heated under N at 65
°C for 24 h. The resultant solidified mixture was dialyzed in distilled water using 6000-
8000 MWCO dialysis bag for 24 h and freeze-dried to get white terpolymer 8a as (2.15 g,
93%). (Found: C 42.0; H 7.2; N 5.8; S 13.0%. monomer 4, 3 and SO incorporated in a
respective ratio of 95:5:100 requires C 43.13; H 7.06; N 6.06; S 13.87%). Vmax (KBr):

3433, 3024, 2962, 2876, 1636, 1472, 1309, 1204, 1127, 948, 770, 660, and 515 cm™™.

2.2.8.2 Using monomers 4/3/SO; in a 90:10:100 ratio

SO (0.737 g, 11.5 mmol) was adsorbed on a mixture of 4 (1.46 g, 9.0 mmol) and 3
(270 mg, 1.0 mmol) in DMSO (2.8 g). After adding AIBN (180 mg), the mixture was
heated under N2 at 65 °C for 24 h. The resultant solidified mixture was dialyzed in
distilled water using 6000-8000 MWCO dialysis bag for 24 h and freeze-dried to obtain
white solid of 8b (2.23 g, 94%). [Note that the above polymerization does not proceed
well in the presence of a smaller amount of AIBN (100 mg) for 5 h]. (Found: C 42.8; H
7.4; N 57; S 12.8%. monomer 4, 3 and SO incorporated in a respective ratio of
90:10:100 requires C 43.67; H 6.99; N 5.92; S 13.55%). vmax (KBr): 3458, 3027, 2911,

1637, 1529, 1473, 1410, 1309, 1127, 1041, 950, 869, 769, 660, and 510 cm ™.
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2.2.8.3 Using monomers 4/3/SOz in a 80:20:100 ratio

SO, (0.737 g, 11.5 mmol) was adsorbed on a mixture of 4 (1.29 g, 8.0 mmol), 3 (540
mg, 2.0 mmol) in DMSO (2.8 g). AIBN (180 mg) was added, and the mixture was heated
under No at 65 °C for 24 h. Thereafter, the solidified mixture was dialyzed against
distilled water by 6000-8000 MWCO dialysis bag for 24 h and freeze-dried to obtain
white solid of 8c (2.32 g, 94%). (Found: C 43.2; H 7.1; N 5.4; S 12.0%. monomer 4, 3
and SO incorporated in a respective ratio 2853, 2705, 1631, 1528, 1470, 1408, 1305,

1195, 1127, 1037, 950, 872, 770, 658, and 517 cm ™.

2.2.9. Corrosion inhibition of mild steel in 1 M and 15% HCI by polymers 5

and 6

Gravimetric weight-loss method [99] was utilized in 1 M HCI (250 mL) for a duration
of 24 h at 60 °C by hanging mild steel coupons (2.5 x 2.0 x 0.1 cm®) having composition
(Wt%): C (0.082), Si (0.032), Ni (0.062), Mn (0.207), Cr (016), Al (0.045), Cu (0.029), W
(0.042), Sn (0.048), Zn (0.017), Fe (= 99.3). For 15% HCI (250 mL) for a duration of 6 h
at 60 °C , mild steel coupons of greater dimension (2.9 x 2.9 x 0.7 cm®) having
composition (wt%): Fe (= 97.8), Mn (0.84), Si (0.39), C (0.33), Cr (0.16), Cu (0.15), Ni
(0.075), Al (0.043), S (0.033), Wu (0.015), Co (0.014), Mo (0.03) were used. After
scraping the coupons with grades of silicon carbide papers, the coupons were washed
with acetone, dried with warm air, and kept in a desiccator. Concentrated HCI (37%) was
diluted with distilled water to prepare the corrosive medium of 15% HCI. A stock
solution (1000 ppm) of the polymers in 15% HCI was diluted with 15% HCI to obtain

concentrations of 0.5-50 ppm.
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The corrosion tests were run in triplicate. For similar size of the coupons, the %IE
(%) was calculated using Eq. 2.1, where Wy, and Wi; are taken as the respective weight-
loss in the uninhibited (blank) and polymer-inhibited solutions. In the cases of the
significantly differing coupon-masses, %7 was determined using relative weight-loss

method [99].

Wip— Wy

%1 = X 100 2.1)

Wip

2.2.10. Polyelectrolyte complex

For coacervation of cationic polyelectrolyte 6c, its 1 wt% aqueous solution was
mixed with the 1 wt% aqueous solution of anionic/zwitterionic polyelectrolytes 9, 10, and
11 in equimolar quantity as described in Table 2.1. For instance, in entry 1, using
repeating unit molar masses of 6¢ and 9 as 183.3 and 190.3 g mol™, respectively, 1 mL
solution of 9- and 0.96-mL solution of 6¢ were calculated to have the same 0.0526 mmol
of anionic and cationic centers, respectively. After mixing, the solution was shaken for 20
min during which the mixture was separated into two layers, thereby leading to the
formation of the CC (liquid-liquid phase separation), which was visualized by an optical

microscope.
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Table 2.1 Concentration (mL) of each PE used for coacervation

Entry | Polyelectrolyte A Volume of 1.0 wt% Volume of 1.0 wt%
Polyelectrolyte A (mL) Polyelectrolyte B
(mL) (6¢)
(mL)
1 9 1.0 0.96
2 10 1.0 0.68
3 11 1.0 0.61

2.3. Results & Discussion

2.3.1. Synthesis and characterization of monomer 3 and polymers 5-8

Dopamine underwent dialkylation with allyl bromide to give N, N-diallyldopamine 2,
which upon treatment with HCI afforded monomer N, N-diallyldopamine hydrochloride 3
in 93% vyield (Scheme 2.1). The current work represents the first example of a
cyclocopolymerization involving diallylammonium salt containing dopamine motifs. The
homopolymerization of monomer 4 and its copolymerization with 3 afforded
cyclopolymers 5 and 6, respectively, in well over 80% yields (Scheme 2.1, Table 2.2,
entries 1-4). Monomers 4/3 feed ratios of 95:5, 90:10, and 80:20, led to respective
copolymers 6a, 6b, and 6¢, in which the incorporated monomers were expected to match
the feed ratios as expected for such high conversions to polymers. This was confirmed by
calculating the monomer incorporation using area integrations of the aromatic protons
versus the rest of the protons in the *H NMR spectra of the polymers. We observed that

the presence of 20 mol% comonomer 3 (entry 4) necessitated the use of higher amount of
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initiator AMPD, implying that the excessive presence of catechol motifs presumably
inhibits the rate of polymerization. The copolymers are not block copolymers as
suggested by the structure (Scheme 2.1), rather the monomers are randomly placed

owing to the similar reactivities of the diallyl monomers 3 and 4.

The 4/SO. copolymerization and 3/4/SO; terpolymerization afforded respective
cyclopolymers 7 and 8 (Scheme 2.1, Table 2.2, entries 5-8) in excellent yields (93-94%).
Diallylamine salt/SO; pair having reactivity ratios r1 =~ 0, r> = 0 invariably lead to

alternate placement of SO, while monomers 3 and 4 are randomly placed [100,101].
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Table 2.2 Homo- and co-polymerization of monomers 3 and 4 and their co- and ter-polymerization with SO, at
65 °C for 24 h.

Entry 3 4 SO2 Solvent Initiator®  Yield" 3/4 ratio  Intrinsic M, ¢
(mmol)  (mmol) (mmol) 9) (mg) Polymer inpoly-  Viscosity! &
(%) mer° (dL g™ M, f
B B Water AMPD _ d
1 10 (0.87) (75) 5 (86) 0.787 28800
B Water  AMPD , §
2 0.5 9.5 (0.90) (75) 6a (84) 4:96 0.913 31260
B Water  AMPD , §
3 1.0 9.0 (1.10) (75) 6b (89) 8:92 0.501 14030

_ Water AMPD ) d
4 2.0 8.0 (0.98) (100) 6¢ (87) 17:83 0.386 7850

DMSO  AIBN

5 - 10 15 oee a7 © - 0297  11500°
6 05 95 115 8{\3;50 (Allo%l)\l 8a (93) 496 0268  10800°
7 1.0 9.0 115 8{\3;50 (Alls%l)\l 8b (94) 8:92  0.199 9200°
8 2.0 8.0 115 8{\3;50 (Alls%l)\] 8c(94) 1981 00898  6800°

SAMPD = 2,2'-azobis(2-methylpropionamidine) dihydrochloride, AIBN = 2,2"-Azobisisobutyronitrile.
bYields (by gravimetry) are written under parentheses.

°By 'H NMR spectroscopy.

dViscosity of 1-0.125 % in 0.1 M NaCl at 30 °C.

®Viscosity average molar mass M,, was obtained using [n] = 1.12x10‘41\71,,0'82 [102], where [n] was determined
in 1 M NaCl at 30 °C and found to be 0.508, 0.543, 0.282, and 0.175 dL g™ for 5, 6a, 6b, and 6c, respectively.
M,, calculated by end group analysis.

The TGA curves for several polymers displayed in Fig. 2.2, reveal their stability up to
~210 °C with an average 10% weight-loss attributed to the removal of moisture. For 5

and 6c¢, two losses of 38% and 43% in the ranges 280-400 °C and 400-470 °C, can be
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attributed to the loss of the parts of pyrrolidine rings. For 7and 8c a loss of 45% in the

range of 240-325 °C does point toward the combined losses of SO2 and ring pendants.
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Figure 2.2. TGA curves of 5, PZ 6¢, 7, and PZM 8c

FTIR spectrum of monomer 3 and monomer 3-incorporated polymers showed an
absorption at = 950 cm™ assigned to the aromatic ring stretch. The NH and phenolic OH
vibrations appeared at 3650-3400 cm™ range. Terpolymers 8a-c showed strong IR bands
at 1309 and 1127 cm™ owing to the asymmetric and symmetric vibrations of SOz unit
[103].

Figs. 2.3 - 2.6 display the NMR spectra of monomers and polymers. Assignment of
IH and 3C signals are based on substituent effects. The absence of residual signals of the
alkene protons at 6 5.5-6 ppm in the polymers (Fig. 2.3c, d) suggests the termination
process by degradative chain transfer via abstraction of the allylic proton of the
monomers to yield unreactive allylic radicals [104]. Note that the alkene carbon signals at

~ 0 126 and 127 ppm (Fig. 2.4a,b) disappeared in the polymers (Fig. 2.4c,d). The
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incorporation of the catechol motifs is confirmed by the appearance of signals for six
aromatic carbons in the range 6 115-145 ppm (Fig. 2.4d). The three aromatic protons of
monomer 3 appeared as sharp signals at & 6.57, 6.65, 6.72 ppm (Fig. 2.3b), while the
coreesponding protons in copolymer 6c are shown in the same chemical shifts as broad
signals (Fig. 2.3d). Likewise, 'H NMR spectra of terpolymers 8b and 8c polymers having
SO units (Fig. 2.5b, ¢) and *C NMR spectrum of 8c (Fig. 2.6b) also demonstrated the
incorporation of the catechol motifs and disappearances of signals of the alkene protons

and carbons.
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Figure 2.5. 'H NMR spectra in D,O of (a) polymer 7, (b) polymer 8b, and (c) polymer 8c
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Figure 2.6. 3C NMR spectra in DO of (a) polymer 7, (b) polymer 8b, and (c) polymer 8c

All the synthesized polymers are water-soluble. For instance, a 20-mg sample in 1

mL water (i.e., 2 wt%) gives a homogeneous solution within 2 min. The viscosity plots

for the polymers in aqueous solutions in salt-free and 0.1 M NaCl are shown in Figs. 2.7

and 2.8. In salt-free water, the viscosity plots become concave upward as expected of

polyelectrolytes (Figs. 2.7i and 2.8i), while normal linear plots were obtained in 0.1 M

NaCl because of shielding of the positive charges on the polymer backbone by CI- ions.
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Intrinsic viscosities [n] are given in Table 2.2. Viscosity average molar mass M,, was

calculated using Mark-Houwink equation: [] = KM," where [n] values of were 0.508,
0.543, 0.282, and 0.175 dL g for 5, 6a, 6b, and 6¢, respectively, in 1 M NaCl at 30 °C.
Mark-Houwink parameters ‘K’ was taken as 1.12x10* dL g* and ‘a’ as 0.82 [102]. Note
that the parameters used are for homopolymers 5 not for copolymers 6 containing
dopamine residues. This could be a source of error for the M, of the copolymers 6. The
M,, values are given in Table 2.2. Polymer 6¢ with highest incorporation of catechol
motifs was found to have the lowest molar mass, presumably because of higher rate of
chain termination. For the SO, polymers, the M,, values (Table 2.2) were estimated by
end group analysis using area integration of the protons for initiator fragment
(CH3)2C(CN) which appeared at 561.30 ppm (Fig. 2.5) [100]. Polymer 8c having highest

incorporation of catechol motifs was found to have the lowest molar mass.
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Figure 2.8. Viscosity plots at 30 °C of (i) 8c in salt-free water, and in 0.1 M NacCl (ii) 7, (iii) 8a, (iv) 8b and (v) 8c.

2.3.2. Some of the synthesized polymers as corrosion inhibitors

Gravimetric weight-loss method is the simplest yet more reliable technique as
compared to electrochemical methods to study the mild steel corrosion in corrosive
environments since the former process is carried out over a much longer duration. The
results of the corrosion inhibition efficiency (IE) (n%) monomer 4, polymers 5 and 6¢ in

1 M HCI (60 °C, 24 h) are included in Table 2.3.
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Table 2.3 Inhibition efficiency (IE) (h%) imparted by homopolymer 5 and copolymers 6 to inhibit
mild steel corrosion in 1 M HCI for 24 h at 60 °C.

Entry Sample IE
(ppm) (M%)
Polymer 6¢
1 0.5 489+ 1.7
2 1 65.0+1.1
3 1.5 73.4+0.9
4 2.5 83.1+0.6
5 5 89.5+0.5
6 10 94.1+0.6
7 20 98.0+1.0
Polymer 5
8 10 81.2+1.3
Monomer 4
9 10 37.1+£17

Inhibitors 4, 5, and 6c at a concentration of 10 ppm imparted %IE of 37.1, 81.2, and
94.1, respectively, thereby confirming the superior effectiveness of 6¢ having 20%
catechol motifs. In general, the increased effectiveness of the polymers as compared to
monomer 4 is facilitated by the former’s multiple adsorption sites which resist desorption
from the metal surface. The %IE increases with increasing concentrations of 6c¢ in the
range 0.5-20 ppm, achieving a remarkable %IE of 98.4 at 20 ppm. Inhibitor 6c has fared

well as compared to some recent polymeric inhibitors [105].

The surface coverage data, 6, which are equated to fractional IEs (i. e., n%/100)

imparted by copolymer 6¢, in the concentration (C) range 0.5-10 ppm were used to
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construct several isotherm models of Temkin (K 4 C = /%), Langmuir (%z

6

K45 C), Frumkin [106] (K, 4sC = -

e~299), and Freundlich [107] (6 = Kuqs C™),

where equilibrium adsorption constant is denoted as Kags.and C is expressed in mol L™,
The linear plots, shown in Fig. 2.9, revealed the best fit for the Langmuir model with a R?
value of 0.9969 (Fig. 2.9b). Kags was obtained from the slope which was equated to free
energy of adsorption using Eq. (2.2) where 55.5 is the molar concentration of water in
solution [108]. AGPgs value of (-) 45.9 kJ mol™? indicates favorable adsorption of the
polymeric inhibitor on the metal surface. Note that the Temkin plot (Fig. 2.9a) is shown
to have a moderate fit with R? value of 0.941 (Fig. 2.9a). The relatively high value of
6.66 for the molecular interaction constant f, extracted from the slope (1/f) of the Temkin
plot, indicates the electrostatic repulsion among positive nitrogens are of moderate
significance [109].

0
—AG q4s

1
Kaas = t55 e RT (2.2)

Corrosion inhibition study was also conducted in 15% HCI (6 h, 60 °C), and the %IE
in the presence of various concentrations of inhibitors are included in Table 2.4. At a
concentration of 20 ppm, homopolymer 5, copolymers 6a, 6b, and 6¢ imparted %IEs of
67.2, 74.2, 81.4, and 85.2, respectively. The %IE thus increased with the increase in the
incorporation of dopamine motifs. Under the influence of such a harsh corrosive
environment of 15% HCI, the inhibitory action was quite significant; a %IE of 93.1 was
achieved in the presence of 50 ppm of copolymer 6c. Several isotherm plots, shown in
Fig. 2.10, revealed the best fit for the Langmuir model which gave a AG®aqs value of (-)
41.2 kJ mol™,
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Figure 2.10. Adsorption isotherms of 6¢ in 15% HCI at 60 °C: (a) Temkin, (b) Langmuir, (c) Frumkin, and (d)
Freundlich.

The %IE of 6c is further improved in the presence of KI. While KI (400 ppm)
imparted a surface coverage 6. of 0.317 for iodide ions, a mixture of 6¢ (20 ppm) and KI
(400 ppm) improved the surface coverage ¢ for 6¢c from 0.852 to an excellent 01+2 value
of 0.933 for (6¢ + KI) (Table 2.4, entries 7 versus 11). Synergistic parameter (Se) was
calculated using Eq. (2.3) [110]. Se value of 2.06 (i.e., >1) reflects the corrosion
inhibition process as guided by the synergistic cooperative co-adsorption. Note that Sp <

1 would have implied antagonistic competitive co-adsorption [110] .

1-(61+ 60,—6,6,)
1= 0142

59 = (2-3)
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Table 2.4 Inhibition efficiency (IE) (n%) imparted by homopolymer 5 and copolymers 6¢ to inhibit
mild steel corrosion in 15% HCI for 6 h at 60 °C.

Sample Kl IE
(ppm) (ppm) (n%)
Entry Polymer 5
1 20 67.2£0.4
Polymer 6a
2 20 74.2+ 0.6
Polymer 6b
3 20 81.4+ 04
Polymer 6¢
4 2.5 - 14.7+2.1
5 5 - 435+14
6 10 - 71.8+0.8
7 20 - 85.2+0.5
8 35 - 91.2+0.4
9 50 - 93.1+0.3
Polymer 6¢ and KI
10 - 400 31.7+1.2
11 20 400 95.1+0.3

The positively charged Fe surface induces the adsorption of a layer of CI" ions, which
facilitate the co-adsorption of positively charged inhibitor molecules (Inh*) (Eq. (2.4))
[111-113]. The adsorption of Inh™ and CI" ions displaces the H.O molecules accumulated
on the surface, thereby requiring the inclusion of molar concentration of water as 55.5
(Eq. 2.2).

(FeCl™ H,0) 45 + Inh™ = (FeCl™ ...Inh") 445 + H,0 (aq) (2.4)
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Usually, AG%gs values — < 20 kJ mol™ point toward physisorption. A AG%gs value of
(-) 45.9 kI moltin 1 M HCI and (-) 41.2 kJ mol* in 15% HCI may point towards both
physisorption involving Inh* adsorption on FeCl" layers, and chemisorption using the
interaction of catechols Ar(OH). in dopamine motifs with the vacant iron d-orbitals
[109,114] or accumulated Fe?* on the metal surface leading to the formation of chelated
species Ar(O)2Fe.

The polymers derived via acrylic monomers (vide supra, Introduction) have the
pendants of catechol or dopamine motifs linked to the polymer backbone via ester or
amide linkage (Fig. 2.1). However, the polymers derived via Butler’s
cyclopolymerization protocol [56-58,93] involving dopamine-derived monomer 3
(Scheme 2.1) have the pendant dopamine attached to the polymer backbone by a robust
N-C bond, which will not be susceptible to acid hydrolysis like the cases of ester and
amide linkages (in proteins). The dopamine has kept intact the original functionality of
the basic amine in the synthesised polymers and their stability under acidic environment
makes them efficient corrosion inhibitor. The polymers, having multiple adsorption sites
to anchor on the metal surface, - thereby imposing a barrier to the corrosive environments
- quite often give better protection to the metal surface than their monomeric counterparts

[114-118].

2.3.3. Polyelectrolyte Complex: Encapsulation of Oils with Complex

Coacervates

Several interesting articles described the theoretical and application points of view

regarding the polyelectrolyte complexes of pairs of polyampholytes/polyelectrolytes [94],
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polyanions/polycations and polyzwitterions/polycations [95,96]. In aqueous solution, PEs
bearing opposite charges can form a polyelectrolyte complex (PEC), which can be in the
form of layer-by-layer assembly, solid precipitate, liquid coacervates (complex
coacervate [CC]), or soluble complex (Scheme 2.2) [119,120]. Herein, the preliminary
CC study of cationic 6¢ containing catechol pendants was carried out with three model
anionic/zwitterionic PEs: anionic polystyrene sulfonate (PSS) 9, zwitterionic 10 [97], and

zwitterionic/anionic 11 [98] (Scheme 2.3).

Intra complex =~/ (+)]
— J

Reformation

Random Primary Ordered secondary
Complex Complex

Polyanion

Scheme 2.2. Schematic representation of the formation of polyelectrolyte complex (PEC): (i) Random primary
complex. (ii) Ordered secondary complex

48



0.8n 0.2n

Cl1® OH

Repeating it
Molar mass: 1833 cm ol’! OH

o o AK_\U/_l;
2 &
N r:\-
r Na "0,C
05 Li™ (
CO,*® S

CO-H 505 %
=
Repeating unit Repearting unir Repeating unit
Molar mass: Molar mass: Molar mass:

190.1 g mol™ 269.3 g mol ™! 299.3 g mol™!

Scheme 2.3. lonic polymers for polyelectrolyte complexes

49



Figure 2.11. Optical microscope images of polyelectrolyte complexes in the absence of NaCl (a) 6¢/9, (b) 6¢/10,
(c) 6¢/11 and in the presence of NaCl (d) 6c/9, (e) 6¢/10, (f) 6¢/11

The Pfeiffer P3 mineral oil (2-3 drops) was added into the coacervate pairs of 6¢/9,
6¢/10, and 6¢/11 which were prepared in aqueous solutions in 1:1 mol ratio of the
repeating units. When oppositely charged PEs are neutralized in the system, the
separation of the liquid-liquid phase led to the formation of complex coacervate (CC)
[121]. A mixture of the layers was taken for optical microscope study. The encapsulation
by CC was observed as the dark bold lines around the drops (Fig. 2.11a-c). Addition of
NaCl - amounts written under parentheses - to the CC pairs 6¢/9 (293.0 mg), 6¢/10 (112.1
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mg) and 6¢/11 (224.1 mgq), disrupts the electrostatic interactions among the positive and
negative charges in the PEs chains since CI- and Na* ions bind with the respective
positive nitrogens and negative centers and thereby shielding them from interchain
interactions [56]. The CC was observed to be broken down and dissolved ultimately to a
single layer. The bold lines therefore disappeared after the addition of NaCl (Fig. 2.11d-
f). The quantity of salt was different for each PEC according to the nature of the
complex; 6¢/9 pair showed strong interaction since it required the greatest amount of salt
to break the CC. In 6¢/10 and 6¢/11 pairs, the negative charge densities in zwitterionic 10
and zwitterionic/anionic 11 are less owing to internal charge neutralization in the
zwitterionic dipoles.

Encapsulation of hydrophobic liquid droplets with a complex coacervates have been
used for several applications. The coacervate walls can protect volatile oils from
evaporation [120] and can be used to encapsulate particles or droplets to protect the
inside material. In pharmaceutical industries, PECs are used as coatings materials (for
sustained delivery, as binder for formulation of drug) [122]. This study thus confirmed
that cationic copolymer 6¢ can form complex coacervates with anionic PE 9, zwitterionic

10 and zwitterionic/anionic 11, that can be further explored for desired applications.

2.4. Conclusion

Dopamine hydrochloride (1) upon alkylation with two equivalents of allyl bromide in
acetonitrile in the presence of K»,COs afforded N,N-diallyldopamine (2), which upon
treatment with HCI gave cationic monomer N,N-diallyldopamine hydrochloride (3).
While the AMPD-initiated cyclopolymerization of monomer diallyldimethylammonium

chloride (4) gave polymer 5, the copolymerization of 4 and 3 in ratios of 95:5, 90:10, and
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80:20 led to water-soluble random copolymers 6a, 6b, and 6c¢, respectively, in excellent
yields. To our knowledge, these copolymers represent the first examples of
cyclopolymers containing various proportions of dopamine motifs as generated by
Butler’s cyclopolymerization protocol. Likewise, monomers 4/3/SO. in ratios of
100:0:100, 95:5:100, 90:10:100, and 80:20:100, afforded respective water-soluble
copolymer 7 and terpolymers 8a, 8b, and 8c having alternate placement of SO, units and
random distribution of monomers 4 and 3. TGA analysis revealed the stability of these
polymers up to =210 °C. NMR spectra revealed the absence of residual alkene double
bonds, thereby implying the chain termination by abstraction of allylic ‘H’ from the
monomers. Viscosity average molar masses M,, of polymers 5 and 6 and number average
molar masses M,, of polymers 7 and 8 have been determined by viscosity measurements
and end-group analysis by *H NMR, respectively.

Some of the bio-mimetic polymers, decorated with various proportions of dopamine
motifs, have been tested as inhibitors of corrosion of mild steel in 1 M and 15% HCI at
60 °C. At a concentration of 10 ppm, monomer 4, polymers 5 and 6¢ imparted corrosion
inhibitions of 37.1, 81.2, and 94.1% at 60 °C in 1 M HCI, while at 20 ppm 6c
demonstrated excellent inhibition of 98%. Polymers 5, 6a, 6b, and 6¢c at 20 ppm
containing 0, 5, 10, and 20 mol% dopamine residues were also effective in 15% HCI,
imparting respective inhibitions of 67.2, 74.2, 81.4, and 85.2%., while 20 ppm 6c aided
by KI demonstrated enhanced synergistic inhibition of 95.1%. Corrosion inhibitions
followed Langmuir isotherm model giving favorable AG%gs values of (-) 45.9 and (-) 41.2

kJ molt in in 1 M and 15% HCI, respectively, thereby indicating an association of
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physisorption of cationic motifs and chemisorption by catechol groups on the metal
surface.

Cationic  polyelectrolyte 6¢c has been shown to form polyelectrolyte
complex/coacervate with three model anionic polyelectrolytes 9, 10, and 11. This study
confirms that the synthesized co-polymer can form CC with different polyelectrolytes,
that have a potential to be explored in various applications. PECs can be used to
encapsulate particles or droplets. The coating of PEC can protect the inside material,

control the release, and alter the colloidal properties.
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CHAPTER 3

Fabrication of a New Rationally Designed Mussel-Inspired
Cationic  Amphiphilic Terpolymer to Enhance the

Separation and Anti-Fouling Performance of Membranes
Taken from Zeeshan Arshad, Billel Salhi, Nadeem Baig”, Isam H. Aljundi, Shaikh A.

Ali" Fabrication of a New Rationally Designed Mussel-Inspired Cationic Amphiphilic
Terpolymer to Enhance the Separation and Anti-Fouling Performance of Membranes,

Langmuir, 39 (2023), 9186-9199.

Abstract

Polyvinylidene fluoride (PVDF) membrane based systems for treating oily wastewater
are prone to fouling. Herein, we introduced a novel mussel-inspired cationic amphiphilic
terpolymer  consisting of monomers:  N,N-diallyldimethylammonium  chloride
(DADMAC), N,N-diallyltetradecan-1-ammonium chloride (DTDAC), and mussel-
inspired N,N-diallyldopamine hydrochloride (DADAHC) to improve the performance
and characteristic of the PVDF membranes for oil-in-water emulsion separations. The
cationic terpolymer, poly(DADMAC-co-DTDAC-co-DADAHC), shortened as PDDD,
synthesized in excellent yield via free radical polymerization, has good compatibility
with the PVDF owing to the presence of hydrophobic long alkyl chain in DTDAC. The
presence of dopamine motifs helps to stabilize the PDDD-PVDF membrane by chelating
with Fe3* ions. The water contact angle on the PDDD-incorporated PVDF membranes
was reduced from 87.6° to 54.6°, demonstrating improved hydrophilicity than pristine

PVDF (M-0). The incorporation of PDDD into the PVDF improved the separation
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efficiencies of the membrane, which reached up to 99% while treating the oil-in-water
emulsions. Incorporating PDDD into PVDF has significantly enhanced the anti-fouling
characteristics of the membranes, which are indicated by their remarkable flux recovery
ratio (FRR) (up to 92%). The hydrophobic and hydrophilic groups worked synergetically

to enhance the performance of the fabricated membrane.

KEYWORDS: PVDF Membrane, amphiphilic terpolymer; oil/water separation, anti-

fouling, Diallylamine salts.

3.1. Introduction

Oily wastewater produced by petrochemical, oil and gas, food, and pharmaceutical
industries has become the most severe worldwide environmental challenge.[123,124] Qil
wastage in wastewater negatively impacts the economy, ecosystem, and human health.
Therefore, it is crucial to develop effective methods for treating oily wastewater.[125]
Skimming is considered a conventional technique to separate heterogeneous oily
wastewater. Alternatively, absorption, adsorption, and chemical processes were found to
be inefficient for oil-water emulsions.[126-129] Membrane-based technology is
considered the most effective for water-oil separation over conventional techniques.
Usually, the separation technique is adopted based on the oil droplet size in water; oil is
called free oil when the size is >150um, dispersed oil when the size is between 20 -150
um, and emulsified oil when the size is < 20um.[130] Free and dispersed oil are easy to
separate, but separating the emulsion is a critical challenge, and as such a suitable
membrane design is required to treat emulsions.[126,131] Due to the importance of the

subject, several kinds of polymeric membranes, including pine nut shell membrane
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(PNSM)[132], polyethersulfone (PES), polysulfone (PS), polyvinylidene fluoride
(PVDEF), cellulose acetate (CA) and polyacrylonitrile (PAN), are used to deal with the

oil/water emulsions. [133]

PVDF membranes have been used extensively in various applications such as membrane
distillation, ultrafiltration, microfiltration, and for a broad range of water treatment
applications owing to their high mechanical strength, excellent thermal and chemical
stability, and well-controlled porosity in various operational conditions.[134,135] Despite
such advantages, these membranes have hydrophobic polymeric backbone, which leads
to low water permeation and increased membrane fouling. The hydrophobic biological
moieties, organic compounds, oily contaminants, and colloidal particles attached to the
surface of the membrane during the separation process lead to pore blockage.[136,137]
Structural modification of the membrane with hydrophilic additives reduces fouling by
developing a strong interaction with water to enhance membrane performance and

fouling resistance.

Hydrophilic polymers are commonly used to improve the performance of PVDF
membranes. Directly using hydrophilic polymers in PVDF membranes has limitations,
such as being soluble in water, it may leach out during the phase inversion process.
Moreover, the incompatibility between PVDF matrix and polymers results in decreased
mechanical strength.[138,139] Recently,[140] it has been found that using amphiphilic
copolymers in PVDF membranes can improve their hydrophilicity and overall anti-
fouling performance. Amphiphilic copolymers are unique to conventional polymers,
containing both hydrophobic and hydrophilic groups. Hydrophobic groups make the

polymers insoluble in water, keeping them intact within the hydrophobic PVDF
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membrane matrix and preventing phase separation during the phase inversion process.
The high compatibility of the modifier with the PVDF membranes does not compromise
with the mechanical strength of the membranes.[141,142] In 2018, it was reported that
the PVDF blended with poly(methacrylamido benzene sulfonic acid) enhances the
hydrophilicity and anti-fouling properties of the membrane.[143] Furthermore, the
increase in the mechanical stability of PVDF membranes after blending with
poly(ethylene glycol methyl ether methacrylate) was investigated to evaluate its

performance.[144]

The use of mussel-inspired bioadhesive, 3,4-dihydroxy-L-phenylalanine (DOPA), and its
derivative dopamine (DA) (Fig. 3.1), for surface modification has drawn considerable
attention because of their interactions with various functionalities and outstanding
biocompatibility.[145][146] The application of DOPA or DA as adhesives or co-
deposition reagents is commonly employed to produce separation materials, including
sponges,[147,148] metal meshes,[149-151] aerogels,[152] fabrics,[153] and polymer
membranes.[154-156] The presence of catechol functionality in DA makes it susceptible
to interacting with various metal ions.[157] The catechol-iron complexation is well
studied and documented in several articles.[157-159] A comprehensive physio-chemical
study of the catechol-containing compound with Fe (111) chelation was reported.[160]
Moreover, the hydrophilic nature of DA can inhibit fouling formation.[161] Therefore,
DA can help further along with the hydrophobic moiety to enhance the stability of the

amphiphilic polymer in the PVDF membrane.
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Figure 3.1. Chemical structure of L-DOPA and Dopamine

Free radical polymerization of N,N-diallyl quaternary —ammonium salts
[H2C=CHCH:);N*R'R?] led to the synthesis of various linear homo- and co-
cyclopolymers.[162—-164] The five-membered ring embedded in the polymer backbone is
the  eighth-most  vital  structural  design  of  synthetic  polymer.[165]
Poly(diallyldimethylammonium chloride) p(DADMAC) alone is covered in = 1000
patents and journal articles and is extensively used for water treatment.[164] In this work,
cycloterpolymerization of a hydrophilic monomer DADMAC, a hydrophobic monomer
N,N-diallyltetradecan-1-aminium chloride (DTDAC), and dopamine-derived N,N-
diallyldopamine hydrochloride (DADAHC) monomer led to an amphiphilic linear
terpolymer poly(DADMAC-co-DTDAC-co-DADAHC) i.e., (PDDD). The PDDD is used
to design high-performance PDDD-PVDF membranes for oil-in-water emulsion
separation. The hydrophobic groups of DTDAC are expected to improve the
compatibility between the polymer and membrane, while the DADMAC and DADAHC

are expected to reduce the fouling formation.
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3.2. Experimental Section

3.2.1. Materials

2,2'-Azobis(2-methylpropionamidine) dihydrochloride (AMPD) = 97%),
Diallyldimethylammonium chloride (DADMAC), allyl bromide, dimethylacetamide
(DMA) and cetyltrimethylammonium bromide (CTAB) were purchased from Sigma-
Aldrich. ACS reagent grade hydrochloric acid (37%) was purchased from Fluka AG,
Buchs, Switzerland, and used as received. All water used was of Milli-Q quality. A
Spectra/Por™ (Spectrum™ ) membrane having 3500 molecular weight cutoff (MWCO)
was used for dialysis. DTDAC,[166] and DADAHC,[167] were synthesized as described.
The diesel with 100% purity was obtained from the Industrial & Mechanical Services Co.
Ltd. The PVDF (MW350 KDa) was acquired from Alfa Aesar. The Tween-80 was

purchased from LOBA Chemie Pvt. Ltd.

3.2.2. Physical Methods

Perkin Elmer instrument (Model 2400) was used to determine atomic compositions.
Thermogravimetric analyses (TGA) were performed under a flow of N2 using an SDT
analyzer (Q600: TA Instruments). Fourier transform infrared (FTIR) spectra of materials
were acquired using a Thermo Scientific Nicolet iS10 spectrometer. For Nuclear
magnetic resonance (NMR), a Bruker Avance |11 400 MHz spectrometer was utilized to
measure H, and *C, spectra using the residual D;O protons (HOD) at & 4.65 ppm, and

13C dioxane signal at § 67.4 ppm as internal standards.
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The water contact angle of the membranes was obtained by Goniometer DSA25 KRUSS.
The membranes' cross-section and surface morphology were performed using the
Thermo Scientific™ Quattro field-emission scanning electron microscope (FE-SEM). The
cross-section of the membranes was prepared using liquid nitrogen. Prior to analysis, the
cross-section and surfaces of the membranes coated with Au using sputtering to improve
image quality. Malvern Zetasizer instrument was used to measure the size distribution of
the feed. Atomic force microscopy (AFM) was used to investigate the roughness and the
topography of the PVDF membranes using the Agilent 550 instrument. The JASCO V-
750ST UV-VIS Spectrophotometer was used to compute the Amax Of the various
complexes. The Bona TYLG -19 cross-flow system was used to evaluate the anti-fouling
characteristics of the membranes. The Olympus Microscope was used to capture the
images of the feed and the permeate of the different PVDF membranes. A digital camera
with a 25 megapixels resolution sensor was used to take photographs of the feed and the

filtrate.

3.2.3. Synthesis of PDDD

DADMAC (1.30 g, 8.0 mmol), DTDAC (0.15 g, 0.5 mmol), and DADAHC (0.41 g, 1.5
mmol), were dissolved in water (1 g) in round bottom flask. Initiator AMPD (100 mg)
was added to the solution and stirred at 65 °C for 24 h. Thereafter, upon dialysis against
distilled water, using a 3500 MWCO dialysis bag for 24 h and freeze-drying gave
polymer PDDD (Scheme 3.1), as a white solid (1.6 g, 86%). Required elemental analysis:
C, 66.52; H, 10.26; N, 5.41 %, (Found: C 66.2; H 10.4; N 5.3%). vmax (KBr): 3641
(phenol O—H [H-bonded] stretching), 3428 (amine N—H stretching), 3076 (aromatic C—H

stretching), 2927 (alkyl C—H stretching), 2854 (alkyl C—H stretching), 2796, 1636 (amine
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N-H bending), 1459 (C-H bending), 1259 (amine C—N stretching), 1118, 917 (aromatic

ring stretching), 631, and 540 cm™*
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Scheme 3.1. Synthesis of PDDD

3.2.4. Synthesis of the membranes

PVDF membranes were synthesized using the phase inversion method. Firstly, the PVDF
powder was dried in a vacuum oven at 60 °C for 12 hours to remove any moisture. Then,
the dried PVDF powder was dissolved at 60 °C in anhydrous DMA to create a
homogeneous PVDF dope solution. The dope solution was then degassed for 30 minutes
in a sonicator and allowed to rest for 24 hours to eliminate any trapped bubbles. The dope
solution was cast on a glass plate using a membrane applicator, and the resulting thin film
was immediately immersed in a coagulation bath to solidify the membrane. After 10
minutes, the membrane was removed and placed in deionized water for 24 hours to

complete the phase inversion process.
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The poly(DADMAC-co-DTDAC-co-DADAHC) incorporated PVDF membranes were
also synthesized in similar fashions, except a few additional steps were involved. Before
the addition of the PVDF, the DMA was heated at 60 °C, and the PDDD was added into
the DMA to get a uniform solution, and after that, the PVDF was added into it to prepare
the PDDD doped PVDF uniform solution. For PDDD-PVDF membrane fabrication, a
coagulation bath containing 0.002 M of FeCls was prepared. The thin films of the various
PDDD doped PVDF solutions were dipped into the coagulation baths. The rest of the
steps were the same as those adopted for synthesizing the pristine PVDF membrane
(Scheme 3.2). The details of the composition of the PVDF and the PDDD-PVDF

membranes are provided in Table 3.1.

e )
A y
Dry-PVDF f  \\ Casting [ 4 L\ Immersing
b PVDF 2
Degassing
plat Coagulatiol b
B
PDDD Sonication PVDF Degassing
- PDDD-PVDF

polymer solution

o0

PDDD-PVDF(/\ Casting r_\ Immersing

’L:::j

FeCl; containing coagulation bath

Glass plate

Scheme 3.2. (A) Schematic representation of (A) Pristine PVDF and the (B) PDDD incorporated PVDF
membranes
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Table 3.1. Composition of the various PVDF solutions used to synthesize the pristine PVDF and the PDDD-
PVDF membranes.

Membrane code Concentration of PVDF (%) DMA (%)
PDDD (%)
M-0 0 15 85
M-1 0.25 15 84.75
M-2 0.5 15 84.5
M-3 1 15 84

3.2.5. Evaluation of the membrane performance

The stabilized milky oil-in-water emulsions were prepared by adding 0.25 g/L of diesel
oil to the water. The oil-in-water emulsion was stabilized with the help of the Tween-80
by stirring at a high rate for 24 hours. Before the evaluation of the membranes, the
membrane was kept in deionized water overnight and, after that, fitted into the dead-end
cell. Argon gas was used to control the trans-membrane pressure across the membranes.

The Oakton turbidity meter was used to measure the turbidity of the feed and the filtrate.

3.3. Results & Discussions

3.3.1. Synthesis and characterization of polymer

In this work, DADMAC, DTDAC, and DADAHC underwent AMPD-initiated
cyclopolymerization to afford PDDD in an excellent yield of 86%. The monomer ratios
incorporated were taken as 80:5:15 same as the feed ratio. TGA was used to investigate
the thermal stability of PDDD. The TGA curve shows two significant 40 % and 44 %

losses in the temperature range of 260-400 °C and 400-470 °C, respectively, due to the
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loss of pyrrolidine rings. The weight loss of 12 % up to 210 °C was due to moisture

escape. The synthesized PDDD is stable up to 210 °C (Fig. 3.2).
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Figure 3.2. TGA of PDDD

The FTIR peaks for PDDD (Fig. 3.3), at 3641 and 3428 cm™ were attributed to phenol
O—H stretching and amine N—H stretching, respectively. Absorptions at 3076 and 2927
cm® were due to the respective aromatic C—H stretching and alkyl C—H stretching.[168]
The strong peak at 1459 cm™ was assigned to C-H bending. The absence of a strong peak
of C=C (alkene) at = 1604 cm™ indicates the formation of the polymer with the

disappearance of the alkene motifs.[167]
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Figure 3.3. FTIR spectrum of PDDD

The proton (*H) NMR has provided information regarding the successful synthesis of the
poly(DADMAC-co-DTDAC-co-DADAHC). The disappearance of alkenes protons is key
in successfully recognizing the synthesis. The absence of alkene protons in the range of
5-6 ppm confirms the absence of any residual double bond in the polymer, which
suggests degradation chain transfer as the termination process involving allylic hydrogen
of the monomers.[169] The three aromatic protons of DADAHC appeared as strong
signals at 6 6.57, 6.65, and 6.72 ppm (Fig. 3.4c), while the corresponding protons in
PDDD 4 (Fig. 3.4d), are shown in the same chemical shifts as broad signals (j, k, I). The
signal of methyl protons marked 'g’ is broad and overlapping in D>O; however, the signal

is separated as a triplet in CD3OD (Fig. 3.4d, inset).
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Figure 3.4. 'H NMR spectra in DO of (a) DADMAC 1, (b) DTDAC 2, (c) DADAHC 3, and (d) PDDD 4.

PDDD is turbid (partially soluble) in water because it contains hydrophobic groups, so its

solution viscosities were not measured.
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3.3.2. Characterization of PVDF membranes

The FTIR spectra of bare PVDF and PDDD-incorporated PVDF membranes were
qualitatively analyzed. The C-F stretching vibration was observed at 825 cm™* for PVDF.
For the pristine PVDF (M-0), the asymmetrical stretching band for the carbon backbone
appeared at a vibration of 954 cm™, and for -CF», it appeared prominently at 1154 cm
1.[170] The absorption range for the fluoride-containing compound is usually exhibited
strongly within 1000-1400 cm™ (Fig. 3.5A). The two solid forms of a and B PVDF show
the characteristic absorption bands for both phases. The B phase PVDF showed the
characteristic peak at 1250 cm™.[171] For the a phase, several absorption bands were
observed at 530 cm™, 1073 cm, 1155 cm®, and 1385 cm™ as major peaks.[172] The
symmetric C-H stretching absorption peak appeared at 2887 cm, while the asymmetric
C-H stretching absorption peak was observed at 2977 cm™.[172] The PDDD-
incorporated PVDF membranes (M-1, M-2, and M-3), exhibited all the characteristic
peaks of pristine PVDF membrane in the FTIR spectrum (Fig. 3.5). The most absorption
bands of PDDD appeared within the range of the PVDF absorption bands and eventually
merged with them. In the PDDD-incorporated PVDF, however, the catechol (phenol C-H
stretching) absorption band was noticeable (vide infra). In the case of M-2, the relatively
more intense absorption band appeared at 3428 cm™ owing to the presence of catechol in

the Polymer. This absorption band is nearly absent in the pristine PVDF (Fig. 3.5A).
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Figure 3.5. FTIR spectra of (A) M-0, (B) M-1, (C) M-2, and (D) M-3.

The TGA of modified PVDF membranes was compared with the pristine PVDF
membrane. A sharp weight loss was observed at 430 °C for the pristine membrane. The
modified membranes also followed the same trend (Fig. 3.6). This analysis confirmed
that PDDD-containing PVDF membranes maintain their thermal strength, and no
significant change was observed after the incorporation of PDDD. Moreover,
fluorocarbon-based polymers present in PVDF membranes are thermally more stable than
hydrocarbons-based due to C-F bond strength.51 The thermal stability of the pristine and

modified PVDF membranes remains similar.
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Figure 3.6. TGA curves of pristine PVDF (M-0) and PDDD-PVDF membranes (M-1, M-2 and M-3), (inset
showing similar thermal stability for all membranes)

3.3.3. Morphological Analysis

The top surface and cross-section of the pristine PVDF and amphiphilic copolymer-
containing membranes with various concentrations were examined by SEM, and the
results are shown in Fig. 3.7. As shown, the top surface of pristine PVDF has relatively
less porosity because of the absence of amphiphilic PDDD. The SEM images of modified
PVDF membranes indicated the surface micropores as well. The size and the number of
surface pores for PDDD-PVDF membranes were increased, as noticed due to the

presence of functional groups present in the amphiphilic polymer. In fact, as the
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concentration of PDDD is raised in the PVVDF membranes, the porosity of the membranes
also increases owing to the enhancement in phase inversion rate. The gradual increase in

the number of pores can be observed in Fig.3.7, in the order: M-3>M-2>M-1.

The SEM images of the cross-section of the membranes demonstrated an asymmetric
structure. The top skin layer has a finger-like structure and a spongy sub-layer. The bare
PVDF membrane has shown a thick skin layer and relatively high porosity with fewer
finger-like projections.[133,173] The finger-like structures in PDDD-PVDF-modified
membranes developed more as the concentration of PDDD increased (Fig.3.7). The phase
inversion mechanism described the changes in the structure and morphology of the
membranes. The casting solution's thermodynamic stability declined due to the
amphiphilic PDDD, leading to a higher phase separation rate. The polymer containing
amphophilic groups influenced the kinetics of phase separation [174,175]. The pristine
PVDF consists of a more sponge-like structure, indicating a slow exchange of the solvent
and non-solvent during the phase inversion process due to the low hydrophilicity of the
PVDF polymer. The SEM results proved that the PDDD-PVDF membranes showed high
porosity on the top surface and more extended finger-like channels in the cross-section.
The high pores on the top surface indicated the presence of amphiphilic groups in the
PDDD, while longer-developed finger-like structures are due to the faster mass transfer
that occurred during the phase inversion mechanism. The rapid mass transfer is due to the
amphiphilic copolymer system, and a major role is played by its hydrophilic moieties.
The presence of the hydrophobic group enhances the compatibility with the PVDF
membrane, while the hydrophilic groups improve the overall flux and mechanical

strength of the PDDD-PVDF membranes.
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Figure 3.7. The SEM images of various membranes' top surface (Left) and Cross-section (Right)

The elemental mapping of pristine PVDF and modified PDDD-PVDF was conducted to
confirm the presence of specific elements in the membranes. The pristine PVDF showed
only carbon (49.0 wt %) and fluorine (51.0 Wt %), as expected for P\VDF (C-F) structure.

The gold (Au) coating on the membrane was used for conductance (Fig.3.8).

71



[ Map Sum Spectrum
Wit% o

F 510 0.5
C 49.0 0.5

Au Mal F Kal 2 CKal2

25um 1

25pm 25pm

Figure 3.8. Mapping of pristine PVDF membrane and elements distribution

The elemental mapping of M-2 confirmed the presence of Fe, N, O, F, and C. The N, O,
and C values proved the presence of quaternary ammonium motifs in the copolymer,
catechol-containing DADAHC monomer, and hydrophobic chain of DTDAC monomer,
respectively. The Fe is used during the modification of membranes to interact with
catecholic motifs. The following findings confirm the presence of the amphiphilic

copolymer in the fabricated PDDD-PVDF membrane (Fig.3.9).
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Figure 3.9. Mapping data of M-2 PDDD-PVDF membrane

The surface chemistry and the roughness of the membranes play a critical role in
controlling the interaction of the oil with the membrane surface. AFM analysis was
performed to determine the three-dimensional morphologies of the pristine and the
PDDD-incorporated PVDF membranes. In 3D AFM images, the ridges and the valleys
can be recognized by the light and the dark areas, which appeared owing to the roughness
of the membrane (Fig 3.10). Initially, the roughness of the membranes decreased with the

incorporation of the PDDD from 26.6 nm to 17.6 nm. The further increase of the PDDD
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membranes increased the surface roughness, and the surface roughness for the M-2 and
the M-3 membrane was observed at about 96.8 and 166 nm, respectively. As the
roughness directly relates to the surface area and in these membranes later on, more

permeation fluxes were observed compared to the M-0 and M-1 membranes.

Z=18pm

Figure 3.10. AFM analysis of the (A) M-0, (B) M-1, (C) M-2, and (D) M-3 membranes

3.3.4. The hydrophilicity of PVDF membranes

The performance of pristine PVDF membranes for wastewater treatment is hindered due
to their hydrophobic nature. In separating the oil-in-water emulsion, two factors play a
critical role (a) surface wettability,[176] and (b) suitable pore size; both of these factors
work synergetically to provide maximum separation while dealing with the oil-in-water
emulsions. The pristine PVDF membrane (M-0) has shown a high water contact angle of
87.6 °, showing less affinity towards the water. After the incorporation of PDDD in
PVDF membranes, the water affinity of the membranes increased as the PDDD contains

the hydrophilic moieties, which contribute to reducing the water contact angle on the
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membrane surfaces. The reduction has been consistent with increasing order of PDDD
concentration, and the water contact angle is reduced from 87.6° to 54.6° (Fig. 3.11). In
PDDD polymer, the presence of quaternary ammonium and catecholic motifs triggers a
decrease in contact angle, leading to an overall increase in the hydrophilicity of the

PVDF membranes that is necessary to improve their performances.

100

0
o
1

Contact angle (°)

60 -

MO M1 M2 M3
Membranes

Figure 3.11. Water contact angle on the pristine and PDDD-PVDF membranes surfaces

3.3.5. Separation performance of the pristine and the PDDD-incorporated
PVDF membranes

From the water contact angle and the SEM analysis, the PDDD incorporation into the
PVDF significantly impacts the membrane hydrophilicity, thereby introducing the finger-
like projections into the PVDF membranes. The permeation flux of the feed was

measured at a different pressure to see the impact of the transmembrane pressure on the
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water permeance through the membranes. The flux (J) of the permeate was calculated

according to Eq. 3.1, [177]:
J =AV /(A X At) (3.1)

where V (L) is the volume of permeate, A (m?) is the effective surface area of the
membrane, and t (h) is the permeation time. Using 250 ppm of an oil-in-water emulsion,
the permeation fluxes of the pristine and the PDDD-incorporated membranes were
analyzed. The pressure has a direct impact on the permeation flux; with the increase of
the transmembrane pressure from 0.5 bar to 3 bar, the permeation flux of all the
membranes improved. However, the PDDD-incorporated membranes have shown a
higher permeation flux than the pristine PVDF membranes. At a pressure of 3 bar, the
permeation flux of M-1, M-2, and M-3 membranes increased up to 55%, 90%, and 95%
compared to the pristine PVDF membrane (M-0). The order of membrane flux was M-3

> M-2 > M-1>M-0 (Fig. 3.12A).

The separation efficiency of the pristine and the PDDD-incorporated PVDF membranes
was analyzed at the transmembrane pressure of 2 bar. The separation efficiency of the

various membranes was calculated according to Eq. 3.2, [178]:

E©)=(1-2)x100%  (3.2)

where E is the percentage of separation efficiency, and C, and C, are oil content in
permeate and feed, respectively.

The separation efficiency of the pristine and the PDDD-incorporated PVDF membranes
revealed that the separation efficiency was significantly impacted by changing the
concentration of the PDDD. Incorporating the PDDD improved the separation efficiency
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by 99%, whereas, in the absence of the PDDD, the separation efficiency of the pristine
PVDF (M-0) membrane was observed at about 92%. The low separation efficiency of the
PVDF is due to its high affinity towards oil, which allows the slippage of the oil during
the separation of the oil-in-water emulsion. Incorporation of 0.25% and 0.5% of PDDD
into the PVDF improved the separation efficiency to 97% and 99%, respectively.
However, further incorporation has a negative impact on the separation efficiency of the
membranes, and the rejection dropped to 88%. The order of rejection of various
membranes was M-2 > M-1 > M-0 > M-3. The rejection efficiency of pristine PVDF (M-
0) is observed to be around 92%, while for M-1, M-2, and M-3, it was 97%, 99%, and
88%, respectively. From the separation efficiency of the membranes, it is clear that the
PDDD incorporation into the PVDF improved the permeation flux and the separation
efficiency. The addition of PDDD in pristine PVDF membrane thus enhanced the

rejection efficiency for M-1 and M-2 (Fig. 3.12).
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Figure 3.12. (A) Permeation flux of the oil-in-water emulsions at different transmembrane pressure. (B)
Permeation flux and (C) Membrane rejection performance at a transmembrane pressure of 2 bar. (D)
Photographs of the feed and the permeate of the pristine and the PDDD incorporated membranes

Furthermore, the size distribution of the oil droplets in the oil-in-water emulsions has
been shown in Fig. 3.13 In Fig. 3.13A, it can be seen that the size of the oil droplet varied
from 20 to 500 nm. There is an obvious difference in the optical images of the feed and
permeate of the various membranes. The optical image of the feed (oil-in-water
emulsion) revealed the presence of extensive tiny oil droplets, which were observed all
over the image. However, in the optical images (Fig. 3.13D-F) of the permeate of the

PDDD-incorporated membranes, no oil droplets appeared, which is evidence that the
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synthesized PVDF membranes successfully removed the emulsified oil droplets from the
oil-in-water emulsions and possessed a great potential to effectively treat the stabilized

oil-containing wastewater.
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Figure 3.13. (A) Particle size analysis (B) microscopic image of the feed. Microscopic images of the permeate (C)
MO, (D) M1, (E) M2, and (F) M3

The anti-fouling characteristics of the PVDF membranes were observed by evaluating the
tendency of the membrane to recover their initial flux after a certain duration of the
continuous operation of the membranes. The flux recovery ratio (FRR) was calculated

using Eq. 3.3, [179]:
FRR (%) = (jx—;) x 100% (3.3)

where the Jw1 is the initial permeation flux before fouling, and the Jw2 is the permeation
of the flux restored after the cleaning of the fouled membrane surface. The pristine and
the PDDD-incorporated PVDF membrane’s flux restoration capability was measured by

using the membranes for 6 hours to separate the oil-in-water emulsions, and after every 1
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hour, the fresh feed is introduced to avoid a significant change in the concentration of the
feed in the dead-end cell. A continuous decline in the flux of the pristine PVDF
membrane was observed, and after washing with the deionized water, the flux recovery
ratio was only 47% to the initial flux of the pristine membranes, whereas the PDDD-
incorporated PVDF membrane showed excellent flux recovery ratios (Fig. 3.14A). The
M-1 has shown a flux recovery ratio of 81% which was improved to 92% in the case of
the M-2 membrane. However, a further increase in the concertation of the PDDD into the
membrane (M-3) resulted in a slight decline in the FRR (89%) but significantly higher
than the pristine PVDF membrane. A similar trend was observed when the fouling
analysis was performed with the CTAB, a positively charged organic model of foulants.
The fouling study of the pristine and the PDDD incorporated membranes was
continuously performed for 6 hours using the cross-flow system containing the feed
consisting of 25 ppm of CTAB. After 6 hours of fouling, all the membranes were washed
with double distilled water for 1 hour in the cross-flow system to observe their flux
recovery. The least flux recovery was observed in the case of the pristine PVDF
membrane, which almost lost more than 50 % of its flux after cleaning, whereas the
PDDD-PVDF membranes flux recovery improved as the concentration of the PDDD
increased except for M-3 membranes (Fig. 3.14B). PDDD produces an electrostatic
repulsion towards the CTAB, due to the presence of the quaternary ammonium motifs,
thereby reducing the tendency of the CTAB to permanently adhere to the membrane
surface. The more higher concentration of the PDDD in the PVDF membrane might lead
toward phase separation during the phase inversion process, negatively affecting the

membrane, which can result in the lower rejection and anti-fouling characteristics of the
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M-3 membrane. The PDDD polymer is equipped with advanced functionalized motifs,

which irreversibly prevent the PDDD-incorporated PVDF membrane from fouling.
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Figure 3.14. Anti-fouling characteristics of the various membranes. Flux recovery of the pristine PVDF and the
PDDD-PVDF after 6 hours of fouling of the membranes with (A) oil-in-water emulsions and (B) CTAB foulants
in water.

3.3.6. The possible mechanism involved in improved performance of the
PDDD-incorporated PVDF membranes.

The PDDD polymer is rationally designed for the successful incorporation into the PVDF
polymer materials to develop the PDDD-PVDF membranes. The PVDF membranes are
hydrophaobic in nature and show less affinity towards the water and more affinity towards
the oil, which results in the severe fouling of the membranes during the separation
process, and it can be witnessed through the poor flux recovery ratio of the pristine PVDF
membranes (Fig. 3.14). The poly(DADMAC-co-DTDAC-co-DADAHC) (PDDD) is
synthesized from three monomers, and each one has a certain role in the PVDF
membrane to improve its performance. The monomer N,N-diallyldimethylammonium
chloride (DADMAC), is responsible for enhancing the hydrophilicity of the membranes,

and it provides better interaction with water and formation of the hydration layer by
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interacting with the water through the permanent positive charge and builds strong
electrostatic interaction with water. In some studies, it has been reported that the surface
containing the positive charge performs better in the demulsification of oil-in-water
emulsions.[180] The hydration layer provides a facile opportunity for the permeation of
the water and rejects the oil, which results in the demulsification of the oil-in-water
emulsion. The PVDF is a hydrophobic polymer, and the addition of hydrophilic polymers
usually results in phase separation during the phase inversion process, which may result
in severe defects in the membrane, negatively impacting the separation efficiency of the
membranes. In the designing of the PDDD polymer, a N,N-diallyltetradecan-1-
ammonium chloride (DTDAC) monomer is used to enhance the polymer stability in the
PVDF membrane. The DTDAC monomer carries hydrophobic motifs, which help the
PDDD polymer to be compatible with the hydrophobic PVDF. The third muscle-inspired
monomer, N,N-diallyldopamine hydrochloride (DADAHC), incorporated into the PDDD
polymer, tends to form a coordinated complex with the Fe**, thereby further contributing
to ensuring the stability and hydrophilicity of the permeation channels of the PVDF

membrane (Fig. 3.15).
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Figure 3.15. Mechanism and role of various components of the PDDD polymer in PDDD-PVDF membrane

The interaction of iron with catechol and its derivates is very common. The complex
formation was confirmed by finding out their Amax With the help of UV-Vis spectrometry.
The developed complex has shown a prominent absorbance band in the range of 385-800
nm,[181][182] because of the ligand-to-metal charge transfer event. At different pH, the
iron forms different complexes with the catechol group, which display different complex
states with different colors depending on the availability of the deprotonated catechol
groups. In this work, as DADAHC contains a catechol group, the iron added during the
coagulation process of the modified membranes leads to this complexation. The model
experiment was conducted with DADAHC and ferric ions solutions to observe the Fe3*
chelation. The mono complex was immediately formed when the pH was less than 4,
which gave dark green color, while when the pH was adjusted to more than 9, a reddish

tris complex was observed. The Amax for the acidic solution complex was 681 nm, and for
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the basic solution, it was 490 nm (Fig. 3.16). This absorbance band at different pH was

according to the precedent literature.[183][184]
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Figure 3.16. Complexation of the N,N-diallyldopamine hydrochloride (DADAHC) with the Fe3*

The Fe3* was introduced in the phase inversion process through the coagulation
bath,[185] the Fe®*" moved along with the non-solvent during the solidification of the
membranes. The migrated Fe** into the PDDD-PVDF matrix can be coordinated with the
catechol-containing motifs, which enhances the hydrophilicity of the PDDD-PVDF
membrane channels. Thus, the designed PDDD polymers consist of advanced motifs
responsible for enhanced separation performance and anti-fouling characteristics of the

membranes.

3.4. Conclusion

The stabilized oil-in-water emulsion is considered highly toxic for aquatic life.
Membrane-based technologies are considered effective in eliminating the oil from

industrial wastewater. Still, the rapid fouling and low permeation flux are considered the
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major hurdles in the scale-up of these technologies. Herein, an advanced terpolymer,
PDDD, is introduced to improve the efficiency of the PVDF membranes. The designed
polymer was equipped with three kinds of motifs: (a) quaternary ammonium groups to
enhance the membrane affinity towards water, (b) hydrophobic motif to improve the
compatibility of the PDDD polymer with the PVDF membrane, and (c) muscle-inspired
catechol motifs which provide the hydrophilicity to permeation channels by coordinating
with the Fe3*during the coagulation process. After incorporating the PDDD polymer, the
hydrophilicity of the membranes was improved, and the water contact angle reduced
significantly from 87.6° to 54.6°. PDDD substantially enhanced the membranes'
separation efficiency, reaching more than 99% while treating the oil-in-water emulsions.
The flux recovery ratio of the PVDF membrane was considerably improved from 47% to
92%. The FRR was calculated after 6 h of separating the oil-in-water emulsions. The
pristine PVDF membrane has a strong affinity towards oil which result in the formation
of the compact cake layer, whereas the synergy of the DADMAC, DTDAC, and
DADAHC prevents the permanent fouling of the surface during the oil-in-water emulsion

separation.
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CHAPTER 4

B-Cyclodextrin-derived diallylamine salt: Synthesis and its

Copolymerizations

Zeeshan Arshad, Shaikh A. Ali, B-Cyclodextrin-derived diallylamine salt: Synthesis and

its Copolymerizations, Carbohydrate Polymers, Submitted.

Abstract

A diallyl amine salt monomer bearing 3-CD substituent has been cyclopolymerized for
the first time. Thus, 6-O-toluenesulfonyl-p-cyclodextrin -[(CsH100s5)6-(CsH7)]-CH2OTs
upon reaction with diallylamine followed by protonation afforded diallylamine salt
monomer -[(CsH1005)6-(CsH7)]-CH2NH*(CH2CH=CHy). CI7] (). Cyclopolymerization of
monomer | and its copolymerization with monomers [Me2N*(CH,CH=CHy>). CI] (Il) or
[02CCH2NH*(CH2CH=CH2)2] (I1l) or [H20sPCHNH*(CH.CH=CH.). CIT (IV) or
[HO2CCH2CH(CO2H)NH*(CH2CH=CH)> CI"] (V) gave a series of copolymers having
residues of B-CD and glycine or methyl phosphonate or aspartic acid. Terpolymerization
in the presence of SO afforded polymers with alternate placement of the SO> units.
Solution properties of the pH-responsive polyzwitterions including viscosity have been
examined. Water-insoluble terpolymer 1/V/SO2 having 20 mol% B-CD residues has been
shown to remove organic micropollutant 2-naphthol by host/guest complexation. The
work has paved the way for possible synthesis of cross-linked polymers that would
simultaneously remove organic micropollutants and toxic metal ions (by complexing with
chelating ligands of glycine, aspartic acid, aminomethyl phosphonate) from contaminated

aqueous bodies.
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4.1. Introduction

Cyclic oligosaccharide B-Cyclodextrin (B-CD), composed of seven glucopyranose
units bonded by a-1,4 glycosidic linkage, takes the shape of a truncated cone where the
apex is replaced by a plane parallel to the base (Scheme 4.1) [186]. The secondary OH
groups remain in the bigger cavity while the primary OH groups stay in the smaller
cavity (Scheme 4.1, inset). U.S. FDA considers the cyclodextrin as safe [187,188]. B-CD,
produced by enzymatic degradation of starch, has an inner lipophilic cavity having a
diameter of 0.60-0.65 nm wrapped up by hydrophilic peripheral [188,189]. The
hydrophilic nature of the exterior of cyclodextrin or its complexes imparts water-
solubility and insolubility in typical organic solvents.

Easy availability and applications in the fields of drug delivery, pharmaceutical
industry, biosensors, tissue engineering, water treatment, etc. make B-CD an attractive
natural material [186]. B-CD is used as a stationary phase in HPLC chromatography
[190]. In drug delivery, the cyclodextrins confer solubility and stability to a variety of
hydrophobic drugs in the process of formation of inclusion compounds, which are then
able to penetrate body tissues to deliver biologically active functional groups [191,192].
B-CD forms intramolecular H-bonds involving secondary OH groups owing to which it

has poor water-solubility [32,193]. Each glucopyranose unit has sterically crowded two
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secondary OH groups, while the primary OH at C-6 faces less steric encumbrance.
Chemical modification of cyclodextrins via methylation, tosylation, etc. helps to
manipulate their host-guest behavior [34,191]. The water-soluble inclusion complexes
were made by B-CD with cholesterol to manufacture cholesterol-free products. The
cholesterol moiety (hydrophobic) does go into the interior of the cyclodextrin [194]. A
book chapter describes the emerging usage of cyclodextrin systems in the food industry
[195]. Host-guest inclusion complexes of B-CD with several vitamins have been explored
[196]. The use of cyclodextrins primarily as a reliable and powerful mode of transport for
drug delivery has been reviewed [197].

Water resources are under threat owing to the presence of micropollutants (organic
moieties in low concentration). A porous polymer based on cyclodextrins has been
demonstrated to have a high affinity towards micropollutants resulting in high uptake of
them [198]. A mesoporous polymer of high surface area having stiff aromatic groups has
been generated by crosslinking B-CD [199]. The encapsulation and removal of
micropollutants from the water via adsorption method have been reported for the

polymer.

Crosslinked hydrogels of B-CD and poly B-CDs have been synthesized via reaction of
-OH groups with -COOH, -COCI, epoxides, and -NCO [200-202]. Modification of
hydroxyl groups of B-CD to accommodate vinyl motifs and their free radical
polymerization (FRP) leads to poly(B-CDs) bearing CD motifs as pendants [203-205].
‘Click’ reaction involving azide/alkyne cycloaddition has been explored for the probable
formation of a thermoresponsive hydrogel [206]. The inner hydrophobic cavity of the p-

CD in CD-based polymers can play host to numerous organic compounds [207]. The -OH
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of B-CD groups has been modified using common organic reagents [208]. A methyl
methacrylate monoester of B-CD has been copolymerized with N-isopropyl acrylamide
via FRP [209]. A bis-acrylate ester of B-CD upon polymerization with acrylic acid and N-
isopropy! acrylamide led to the formation of thermo and pH-responsive hydrogels [210].

FRP of N, N-diallyl quaternary ammonium salts, known as Butler
cyclopolymerization protocol, afforded numerous industrially important ionic polymers
[211-216]. The cyclopolymerization in the presence of cross-linker leads to the
generation of a multitude of resins, which were found to be efficient for the remediation
of priority metal ions and dyes [217]. The objective of this work is to synthesize a f3-
cyclodextrin-based diallyl amine salt monomer 6 (Scheme 4.1) and its scope of
copolymerization with other diallyl amine salt monomers as well as terpolymerization
with SO.. The incorporation of SO, radical (i.e. sulfonyl radical) during the chain
propagation reduces the rigidity and increases the solubility of the propagating chain
resulting in increased polymer yields [218]. The novelty of the work would include the
synthesis of the novel B-CD-based monomer and its polymerization will represent the
first example of FRP using Butler cyclopolymerization protocol. Unlike B-cyclodextrin-
based acrylic monomers, which are labile to undergo hydrolysis under alkaline pH,
monomer 6 being attached to B-cyclodextrin through a robust C-N bond at C-6 is
expected to be stable.

Butler cyclopolymerization protocol has etched a place of distinction to generate the
eighth most important architecture of industrially important synthetic polymers whose
backbones are embedded with five-membered pyrrolidine ring [219,220]. We

hypothesize that the synthesis of new [-CD-based monomer 6 and its
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cyclopolymerization and copolymerization with several hydrophilic monomers having
chelating motifs could generate a multitude of cyclopolymers with improved
hydrophilicity. Incorporation of 3-CD motifs and metal-ion chelating ligands in the same
polymer backbone would pave the way to develop cross-linked resins for simultaneous

remediation of organic contaminants as well as priority metal ions.
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4.2. Experimental

4.2.1. Materials

Azoisobutyronitrile (AIBN) (crystallized from chloroform-ethanol) and imidazole
were purchased from Fluka Chemie AG. B-Cyclodextrin (B-CD), p-toluenesulfonyl
chloride, diallylamine, 2,2'-azobis(2-methylpropionamidine) dihydrochloride (AMPD),
ammonium  persulfate  (APS), diallyldimethylammonium  chloride 7, and
dimethylsulfoxide (DMSO) (> 99.5%) were purchased from Sigma-Aldrich. Membranes
having molecular weight cut-off (MWCQO) of 3500 and 6000-8000 were purchased from
Spectra/Por (Spectrum Lab., Inc.) and used for dialysis against distilled water. Monomers
diallylaminomethylphosphonic acid (12) [221], N, N-diallylaspartic acid hydrochloride
(15), [222] and diallylammonioethanoate (10) [223] were synthesized as described. Tosyl
imidazole 2 was prepared as described [88] in 90% vyield (mp 78-79 °C, lit. [88] 78.0-

79.0°C).
4.2.2. Physical methods

Perkin Elmer instrument (Series Il Model 2400) was utilized to record FTIR spectra.
Elemental analyses were carried out in a Perkin Elmer (16F PC) spectrometer. The
samples for elemental analysis were dried in vacuo at 60 °C for 6 h. An SDT analyzer
(Q600: TA Instruments) was used under a flow of N2 for Thermogravimetric analysis
(TGA). NMR spectra were measured in A Bruker Avancelll 400 MHz spectrometer
using signal of HOD protons at § 4.65 and *C dioxane signal at § 67.4 ppm as internal

standards. 3P was referenced with 85% H3POs in DMSO. An Ubbelohde viscometer
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(Constant = 0.005 cSt/s) under N2> was used to measure viscosity at 30.0£0.1°C. The
temperature was controlled by a CT72/P (SI Analytics, Germany) water bath. Viscosity
measurements were at least triplicated to obtain time with an average error of <0.2%.

CO»-free distilled water was used for viscosity measurements.

4.2.3. Synthesis of 6-O-toluenesulfonyl-p-CD 3

A modified procedure [88] is described. In a RB flask (2 L), B-CD 1 (40 g, containing
< 14 % water, 30.3 mmol) was dissolved in water (900 mL) by stirring at 60 °C. When
the temperature was brought down to 45 °C, tosyl imidazole 2 (31.3 g, 141 mmol) in
powder form was added to the stirring solution. After 2 h, NaOH (18 g, 0.45mol) in water
(50 mL) was poured slowly into the reaction mixture in 20 min. After an additional 10
min, the unreacted tosyl imidazole was removed by filtration. To quench the reaction,
48.2 g ammonium chloride was added resulting in a clear solution for a while. A milky
suspension was obtained after 5 min; thereafter during 3 h at 5 °C, the product started
precipitating, which was then filtered, washed with ice-cold water (200 mL), and cold
acetone (200 mL). The white powder of tosylate 3 was dried in vacuo at 50 °C (16 g,
41%). The reaction was repeated to obtain more of the tosyl derivative 3.

4.2.4. Synthesis of diallylamine derivative bearing residue of [3-
Cyclodextrin

Tosylate 3 (20.0 g, 15.5 mmol), dissolved in DMSO (35 g) at 50 °C, was treated with
excess diallylamine 4 (14.6 g, 150 mmol). The homogeneous solution was stirred under
Nz at 70 °C for 48 h to complete the reaction as confirmed by *H NMR. The reaction

mixture was washed with ether (3x50 mL) and the supernatant ether layers were
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decanted. After dissolving the residual sticky material in water (50 mL) and treating it
with K2COs (7 g), a gentle stream of N2 at 50 °C was passed through the solution to
remove any remaining diallylamine. The mixture was cooled to 5 °C, the precipitated
diallylamine derivative was filtered, and washed with cold water (20 mL) and acetone (50
mL). The compound was dried in vacuo to obtain water-insoluble 5 as a white powder
(14.7 g, 78%). Mp: The compound did not melt up to 290 °C as it was decomposed to a
black material. [Found: C, 46.6; H, 6.8; N, 1.0%. C4gH79NO34 requires C, 47.48; H, 6.56;
N, 1.15%]. vmax (KBr): 3310, 2922, 2884, 1367, 1153, 1077, 1024, 936, 859, 754, and

583 cm™.

4.2.5. Synthesis of p-CD-derived monomer 6

To an ice-cold a heterogeneous mixture of diallyl amine derivative 5 (13.5 g, 11.1
mmol) in water (25 mL) was added dropwise under stirring concentrated HCI (1.2 g, 37%
HCI, 12.2 mmol). The homogeneous solution upon immediate freeze-drying afforded a
white solid of 6 (13.8 g, 99%). [Found: C, 45.0; H, 6.7; N, 1.0%. C4sHgoCINO34 requires
C, 46.10; H, 6.45; N, 1.12%]. vmax (KBr): 3392, 2927, 1643, 1452, 1342, 1158, 1029,

939, 853, 760, 706 and 585 cm™*.

4.2.6. Cyclopolymerization of monomers 6 and 7

4.2.6.1 Copolymerization of 7 and 6 in an 85:15 mol ratio to obtain 8b

A solution of monomer 7 (810 mg, 5 mmol) and 6 (1.10 g, 0.88 mmol) in water (1.03
g), containing initiator AMPD (50 mg) was stirred under N2 at 75 °C in the closed flask

for 24 h. The thick solution was dialyzed using dialysis tube of 6000 MWCO followed by
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freeze drying to obtain 8b as a white solid (1.63 g, 85%). [Found: C, 50.5; H, 8.2; N,
4.1%. Incorporation of monomers 7/6 in a mol ratio of 85:15 requires C, 51.73; H, 7.94;
N, 4.31%]. 'H NMR analysis revealed that while the feed ratio was 85:15, the
incorporation was determined to be 87:13. vmax (KBr): 3314, 2980, 2930, 2890, 1642,

1471, 1392, 1250, 1151, 1079, 1028, 944, 753, 709, and 586 cm ™.

4.2.6.2 Homopolymerization of 6 to obtain 8c

A solution of monomer 6 (1.25 g, 1.0 mmol) in water (1.25 g) containing AMPD (15
mg) under N, was stirred at 75 °C in a closed flask for 24 h. After adding additional water
(0.9 g) and AMPD (15 mg), the mixture was stirred further at 75 °C for 24 h and then
dialyzed using dialysis tube of 6000 MWCO. The resultant solution was freeze-dried to
obtain white solid 8c (0.64 g, 51%). [Found: C, 45.6; H, 6.7; N, 1.0%. CssHgoCINO34
requires C, 46.10; H, 6.45; N, 1.12%)]. vmax (KBr): 3310, 2924, 2850, 1643, 1454, 1414,

1334, 1151, 1077, 1021, 944, 845, 753, 709, 652, and 602 cm 2.

4.2.6.3 Copolymerization of 7, 6, and SO in an 80:20:100 mol ratio to
obtain 9b

To a solution of 7 (405 mg, 2.5 mmol) and 6 (782 mg, 0.625 mmol) in DMSO (1.6 g)
was absorbed SO (368 mg, 5.7 mmol). After adding AIBN (60 mg) and stirring at 70 °C
for 24 h, the thickened mixture upon dialysis (3500 MWCO) and freeze-drying afforded
9b (1.3 g, 94%). [Found: C, 44.1; H, 6.8; N, 3.0; S, 6.9%. Incorporation of monomers
7/6/SO; in a 80:20:100 mol ratio requires C, 43.33; H, 6.55; N, 3.16; S, 7.23%]. *H NMR

analysis revealed that while the feed ratio was 80:20, the incorporation was determined to
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be 83:17. vmax (KBr): 3334, 2980, 2933, 2886, 1649, 1473, 1417, 1396, 1299, 1126, 1079,

1028, 945, 753, 650, and 605 cm™.

4.2.6.4 Copolymerization of 6 and SO to obtain 9c

SOz (115 mg, 1.8 mmol) was absorbed on a solution of 6 (1.25 g, 1.0 mmol) in
DMSO (1.33 g). AIBN (20 mg) was added to the homogeneous solution, which was
stirred under N2 at 70 °C for 48 h. After adding more AIBN (20 mg), the heating was
continued for a further 48 h. The mixture upon dialysis using dialysis tube of 3500
MWCO followed by freeze-drying afforded 9c (0.72 g, 55%). [Found: C, 44.9; H, 6.4; N,
1.0; S, 2.2%. CsgHgoCINOg6S requires C, 43.85; H, 6.13; N, 1.07; S, 2.44%)]. Vmax (KBT):
3332, 2980, 2885, 1642, 1460,1382, 1303, 1252, 1151, 1126, 1078, 1027, 940, 758, 706,

and 588 cm™.

4.2.6.5 Copolymerization of 10 and 6 in an 80:20 mol ratio to obtain 11b

To a solution of monomer 10 (388 mg, 2.5 mmol), 6 (782 mg, 0.625 mmol), and
NaCl (55 mg, 945 mmol) in water (0.63 g), initiator AMPD (25 mg) was added under N
and stirred at 75 °C for 24 h. NaCl was added to make its concentration 1.5 M. After
adding water (0.25 g) and AMPD (15 mg), stirring was continued for an additional 30 h
at 75 °C. The thickened gel was dialyzed against distilled water using dialysis tube of
6000 MWCO and then freeze-dried to obtain 11b as a white solid (0.87 g, 74%). [Found:
C, 50.4; H, 7.3; N, 3.6%. Incorporation of monomers 10/6 in an 80:20 mol ratio requires
C, 51.34; H, 7.11; N, 3.74%]. 'H NMR analysis revealed that while the feed ratio was
80:20, the incorporation was determined to be 82:18. vmax (KBr): 3660, 3350, 2980, 2888,
1619, 1461, 1393, 1252, 1153, 1081, 1031, 955, and 612, cm™*.

96



4.2.6.6 Copolymerization of 12, 6, and SO: in an 80:20:100 mol ratio to
obtain 13b

To a solution of 12 (570 mg, 2.5 mmol) and 6 (782 mg, 0.625 mmol) in DMSO (1.6
g) was absorbed SO> (340 mg, 5.3 mmol) and added AIBN (60 mg). The homogeneous
solution in a closed flask was stirred at 70 °C for 24 h. The resultant mixture upon
dialysis using a dialysis tube of 6000 MWCO led to the separation of polymer 13b as a
gelly liquid. The whole mixture containing insoluble polymer as well as the aqueous
layer upon freeze-drying gave white powder of 13b (1.23 g, 84%). [Found: C, 38.0; H,
6.0; N, 2.8; S, 6.5%. Incorporation of monomers 12/6/SO; in an 80:20:100 mol ratio
requires C, 39.08; H, 5.87; N, 3.00; S, 6.86%]. *H NMR (D,O +NaHCOs) analysis
revealed that while the feed ratio was 80:20, the incorporation was determined to be

84:16. Vmax (KBr): 3274, 2980, 2920, 1647, 1418, 1298, 1123, 1024, 912, and 753 cm™.

4.2.6.7 Synthesis of zwitterionic N, N-diallylaspartic acid (14)

The treatment of disodium N, N-diallylaspartate, prepared as described [222] with 2
equivalents of HCI gave 14 as a crystalline monomer in 95% yield. Mp. 67-68 °C;
[Found: C, 56.1; H, 7.2; N, 6.4%. C10H1sNO4 requires C, 56.33; H, 7.09; N, 6.57%]. Vmax
(KBr): 3350, 2982, 2864, 1713, 1614, 1377, 1227, 1187, 1093, 993, 941, 859, 767, and
644 cm'; 81 (D20) 2.85 (2H, d, J 6.4 Hz), 3.62 (2H, dd, J 7.7, 13.5 Hz); 3.80 (2H, dd, J
6.6, 13.5 Hz), 4.18 (1H, t, J 6.4 Hz); 5.48 (4H, m), 5.82 (2H, m); ¢ (D20) 31.53 (1C),
55.54 (2C), 61.85 (1C), 127.12 (2C), 127.29 (2C), 172.16 (1C), 174.54 (1C), (dioxane:

67.41).
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4.2.6.8 Copolymerization of 6 and 14 to obtain 16b and 16¢

A solution of monomer 14 (533 mg, 2.5 mmol), 6 (348 mg, 0.278 mmol), and NaCl
(42 mg, 0.718 mmol; NaCl was added to make its concentration 1.5 M.) in water (475
mg) in an RB flask (5 mL) was heated quickly under N2 to 100 °C. To this stirred
homogeneous mixture, initiator APS was added in portions of 50 mg, 50 mg, 25 mg, and
25 mg with intervals of 2 min in between the addition of each portion. After heating
further for 5 min at 100 °C, the thickened mixture was dialyzed using dialysis tube of
3500 MWCO. The polymer started settling down (24 h). The whole mixture upon freeze-
drying gave 16b (655 mg, 74%). [Found: C, 51.4; H, 7.1; N, 4.2%. Incorporation of
monomers 10/6 in a 90:10 mol ratio requires C, 52.29; H, 6.84; N, 4.42%]. 'H NMR
analysis revealed that while the feed ratio was 90:10, the incorporation was determined to
be 92:8. vmax (KBr): 3345, 2930, 2864, 1714, 1614, 1457, 1372, 1235, 1153, 1080, 1028,

1003, 940, 857, 647, and 604 cm™.

The above polymerization with a feed ratio of 90:10 was repeated using AMPD as an
initiator (25 mg) while keeping all other materials the same. Initially, the mixture was
stirred at 75 °C for 24 h; then additional AMPD (25 mg) and water (172 mg) were added
and heated at 75 °C a further 24 h. Dialysis as above afforded polymer 16b in 45% yield.
!H NMR analysis revealed that while the feed ratio was 90:10, the incorporation was

determined to be 90.3:9.7.

The above polymerization was repeated using APS as the initiator and 10/6 in a mol

ratio of 80:20 to obtain 16c¢ in 70% yield.
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4.2.6.9 Copolymerization of 15, 6, and SOz in an 80:20:100 mol ratio to
obtain 17b

SO (372 mg, 5.8 mmol) was absorbed on to a solution of 15 (625 mg, 2.5 mmol) and
6 (782 mg, 0.625 mmol) in DMSO (1.6 g). After adding AIBN (60 mg) and purging with
N2, the homogeneous solution was stirred at 70 °C for 24 h. The content in the flask upon
dialysis using dialysis tube of 6000 MWCO followed by freeze-drying gave 17b (1.3 g,
86%). [Found: C, 40.0; H, 5.7; N, 2.6; S, 6.0%. Incorporation of monomers 7/6/SO- in an
80:20:100 mol ratio requires C, 41.13; H, 5.65; N, 2.73; S, 6.24%]. 'H NMR (D0
+NaHCO:s) analysis revealed that while the feed ratio was 80:20, the incorporation was

determined to be 83:17.

The above polymerization was repeated using 15/6 in a 60:40 mol ratio using 15
(1.25 mmol), 6 (0.833 mmol), SO, (3.5 mmol), and AIBN (60 mg) in DMSO (1.2 g).
During dialysis, the homogeneous solution became turbid, which was freeze-dried to give
17c (1.15 g, 77%). vmax (KBr): 3310, 2980, 2927, 2889, 1716, 1622, 1457, 1374, 1298,

1123, 1078, 1022, 943, 850, 753, 649, and 604 cm ™.

4.2.7 Removal of organic micropollutant 2-naphthol (2-NO)

The water solubility of 17b (50 mg) having 20 mol% CD residues was tested using water
(5 mL). After stirring (3 h) followed by filtration and drying, 93% of the polymer was
recovered. A stock solution of 0.25 mM of 2-naphthol (2-NO) analyte was prepared. For
the adsorption isotherm, experiments were carried out by the addition of polymer (50 mg)
into analyte solution (9 mL) of 0.05, 0.1, 0.15, 0.2, and 0.25 mM taken in screw cap glass

vials with constant stirring (500 rpm) at 298 K for 1 h. The suspension passed through the
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0.22 um inorganic membrane filter and filtrate was analyzed by UV-vis spectroscopy
(Genesys 10S, Thermo Scientific). The calibration curve using analyte concentration of
0.0125 — 0.25 mM was plotted for the analyte and then from the slope equation, the

unknown concentration of the analyte after adsorption was calculated.

The amount of analytes adsorbed by the polymer, ge (mg g*) was calculated using Eq
4.1:

(Co — CV
Ge=——— 4.1)
where Co, (mg L) and Ce (mg L™) are the initial and final concentration of 2-NO, while

m (g) and V (L) represent the mass of polymer and volume of aqueous solution.
The percent removal (R) was calculated using Eq.4.2:
C
R= """ %100 (4.2)

The Kinetics study was performed by the addition of the polymer (222.2 mg) into the
0.100 mM analyte solution (40 mL) taken in screw cap glass vial with constant stirring
(500 rpm) at 298 K. The specified amount (2 mL) of the suspension was taken out by
syringe from the mixture after certain intervals and filtered by 0.22 um inorganic
membrane filter and immediately analyzed by UV-vis spectroscopy to find out the

residual concentration of the pollutant.
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4.3. Results & Discussion

4.3.1. Synthesis and spectral analyses of monomer

6-O-toluenesulfonyl-B-cyclodextrin 3 upon reaction with excess diallylamine 4
afforded tertiary amine 5, which was converted cleanly to its hydrochloride salt 6
(Scheme 4.1). While B-CD 1 is sparingly soluble in water (18.5 mg mL™), its tosyl
derivative 3 and tertiary amine 5 were found to be insoluble in water. Interestingly,
diallylammonium monomer 6 is very soluble in water. To confirm the structure and
integrity of the CD motifs, NMR spectra of 1, 3, 5, and 6 were recorded and displayed in
Figs. 4.1 and 4.2. The carbons are marked a-f as shown in the structure of 1 (Scheme
4.1). The proton marked ‘a’ at C1 appeared at 64.8 ppm in all the spectra, while alkene
protons marked ‘h’ and ‘i’ of 5 and 6 are displayed around 585.5 ppm as expected (Fig.
4.1d, 4.1e, 4.1f). Note that the spectra in D20 are simpler than in DMSO-ds, because in
the latter solvent, the OH signals appear at different chemical shifts (cf. Figs. 4.1a vs.

4.1b and 4.1e vs. 4.1f1).
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Figure 4.1. 'H NMR spectra of (a) B-Cyclodextrin (1) in DMSO-ds, (b) 1 in D;0O, (c) 3 in DMSO-ds, (d) 5 in
DMSO-ds, (e) 6 in DO, and (f) in DMSO-ds
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13C NMR spectra of B-CD 1 display six signals in DMSO-ds confirming the
equivalent nature of all the seven cyclic skeletons (Fig. 4.2a, b). However, in the tosyl 3
and diallylamine derivatives 5, the cyclic rings become nonequivalent and as such display
more signals (Fig. 4.2c, d). The alkene carbons marked ‘h’ and ‘i’ of 5 appeared in their
expected chemical shifts (Fig. 4.2d). Note each alkene carbon around 8127 ppm is split
into a doublet of equal intensity because of their diastereotopic nature (Fig. 4.2f).
Knowledge of the chemical shifts of the protons and carbons marked ‘a/a*’ would indeed

help the spectral characterization of the cyclopolymerization products (vide infra).
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DMSO-ds, (e) 6 in DO, and (f) in DMSO-ds
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4.3.2. Synthesis and spectral analyses of cyclopolymers

Monomers 7 and 6 underwent AMPD-initiated cyclopolymerization in aqueous
systems to generate the corresponding water-soluble homopolymers 8a [224] and 8c
respectively, while 7/6 in a feed ratio of 85:15 afforded copolymer 8b (Scheme 4.2). H

NMR analysis revealed the monomer incorporation 7/6 as 87:13.
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Scheme 4.2. Cyclopolymerization of monomers 6 and 7 and their alternate copolymerization with SO,

The AIBN-initiated co- and ter-polymerizations of 6, 7, and SO in solvent DMSO
led to polymers 9a, [224] 9b, and 9c (Scheme 4.2). Almost zero reactivity ratios (r = rz =
0) of diallyl monomers (M) and SOz (M2) ensured the alternating placement of SO:

[225]. Monomers’ feed ratio almost matched the incorporation ratio in the polymer 9b.
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NMR spectral analyses of 8 can decipher the incorporation of B-CD-derived
monomer 6 into the polymers. Fig. 4.3a,b reveals the *H spectra of monomer 7 and its
homopolymer 8a, while the corresponding 3C spectra are displayed in Figs. 4.4a,b.
4.3c,d, and 4.4c,d show the NMR spectra of monomer 6 and its homopolymer 8c. Note
the signals of the alkene Hs and Cs marked ‘a’ and ‘b’ of 7 (Figs. 4.3a and 4.4a)
disappeared in the spectra of homopolymer 8a (Figs. 4.3b and 4.4b), thereby implying
the successful cyclopolymerization leading to a five-membered ring embedded polymer
backbone. Similar disappearance of alkene signals (marked ‘h’, ‘i’) happened involving
conversion of monomer 6 to its homopolymer 8c (cf. Figs. 4.3c vs 4.3d and 4.4c vs 4.4d).
The chemical shifts of the acetal H and C marked a/a* of monomer 6 and polymers 8b, ¢
appeared at 65 ppm (Fig. 4.3c, d, ) and 100 ppm (Fig. 4.4c, d, e), thereby ensuring the
incorporation of cyclodextrin residues into the polymer backbone. Copolymer
composition of polymer 8b (Fig. 4.3e) was calculated using area integration of proton

marked a/a* at 65 ppm and rest of the signals.
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Figure 4.3. 'H NMR spectra in D20 of (a) 7, (b) 8a, (c) 6, (d) 8c, and (e) 8b
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FTIR spectrum of 9b revealed the presence of bands at 1299 and 1126 cm™ owing to
the vibrations of SO, unit [226]. 'H and 3C NMR spectra of SO, copolymers 9a, b
(Scheme 4.2) are shown in Figs. 4.5 and 4.6, respectively. An 80:20 copolymer confirms
the incorporation of B-CD residues in 9b as revealed by the presence of protons and
carbons marked aa* at 85 ppm (Fig. 4.5b) and 8100 ppm (Fig. 4.6b), respectively.
Spectra also revealed the successful cyclopolymerization owing to the disappearance of

signals for the alkene protons and carbons.
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Figure 4.6. 3C NMR spectra in DO of (a) 9a and (b) 9b

The protocol for the synthesis [227] of homopolymer 11a was followed to generate

copolymer 11b. Thus, monomers 10 (containing residue of amino acid glycine) and 6 in

an 80:20 feed ratio afforded copolymer 11b with 10/6 incorporation ratio of 82:18 as
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determined by the area integration of proton signals (vide supra) (Scheme 4.3). The
absorption bands of COO" (a part of the zwitterionic motifs) of 11b appeared at 1393 and
1619 cm™ in the IR spectrum[228]. *H and *3C spectra (Figs. 4.7 and 4.8) confirmed the
presence of carboxyl carbon (marked ‘n’) at 6170 ppm and aa* carbon at ~56100 ppm
[Fig. 4.8 (c)]. B-CD protons (marked ‘aa*) appeared at 65 ppm [Fig. 4.7 (c)]. The
spectral analysis thus ensured the incorporation of monomers 6 and 10 into the polymer

backbone.
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Scheme 4.3. Cyclopolymerization of monomers 6 and 10
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Figure 4.8. 3C NMR spectra in DO of (a) polymer 10, (b) 11a and (c) 11c

Phosphonic acid monomers 12 and 12/6 in a feed ratio of 80:20 underwent

cyclopolymerization in the presence of SO2 gave copolymer 13a [227] and terpolymer
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13b, respectively (Scheme 4.4). The IR absorption at 1275 cm™ 13b was assigned to the
P-O stretch [229]. The two strong bands at 1298 and 1123 cm™ were assigned to
vibrations of SO units. *H, 3C (Figs. 4.9 and 4.10), and 3P spectral analyses confirmed
the structure of the polymer backbone. 3!P signal appearing at §5.64 ppm confirmed the
incorporation of monomer 12 into the terpolymer 13b. As described earlier the presence
of protons and carbons marked ‘aa*’ at 65 ppm (Fig. 4.3c) and 6100 ppm (Fig. 4.4c),

respectively, ensures the incorporation of monomer 6.
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115



’ . (e
A u'ﬂ\-.__,..,a.,m
0
d .
b ﬁ—]F
. 0
N’
di” HOD adc b
Na 0P I
T\a D D ).|| ||
i :.II'
e WAV VAN
d
b
1@ CL® HOD d
d
H™ \ld a
PO:H; ‘ .
b
A ‘ (a)

8 7 6 5 4 3 2 1
EH[DED] Ppm

Figure 4.9. 'H NMR spectra in D,O of (a) 12, (b) 13a +NaOH, (c) 13b + NaHCO;

116



4_

II 0.2n

Itrans
Ir.:is
aa* d I J " ¥
l|
| . ()
Wwww f-,-\-w--u-»-\' w—' A W"J"!"W
a ||
b S_]F _
g} dioxane
c
N’ '
L ac I:'1r:-1ns
hf_ _Dc?ﬁ Peis
MNa 0 l
* NaOH | (b)
ad l\-w--.-.-.—.-'h"
b dioxane
d
c
d
“mobh
I ClLe
Td
B | H (@)
' 180 160 140 120 100 80 = 6 40 20 0
8¢ ppm

Figure 4.10. *3C NMR spectra in D,O of (a) 12, (b) 13a +NaOH, (c) 13b + NaHCO;

117



Finally, monomer 14 having residue of aspartic acid and 6 in various proportions
underwent copolymerization to give polymers 16, while in the presence of SO the co-
and terpolymers 17 are generated (Scheme 4.5). The synthesis of 3-CD-free polymers
16a and 17a were reported before [222,225]. The stretching of COO" in 16b appeared at
1457 and 1634 cm™,[222,228] whereas the absorption at 1714 cm™ to the C=0 stretch of
COOH. Absorption bands at 1298 and 1123 cm™ were assigned to the vibrations of the
SO unit in 17c. The stretching of COO- appeared at 1374 and 1622 cm™ respectively,

[225,228] while the C=0 stretch appeared at 1716 cm™.
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Scheme 4.5. Cyclopolymerization of monomers 6 and 14 (or 15) and their alternate copolymerization with SO,
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NMR spectra of 16 and 17 are shown in (Figs. 4.11 and 4.12) and (Figs. 4.13 and 4.14).
As analyzed earlier, the spectral analyses revealed the incorporation of the monomers in
the co- and ter-polymers. Note the appearance of protons marked ‘aa*’ at 65 ppm (Figs.
5.11 (c), d and 4.13 (b) and carbons marked ‘aa*’ at 6100 ppm (Figs. 4.12 (c) and 4.14
(b) ensure the presence of B-CD residues. The appearance of two signals for C=0
carbons at =~ 56175 ppm (Figs. 4.12 (c) and 4.14 (b) confirm the presence of aspartic acid

residues.
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4.3.3. Solubility behavior

The cyclopolymerization details are included in Table 4.1. The feed ratio of (M1/M>)
monomers matches with the incorporation ratio in the polymers, thereby implying the
equal reactivity of the monomers. The yields remain in the range 45-94%. Polymers 8, 9,
and 11 are water-soluble, while zwitterionic/cationic 13, 16, and 17 are insoluble in
water, however, become water-soluble in the presence of NaHCO3 or NaOH. In the
presence of a base, the zwitterionic motifs become zwitterionic/anionic (by abstraction of
proton in CO2H) which imparts water-solubility (Scheme 4.6). Polymers 13, 16, and 17
having dominant electroneutral () motifs were found to be water-insoluble like many
polyzwitterions [230-234]. A salt like NaCl disrupts the zwitterionic interactions thereby
facilitating the solubility of 13a, [229] 16a, [222] and 17a [225]. It is worth noting that
16b containing 10 mol% B-CD was soluble in salt (NaCl)-added water, while 16¢ having
20 mol% B-CD residues was soluble in salt-free water owing to the presence of higher
percentage of CD residues. All the polymers in series 17 were found to be water-

insoluble but soluble in the presence of NaHCO3 or NaOH.
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Scheme 4.6. pH-induced transformation of functional motifs
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Table 4.1 Polymerization of monomers My, 6 (M) and SO,

Polymerization of monomers My, 6 (M) and SO..

E d
M .| Yield® Intrinsic
Entry (ml\rﬂllo ) (6) (n?rﬁél) :,_\:égMz Inzg}a;;) ' Polymer 2/'0};'\:1; Viscosity® &
(mmol) (%) (dL gt .
M, ©
1f 7 (10) - - 100:0 | AMPD (75) | 8a(86) 100:0 0.787 28800% f
2 7 (5) 0.88 - 85:15 | AMPD (50) | 8b (85) | 87:13 0.232 -
3 - 1.00 - 0:100 | AMPD (30) | 8c(51) | 0:100 0.0317 -
4f 7 (10) - 115 | 100:0 | AIBN (100) | 9a(93) | 100:0 0.297 11500° f
5 7(25) | 0625 | 57 | 80:20 | AIBN(60) | 9b(94) | 83:17 0.110 13700
6 - 1.00 1.8 | 0:100 | AIBN(40) | 9c(55) | 0:100 0.0749 -
79 10 (25) - - 100:0 | APS(545) | 11a(89) | 100:0 0.0642 4600°9
8 10 (2.5) | 0.625 - 80:20 | AMPD (40) | 11b (74) | 82:18 0.0693 -
on 12 (10) - 10 100:0 | AIBN (200) | 13a(80) | 100:0 0.100' -
. e
10 | 12(25) | 0625 | 53 | 80:20 | AIBN(60) | 13b(84) | 84:16 0.230 ﬁgggj
11 | 14 (30) - - 100:0 | APS (900) | 16a(74) | 100:0 0.0401' -
12 14 (2.5) | 0.278 - 90:10 | APS (150) | 16b (74) | 92:8 0.0674' -
13 14 (2.5) | 0.278 - 90:10 | AMPD (50) | 16b (45) | 90:10 0.0985' -
14 14 (25) | 0.625 - 80:20 | APS (150) | 16c(70) | 83:17 0.0553' -
15' 15 (20) - 20 | 100:0 | AIBN (100) | 17a(73) | 100:0 0.573' -
16 15(25) | 0625 | 58 | 80:20 | AIBN(60) | 17b(86) | 83:17 0.455' 24650°
17 | 15(1.25) | 0833 | 35 | 60:40 | AIBN(60) | 17c(77) | 63:37 0.228' 31500°

SAMPD = 2,2'-azobis(2-methylpropionamidine) dihydrochloride, AIBN = 2,2°-Azobisisobutyronitrile, APS =
Ammonium persulfate; “yields are written under parentheses.; °Viscosity of 1-0.125% in 0.1 M NaCl at 30 °C
dviscosity average molar mass; ¢ M,, calculated by end group analysis; 224]; 9[227]; " [229]; ' + 1 equiv.
NaHCOs(or NaOH); /(by GPC, MW, PDI:2.5) [222];'[225].

125




The intrinsic viscosity [n] of the polymers 8 in 0.1 M NaCl is included in Table 4.1.
The incorporation of M. having residues of 3-CD leads to a decrease in viscosity (entries
1-3). A similar trend is observed for SO-incorporated alternating polymers 9 (entries 4-
6). The zwitterionic polymers 11 having residues of glycine were found to have low
viscosities (entries 7,8). Polyphosphonate 13b having B-CD residues is found to have
higher [n] than 13a (entries 9,10). Polymers 16 containing residues of aspartic acid (16a)
as well as B-CD residues (16b,c) were found to have low [n] values (entries 11-14),
while the corresponding SO; alternate polymers 17a,b,c obtained in very good yields
have higher viscosity values (entries 15-17). In this series increasing incorporation of -
CD residues leads to a decrease in [n]. Note that the viscosities of 13, 16, and 17 belong
to the zwitterionic/anionic family obtained by treating pH-responsive zwitterionic form

with one equivalent NaOH.

Attempts to analyze the molar masses of the synthesized polymers by GPC gave
erratic results, presumably owing to the strong adsorption of amine, phosphonate, or
carboxy motifs to the column materials as reported for similar polymers [235]. However,
for some of the SO polymers, the M,, values (Table 1) were calculated using end group
analysis as reported before [224]. The initiator fragment (CHz)2C(CN) representing the
end group appeared as a minor signal at 81.30 ppm. It is expected that each polymer
chain will have one initiator fragment since the termination process is suggested to
proceed through abstraction of the allylic proton of the monomers to yield unreactive

allylic radicals [236].
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4.3.4. Thermogravimetric Analysis

The TGA curves for some polymers, shown in Fig. 4.15, reveal their stability up to =
250 °C with =~ 5% weight-loss accounted for the removal of H,O/moisture. A major steep

loss at =~ 250 °C is accounted for the loss of B-CD residues along with SO> units (in some

polymers).
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100
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Figure 4.15. TGA curves for (a) 8b, 8¢, 9b, 9c and (b) 11b, 13b, 16¢,17b

4.3.5. Removal of an organic micropollutant: Adsorption and kinetic
studies

The presence of organic micropollutants such as pharmaceuticals and pesticides in
water resources due to industrialization posed a serious threat to human health and
aquatic ecosystems [237,238]. Insoluble polymers containing motifs of 3-cyclodextrin (p-
CD), can remove these anthropogenic organic chemicals from contaminated water by
adsorption method. The hydrophobic cavity of p-CD formed host-guest complexes with
many organic compounds [239,240]. 2-naphthol (2-NO), a naphthol-based pollutant

[241], was used in this study.

127



Water-insoluble polymer 17b was selected for the adsorptive removal of organic
pollutants. The polymer is water-soluble to the extent of =7%. The Amax for 2-NO was
found to be 274 nm (Fig. 4.16). The polymer showed promising adsorption behavior
resulting in the removal of 88% 2-NO (Fig. 4.16b). The results paved the way to
synthesize cross-linked polymers to eliminate the problem associated with partial water-
solubility of linear polymers like 17b. Another difficulty faced with 17b is that it is not
swellable in water. We expect the water-swellability to increase in cross-linked resins,
which is anticipated to improve the efficiency of the adsorptive removal of organic

contaminants.
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Figure 4.16. UV spectra for (a) Kinetic analysis of 2-NO sample (C,: 0.1 mM) and (b) 2-NO samples with C, of
0.0125, 0.025, 0.05, and 0.1 mM along with residual C. (Test) from a C, solution of 0.1 mM after polymer
treatment

Real time concentrations (Ct) can be used to calculate real-time gt Linear pseudo-
first and pseudo-second order Eqg. 4.3 and 4.4 were used to investigate the Kinetic

behavior (Fig. 4.16a) of the adsorption of 2-NO onto the polymer [242]:

In(q. — q¢) =Inq, — kqt (4.3)
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t_1 +t (4.4)
q: k2% qe '

where ki (1/min) and k2 (g mg™* min™) are the corresponding first and second order rate

constants.

The adsorption of 2-NO by the polymer was described by linear Langmuir Eq. 4.5 [242]:

SR S (4.5)
de Qmax KL Ce Qmax .

where Ce (mmol L?), ge (mg g*), maximum adsorption capacity, gmax (Mg g*), and
Langmuir isotherm constant, K. (L mmol™?) are the parameters used with units written in
parentheses.

Fig. 4.17a ensures the fast removal of the micropollutant; within 5 min most of the
pollutant is removed. Square of correlation (R?) values confirms the better fitting of the
data for the pseudo-second order kinetic model (Fig. 4.17c) as compared to first-order
kinetic fit (Fig. 4.17b). From the plot, the second order rate constant (k2) was calculated
to be 1.218 g mg™* min™. From the Langmuir adsorption isotherm (Fig. 4.17d), gmax and

K. were found to be 63.7 mg g%, 2962 L mol™,
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Figure 4.17. For adsorption of 2-NO on polymer 17b at 298 K: (a) using C, of 0.1 mM, percent removal versus
time plot, (b) pseudo first-order kinetic plot, (¢) Pseudo second-order Kkinetic plot, and (d) Langmuir adsorption
isotherm

4.4. Conclusion

For the first time, a diallyl amine salt 6 bearing B-CD substituent has been
synthesized. A plethora of copolymers as well as alternately placed SO, polymers have
been synthesized in good yields using 6 and a variety of diallyl amine salts bearing pH-
responsive motifs of aspartic acid, glycine, and methylenephosphonate. pH-dependent
solution behavior of the stimuli-responsive polymers has been examined.

Note that the B-CD has been bonded to the polymer backbone through a robust C-N

bond. Polymers having ester-linked B-CD units (through OH group) are labile owing to

130



the hydrolyzability of ester motifs, but the current polymers are expected to be stable
under alkaline conditions.

As a test case, water-insoluble polymer 17b has been tested for the removal of
organic micropollutants. The experimental results confirmed the previous hypothesis that
[-CD-based monomer 6 can effectively undergo polymerization and copolymerization to
generate polymers with improved water-solubility as compared to pristine B-CD.
Copolymers bearing residues of B-CD along with chelating motifs of glycine,
phosphonate, and aspartic acid have been synthesized as hypothesized. Work is underway
in our laboratory to synthesize cross-linked polymers that can simultaneously remove

organic micropollutants as well as priority metal ions from contaminated aqueous bodies.
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CHAPTER 5

A Dual-purpose Sorbent containing residues of -
Cyclodextrin, aminomethyl phosphonate, and aspartic acid
for Removal of Polyaromatic hydrocarbons and Toxic metal

ions

Abstract

The occurrence of poly aromatic hydrocarbons (PAHs) and heavy metals (HMs) in
aqueous bodies posed a serious environmental threat to humans and wildlife. A cross-
linked terpolymer (CLTP) having B-CD (for PAHs extraction) and HMs (Pb?" & Hg?*)
scavenger (aspartic acid and methylenephosphonate) motifs was synthesized. The CLTP
was used in a stir bar-supported micro-solid-phase extraction (SB-u-SPE) technique for
extraction of PAHs from aqueous samples and analyzed by gas chromatography — mass
spectrometry (GC-MS). A wide number of parameters were studied in the method
optimization. The HMs removal study was conducted in ppm to ppb level concentration
(Ippm — 200 ppb). The CLTP extract PAHs and adsorb the HMs with excellent
efficiency. The synthesized CLTP can be used to simultaneously remove the PAHs and
HMs from the contaminated water source.

Keywords

Polyaromatic hydrocarbons, Heavy metals, Extraction, Adsorption, Beta Cyclodextrin

Cross linked diallyl amine polymers
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5.1. Introduction

Human and animal habitats are always exposed to different classes of environmental
contaminants (ECs) from a variety of sources via different routes, both sequentially and
simultaneously [243]. This leads to the presence of numerous toxic compounds in the
water cycle, which is one of most serious environmental issues [244]. Environmental
toxicants such as polycyclic aromatic hydrocarbons (PAHs) and heavy metals (HMs)
have been frequently found in contaminated water and have attracted great concerns in
recent years due to their persistent toxicological risk to humans and wildlife. Recent
studies have stated the occurrence of organic pollutants, such as PAHSs, and inorganic
HMs in various aquatic systems such as influent and effluent from wastewater treatment
plants, groundwater, surface waters or seawater [245]. The bioaccumulation of PAHs and
HMs in living systems is of great concern. The carcinogenic and mutagenic effects of
PAHSs have been documented in several studies, and the exposure to HMs contaminates is
associated with cardiovascular disorder and cancer [246,247]. There are several methods
such as biodegradation, chemical precipitation, photocatalysis oxidation, adsorption,
electrochemical techniques, and membrane filtration for the removal of these pollutants
from water [248-253]. From these methods, adsorption is the most simple, efficient, and
flexible method. Furthermore, there is minimum chemical waste in this process, as well

the adsorbent can be reused to make this process even more cost-effective.

In the past most of the research focused on individual removal of PAHs or HMs, but both
are present in water sources. Currently, researchers are interested in simultaneous
removal of organic pollutants and heavy metals due to their adverse effects on the

environment, humans, and wildlife. The co-existence of PAHs and HMs in water is a
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prevalent problem. It is important to decontaminate both from water sources and the
possibility to remove them simultaneously is highly desirable and interesting. These
contaminants have different properties and compositions that make it even more difficult

to remove with the use of conventional procedures.

Among various kinds of methods, the one of the quickest, simplest, broadly applicable
and most effective one is adsorption [254]. This method can be applied to remove
different pollutants such as HMs and organic compounds. The elimination of the PAHSs is
reported using different adsorbents such as bentonite [255], chitosan [256], peat moss
[257], activated rice husk [257], nanotubes [258] , activated carbon [259], zeolite [260],

biochar [261], and graphene [262].

Cyclodextrins (CDs) can form host-guest complex by inclusion of various molecules into
the cavity with compatible dimension and polarity [263]. Thus, the adsorption of the
hydrophobic PAHSs in aqueous medium can be enhanced by CDs. However, CDs cannot
remove the HMs due to inability to make complexes with metal ions. The modified CDs
were designed having the ability to make complex with HMs, for example
carboxymethyl-B- cyclodextrin can make complex with mercury, cadmium, strontium,
and nickel in the presence of several organic pollutants [264-266]. The CDs are also
biocompatible and non-toxic [264]. A CDs based porous polymer has been reported with
high uptake of organic micropollutants [198]. A crosslinked mesoporous B-cyclodextrin
polymer was synthesized using stiff aromatic groups as linkers that demonstrated high
surface area for microorganic pollutants [199]. For removing both PAHs and HMs from
water, a new adsorbent is designed in this work. A novel cross-linked resin has been

synthesized, in which B-cyclodextrin and metal chelating motifs (aspartic acid and
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aminophosphonate) are incorporated in a polymer network via Butler’s
cyclopolymerization [219]. The diallyl quaternary ammonium (DQA) salts are
polymerized via cyclopolymerization protocol to yield different homo and co polymers
having five membered ring backbone, which is considered an important architecture
[220]. Among those salts Diallyl dimethylammonium chloride (DADMAC) is one of the
salts that discussed in more than one thousand patents and research articles and
extensively used for water decontamination applications [216]. Three DQA monomers
diallylaminomethyl-B-cyclodextrin  hydrochloride (DMCDH), diallylaspartic acid
hydrochloride (DASAH), and diallylaminomethylphosphonic acid (DMPSA) were
synthesized. Sulfur dioxide (SO>) as fourth monomer was included and then using a cross
linker tetra allylhexane-1,6-diamine (TAHDM) a new cross-linked tetrapolymer (CLTP)
was obtained via cyclopolymerization. The B-cyclodextrin was incorporated to adsorb the

PAHSs (Fig. 5.1), while DASAH and DMPSA used as HMs (Pb?*, Hg?*) scavengers.

i Acenaphthylene Phenanthrene Anthracene !
\ Pyrene Chrysene Benz (a) anthracene

L

Figure 5.1. Structures of tested PAHs
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5.2. Materials and Methods

5.2.1. Chemicals and materials

Imidazole and 2,2’-Azobisisobutyronitrile (AIBN) were purchased from Fluka Chemie
AG (Buchs, Switzerland). Dimethylsulfoxide (DMSO), p-toluenesulfonyl chloride, B-
Cyclodextrin and diallylamine, were purchased from Sigma-Aldrich. Monomers N,N-
diallylaspartic acid hydrochloride [267], diallylaminomethylphosphonic acid [268] and
cross linker tetra allylhexane-1,6-diamine (TAHDM) [269] were synthesized as
described. The polyaromatic hydrocarbonstandards (Isophorone, phthalic acid bis methyl
ester, acenaphthylene, phenanthrene, anthracene, pyrene, chrysene, and Benz (a)
anthracene) were purchased from SUPELCO Analytical, Germany. Analytical grade
solvents (toluene, methanol (METH), dichloromethane (DCM), hexane (HEX), acetone

(ACE), and acetonitrile (ACNT) were ordered from Fisher (Loughborough, UK).

5.2.2. Physical Methods

Field Emission Scanning Electron Microscope was used to analyze the morphology of the
resin, and elemental analysis was done by EDS detector. Fourier Transform Infrared
(FTIR) spectra of sorbent was taken by Nicolet 6700 spectrometer (Thermo Scientific).
The thermogravimetric analyses (TGA) were performed using SDT analyzer (Q600: TA

Instruments) under nitrogen flow.

5.2.3. Adsorption of Pb(l1) and Hg(ll)

A number of concentrations ppm to ppb level were prepared from Pb(Il) and Hg(ll) stock

solutions (1000 ppm) and adsorption capacities (qe) ( mg g) of the concentrations were
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calculated by following Eq. 5.1 where Co and Ce are the initial and equilibrium
concentrations (mg L) of the Pb(Il) and Hg(ll) respectively, V is volume (L) of Pb(ll)

and Hg(l1) solution and m is the mass of the resin (g).
ge = (Co — Ce) X % (5.1)

The percent metal removal (R) was calculated using Eq. 5.2.
C
R=——"-x100 (5.2)

The adsorption studies were carried out by the addition of resin (50 mg) into 0.2 — 1 ppm
Pb(I1) and Hg(Il) solutions (20 mL) taken in screw cap glass vials with constant stirring
(300 rpm) at 298 K for 3 h and maintaining the pH 6.0 for Pb(Il) and pH 5.2 for Hg(ll)
using 0.1 M NaOH and/or 0.1 M HNOs solution. The solution were filtered and ICP-OES
(Perk Elmer) analysis was performed to measure Pb(ll) concentration while mercury
analyzer (Lumex instrument) was used to determine Hg(ll) concentration. Statistical

analysis and isotherm fitting were done on the MATLAB program.

5.2.4. Analytical method for PAHs

To measure the PAHSs level in aqueous media chromatography technique was applied as
it is an established method and gas chromatography (GC)/ mass spectrometry (MS) has
been widely used for this purpose. For the analysis of PAHs, GC has many advantages
such as less solvent demand, automated processing, and simple operational conditions

[270].
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5.2.5. GC-MS conditions and configuration

The GC-MS configuration and conditions for the separation and quantification of target
PAHs are the same as reported [271]. The temperature in the oven was adjusted as
follows: initially, it was held at 50 °C for 1 minute then increased 6 °C min* to 180 °C
and then further ramped to 230 °C at 10 °C min ! and kept for 1.0 min for a total run time
of 28.667 min. During the analysis, 1.0 pL of analyte was injected in the GC column by
Splitless injection mode. The retention times were confirmed after running the scan mode
for the identification of the analyte’s peaks. For the quantitative analysis, the selective ion
monitoring mode (SIM) was applied by selecting the ions of the respective PAHs as

shown in Table 5.1.

Table 5.1. Target compounds, their retention time, and selected target ions for SIM mode

Retention time
Target compounds Abbreviation Selected target ions
(min) £ SD

13.138 + 0.021 Acenaphthylene ACPH 152
17.066 + 0.015 Phenanthrene PHEN 178
17.14 +0.018 Anthracene ANTH 178
20.447 +0.022 Pyrene PYRE 202
24.000 + 0.021 Chrysene CHRY 208
24.144 +0.019 Benz (a) anthracene BE(2)AN 228
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5.2.6. Stir bar-supported micro-solid-phase extraction (SB-pu-SPE)
procedure and optimization

SB-p-SPE device was developed inside a bag of (polypropene) PP sheets, 20 mg of the
sorbent was taken as the optimum amount along with a stir-bar having a dimension of 7
mm x 2 mm, and the bag opening was heat sealed. It is important to make sure that the
bag is properly sealed to avoid leakage during extraction. The device was sonicated for 5
minutes in toluene, then air-dried and enclosed in a glass vial with the sample solution
and sodium chloride (0.5 g). The stirring was done for 15 minutes at 600 rpm and then
the device was removed, cleaned with water, and dried with lint-free tissue. A
microcentrifuge vial having 200 pL methanol (as desorption solvent) was taken and the
device was transferred to it and sonicated for 10 minutes. The solvent was removed for
GC-MS analysis after the desorption was done. All the steps of extraction were optimized
in deionized water by keeping the concentration of analyte at 5 ng mL™. The tests were
performed in triplicates where peak area was used as a measuring factor for the study.
The optimized factors included desorption solvent, sorbent dosage, extraction time, salt

effect, solvent volume, and desorption time.

5.2.7. Analytical parameters and real sample analysis

The determination of limit of detections (LODs), linearity, relative recoveries, and
repeatability was done with optimized experimental settings to assess the technique. To
plot the target analytes, a five-points calibration curve was developed by taking known
concentrations of PAHs ranging between 1-50 ng mL™ using ultrapure water. To

calculate the LODs, the signal-to-noise (S/N = 3) ratio method was used. For the
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evaluation of analysis reproducibility, three concentrations (1, 5, and 20 ng mL™) were
selected from the linear range of the analyte. Three trials were conducted for each
concentration. The optimized method was administrated for the analysis of PAHSs in
wastewater samples. The wastewater sample was collected from the domestic wastewater
treatment plant prior to its discharge into large water bodies. For real sample analysis, a
10 mL unspiked sample was extracted using CLTP packed in SB-u-SPE device and
investigated using the GC-MS method. Real sample analysis was tested by spiking three
concentrations (1, 5, 20 ng mL™Y into the wastewater matrix. Relative recoveries were

also tested in the wastewater.

5.2.8. Synthesis

(@)  Preparation of Tosyl imidazole

Tosyl imidazole was synthesized as described [88]. 65 g of imidazole was dissolved in
250 ml dichloromethane (DCM) then the solution kept at 0 °C. 80 g of p-toluenesulfonyl
chloride was dissolved in 250 ml of DCM then dropwise added onto the imidazole
solution over the period of 90 minutes. The reaction mixture was allowed to come on
room temperature followed by stirring for 2 hours. The resulting mixture was filtered by
silica gel and washed with hexane-ethyl acetate (500 mL) in ratio of 1:1. The filtrate
became residue under low pressure after addition of ethyl acetate (50 mL) and hexane
(500 mL). Further filtration of this suspension was done to obtain white solid tosyl

imidazole (84 g).
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(b)  Synthesis of 6-O-toluenesulfonyl-g-CD

A modified procedure is described [88]. In a 500 ml round bottom flask, 12.5 g of -
Cyclodextrin is dissolved in 255 ml of water by heating to 60 °C with vigorous stirring.
When solution came to 45 °C, 8.9 g tosyl imidazole powder form added into it. After 2
hours, NaOH solution (5.22 g dissolved in 14 ml of water) was added dropwise into to
the reaction mixture over the period of 20 minutes. After 10 minutes, reaction mixture
was filtered to remove the unreacted tosyl imidazole. To quench the reaction,13.7 g
ammonium chloride was added resulting in a clear solution for a while. A milky
suspension was obtained after 5 minutes. The reaction mixture was kept under stream of
air overnight. For the workup, the product was mixed in 140 ml double distilled water.
The water was separated by centrifugation. The reaction mixture was washed two times
with ice-water and acetone respectively then dried (5 g, 40%). The reaction was repeated

to obtain more tosyl containing B-CD derivative.

()  Synthesis of diallyl amine monomer containing -Cyclodextrin

10.0 g of diallylamine was added into the solution of 2 (9.0 g of 2 dissolved in 15 g of
DMSOQO). At room temperature a clear solution was obtained. At 70 °C the homogenous
solution was stirred under N2 for 48 hours to get white solid. The reaction mixture was
washed with ether (250 ml) and supernatant was decanted off. To this mixture, water (30
ml) was added and neutralized with 2.0 g potassium carbonate. The reaction mixture was
slightly heated to facilitate acid-base reaction. Nitrogen gas was blown to remove
unreacted diallylamine. The mixture was cooled to 5 °C, the precipitated diallylamine

derivative was filtered, and washed with cold water (25 mL) and acetone (50 mL) and
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dried under vacuum (7 g, 78%). The compound did not melt up to 290 ° C as it was
decomposed to a black material. [Found: C, 46.6; H, 6.8; N, 1.0%. CssH79NOs4 requires
C, 47.48; H, 6.56; N, 1.15%]. vmax (KBr): 3310, 2922, 2884, 1367, 1153, 1077, 1024,

936, 859, 754, and 583 cm™.

(d)  Synthesis of 4 (diallyl amine salt containing p-Cyclodextrin)

4.88 g of diallyl amine containing B-Cyclodextrin 3 was added into 11.2 ml distilled
water (heterogeneous solution) after that 400 mg of 37 % HCI added into it, the reaction
mixture was soluble upon adding HCI. After keeping it in refrigerator for 15 minutes,
freeze dried for 24 hours. White crystal of 4 was obtained (4.83 g, 99%). [Found: C, 45.0;
H, 6.7; N, 1.0%. C4sHgoCINO34 requires C, 46.10; H, 6.45; N, 1.12%]. Vmax (KBr): 3392,

2927, 1643, 1452, 1342, 1158, 1029, 939, 853, 760, 706 and 585 cm ™.

5.2.9. Synthesis of CLTP (DASAH - DMPSA - DMCDH)

A solution of monomer DASAH (0.86 g, 3.69 mmol), DMPSA (0.92 g, 3.69 mmol),
DMCDH (4.00 g, 3.17 mmol) and cross-linker TAHDM (0.59 g, 1.70 mmol) in DMSO
(10.2 g) was prepared in round bottom flask (50 mL). After purging the reaction mixture
with SOz (1.1 g, 17 mmol) AIBN (295 mg) was added, and the mixture was stirred in a
closed flask at 65 °C for 24 h. The reaction mixture became thick resulting in
immobilization of stir-bar; DMSO (5.0 g) was added to the thickened mixture followed
by addition of AIBN (55 mg), and the polymerization was continued at 75 °C for a further
22 h. The solidified material was soaked in water for 6 h, then washed with water and

acetone. The resin was vacuum dried at 70 °C (5.3 g, 78%).
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5.3. Results & Discussion

5.3.1. Synthesis of monomer

6-O-toluenesulfonyl-B-cyclodextrin 3 upon reaction with excess diallylamine 4
afforded tertiary amine 5, which was converted cleanly to its hydrochloride salt 6
(Scheme 5.1). While B-CD 1 is sparingly soluble in water (18.5 mg mL™), its tosyl
derivative 3 and tertiary amine 5 were found to be insoluble in water. Interestingly,

diallylammonium monomer 6 is very soluble in water.
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Scheme 5.1. Synthesis of B-cyclodextrin-derived diallyl amine salt

To confirm the structure and integrity of the CD motifs, NMR spectra of 1, 3, 5, and 6

were recorded and displayed in Figs. 5.2 and 5.3. The carbons are marked a-f as shown in

144



the structure of 1 (Scheme 5.1). The proton marked ‘a’ at C1 appeared at 564.8 ppm in all
the spectra, while alkene protons marked ‘h’ and ‘i’ of 5 and 6 are displayed around 35.5
ppm as expected (Fig. 5.2d, 5.2e, 5.2f). Note that the spectra in D20 are simpler than in
DMSO-ds, because in the latter solvent the OH signals appear at different chemical shifts

(cf. Figs. 5.2a vs. 5.2b and 5.2e vs. 5.2f).

13C NMR spectra of B-CD 1 display six signals in DMSO-ds confirming the equivalent
nature of all the seven cyclic skeletons (Fig. 5.3a, b). However, in the tosyl 3 and
diallylamine derivatives 5, the cyclic rings become nonequivalent and as such display
more signals (Fig. 5.3c, d). The alkene carbons marked ‘h” and ‘i’ of 5 appeared in their
expected chemical shifts (Fig. 5.3d). Note each alkene carbon around 8127 ppm is split
into a doublet of equal intensity because of their diastereotopic nature (Fig. 5.3f).
Knowledge of the chemical shifts of the protons and carbons marked ‘a/a*’ would indeed

help the spectral characterization of the cyclopolymerization products (vide infra).
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5.3.2. Adsorbent (CLTP) synthesis

The CLTP was synthesized (78 %) via AIBN initiated copolymerization of monomers
DASAH (30 mol%), DMPSA (30 mol%), and DMCDH (26 mol%) using cross linker
TAHDM (14 mol%) (Scheme 5.2). The =C—H and C=C stretching of diallyl motifs in the
monomers normally appears at = 3080 cm™, and = 1640 cm™ respectively [267,272]. The
absence of these vibrations in the FTIR spectra of CLTP confirmed that all alkenes’
motifs are consumed for the formation of cyclic rings present in the resin backbone. Vmax

(KBr): 3363, 2924, 1701, 1627, 1411, 1299, 1155, 1122, 1078, 1024, 995 and 853 cm™,

Scheme 5.2. Synthesis of CLTP
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5.3.3. TGA of CLTP

The TGA analysis showed a gradual weight loss that started from 38 °C. The continuous
decrease observed till 240 °C with 11% weight loss that is attributed to moisture escape.
A sharp weight loss of 11% in the 241 — 260 °C range is attributed to degradation of some
organic fractions present in the CLTP. A gradual loss of 38% in the 261-793 °C range is
due to the loss of pyrrolidine rings. The TGA curve shows that the CLTP is stable up to

200 °C (Fig. 5.4)
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Figure 5.4. TGA graph of CLTP
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5.3.4. FTIR Analysis

The FTIR analysis was done for the CLTP, Pb?" loaded CLTP and Hg?" loaded CLTP
(Fig. 5.5) The characteristic peaks of B-CD motifs were observed at 3363 and 2924
cm ! that attributed to the O-H and C—H stretching vibrations. Moreover, the peaks at
1627, 1155, 1024, and 853 cm* correspond to glucose units (H-O-H, C-O, C-O—C) and
rings (C-O-C) of CD, respectively [273]. The absorptions at 1411 and 1627 cm™* were
recognized as the symmetric and asymmetric stretching of COO™ present in the aspartic
acid motif in the dipolar form, respectively [274]. The presence of CO2H was confirmed
by the peak at 1701 cm™ that was due to the C=0 vibration. The two peaks at 995 and
1078 cm™! were attributed to P-O stretching vibrations of the phosphonate motif. The
Vibrations of SO, moiety were observed at 1122 and 1299 cm™* [275]. In the Pb?" loaded
CLTP, the changes in the stretching vibrations for P-O peaks observed due to the
complex formation between the phosphonate group and the Pb*2 ions [275]. Additionally,
the change in broadness and intensity of these peaks justify the Pb?* presence [276].
Similarly in the case of Hg?* loaded CLTP, a visible change was observed in the strength

of the peaks ranging between 600 — 1500 cm™ due to the presence of Hg?* [277].

150



1024

/
1701 1627 ’/

1299 /1122
1411 44557 [ V995

' 1024
1078

Transmittance %

1701 1627

’

1411 1299

A: CLTP 11557 1122 "
r
B: CLTP + Pb** 1078 |[ 995
C: CLTP + Hg? 1024
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm™')

Figure 5.5. FTIR spectra of CLTP (A), Pb?* loaded CLTP (B) and Hg?** loaded CLTP (C)

5.3.5. SEM and EDX analysis

The morphological analysis of the surface was conducted for loaded and unloaded CLTP
by SEM after coating with gold. The surface of the unloaded resin showed smooth
surface with plane crystals, while in case of loaded resin a change in surface roughness
and morphology can be seen where metal ions are deposited. The EDX of the resins was
also done to check the elemental composition of the surface. The presence of C, O, S, N,
P, and CI confirmed as expected for CLTP. The EDX spectrum of CLTP + Pb?* showed
the presence of Pd along with C, O, S, N, and P, while the CLTP + Hg?" spectrum
showed the presence of Hg addition to the C, O, S, N and P. The EDX analysis and

change in surface morphology confirm the adsorption of the metal ions on CLTP (Fig.

5.6).
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Figure 5.6. SEM and EDX analysis of unloaded CLTP (a), Pb?* loaded CLTP (b) and Hg?* loaded CLTP (c)

5.3.6. Adsorption

The Ce and ge values were determined by Eq 5.1 (Table 5.2), using resin CLTP, with
initial Pb(I1) and Hg(ll) concentrations (Co) in the range 0.2 — 1 ppm (i.e., 200 ppb - 1
ppm) at pH 6.0 (for Pb(11)) and pH 5.2 (for Hg(ll) for 3 h at 298 K. The percent removal

(R) of Pb(Il) and Hg(ll) adsorption by the CLTP was calculated by Eq 2. The linear
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relation between the initial concentration (Co) and equilibrium adsorption capacity (ge) is
found for both metals as shown in Fig 5.7. The adsorption mechanism can be explained
by finding the relation between equilibrium concentration (Ce) and ge. The construction
of isotherm models helps to find this relation. Isotherm models are used to describe the
layer formation on the adsorption sites, their nature, and type of interactions [277] . The

Freundlich and Temkin isotherms were discussed for the current study.

Table 5.2. Ce, ge and R values of Pb(I1) and Hg(l1) adsorption

Pb(I1)
Co . Ce . e Removal
(mgL) | (mgL) | (mgg) (%)
0.2 0.0375 0.0650 81.2
0.4 0.0875 | 0.125 78.2
0.6 0.138 | 0.185 77.1
0.8 0.175 | 0.250 78.2
1 0.200 | 0.320 80.0
Hg(11)
0.2 0.071 | 0.0516 64.5
0.4 0.125 | 0.110 68.8
0.6 0199 | 0.161 66.9
0.8 0.280 | 0.208 65.0
1 0.375 | 0.250 62.5
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Figure 5.7. The adsorption capacity versus initial concentration of CLTP for Pb(l1) (left) and Hg(ll) (right)

5.3.7.

Isotherm and kinetic studies of Pb(ll)

For the explanation of heterogeneous adsorption with a system having uniform energy,

Freundlich isotherm model (Eq 5.3) used. The constants n and ks can be found from the

graph (Fig.5.8) having linear relation (Table 5.3).

1 (a) Temkin
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Figure 5.8. Temkin (a) and Freundlich (b) adsorption isotherms for Pb(Il) with CLTP at 298 K
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Table 5.3. Freundlich and Temkin isotherm constants for Pb(I1) and Hg(l1) adsorption at 298 K on CLTP

Freundlich Isotherm model

Metal n K¢ (mgt*" g LY R?

Pb(11) 1.091 1.25 0.9816

Hg(Il) 1.069 0.68 0.9761
Temkin Isotherm

Metal A(Lgh B (J mol™) R?

Pb(11) 36 0.139 0.8706

Ho(Il) 21 0.118 0.994

The Freundlich isotherm with n value of 1.091 and 0.9816 R? value is well fitted in this
case. The n value suggests that the selective adsorption is carried out through

chemisorption route [278].

Fruendlich isotherm model:logq, = logk; + % logC, (5.3)

The Temkin isotherm model (Eq. 5.4), based on the inverse relation among the surface
coverage strength and heat of adsorption of the metal ions [278]. The heat of adsorption
B and equilibrium binding constant A are found by plotting the graph and using Eq. 5.4

(Table 5.3). The Temkin plot is not well fitted in the case of Pb(ll).

RT

RT
Temkin isotherm model: q, = 5 InA + 5 InC, =BlnA+ BinC, (5.4)

For the Kinetic behavior of the metal adsorption on the resin, pseudo first and second

order linear equations (Egs. 5.5 & 5.6) were applied [242].

In(q. — q¢) =Inq, — kqt (5.5)
t_ 1 + ‘ (5.6)
g k.q2  q. '
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where ki (1/min) and k2 (g mg? min?) are the rate constants of first and second order
respectively. The real time adsorption (qt) can be calculated by the concentration (Ct) with

time.

The metal uptake was 80 % by the resin within 10 minutes of experiment, then it was
fixed until 100 minutes passed and the experiment was continued up to 150 minutes with
constant 83 % removal (Fig 5.9a). The pseudo-second order model describes the kinetic
behavior of the metal as the correlation R? value best fit in plot (Fig 5.9¢) and the rate

constant k, found to be 2.518 g mg™* min.

85

-1.89
(a) (b) o Pseudo first-order kinetics
83

-1.90 -

y =-0.0003x - 1.8908

R*=0.6429
-1.90

Pb removal (%)
[+.]

-1.91 4

-]
w
log[(g.-q:), mg g”']

75

AN
0 20 40 60 80 100 120 140 160 0 20 40 60
Time (min) Time (min)

500

_ 1 (c) Pseudo second-order kinetics ..
400 |

© 300 - .

c

E 200 | -
- y = 2.9962x + 3.5658
g R? =0.9998
100 - -
J .
.

0

0 20 40 60 80 100 120 140 160

Time (min)

Figure 5.9. Kinetic behavior of metal adsorption by CLTP (a) percent removal versus time plot (C, = 1 ppm), (b)
pseudo first-order kinetic plot, (c) Pseudo second-order kinetic plot
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5.3.8. Isotherm analysis for Hg(l1)

Freundlich isotherm showed n value of 1.069 and R? of 0.9761 for Hg(ll) (Fig 5.10). The
interaction between adsorbent and adsorbate (with uniform distribution) can be explained
by the Temkin isotherm assuming that there is an inverse relation between heat of
adsorption and surface coverage [279]. A linear plot between ge and log Ce was
constructed (Fig 5.10), the binding constant A represents the intercept, while slope is
considered as b using Eq 5.4 (Table 5.3). The Temkin isotherm is very well fitted in the
case of Hg(ll) because of the R? value that is equal to 0.994, so this isotherm model
explain the equilibrium closely. It can be concluded from this data, that the adsorption
process happens through the surface coverage due to the interaction between adsorbate

and absorbent.
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Figure 5.10. Temkin (a) and Freundlich (b) adsorption isotherms for Hg(l1) with CLTP at 298 K
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5.4. Optimization of CLTP packed SB-u-SPE

5.4.1. Effect of resin loading on PAHSs extraction

The understanding of interaction chemistry between sorbent-analytes is a key factor for
the extraction of the target analyte. In this work, to extract the organic micropollutant
analytes, the hydrophobic nature of the sorbent is the desired property including
reasonable cavity surface area. The CLTP (30 mg) was sealed in PP bag and tested by
GC-MS (5 ng mL* sample concentration) after the running the extraction in SB-p-SPE
device for 2.5 minutes with PAHS containing sample (10 mL). Afterwards, methanol
(200 pL) was used for desorption of analytes. The extraction pattern was observed for the
interested PAHS (Fig. 5.11) that show the relatively smaller in size (length) PAHSs, like

ACPH followed by PHEN, PYRE and ANTH have more interaction with sorbent.

4.00E+05 -

3.50E+05 5mg

E10mg

3.00E+05
20 mg

2.50E+05

E30mg

2.00E+05

1.50E+05 -
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L

5.00E+04

0.00E+00

ACPH PHEN ANTH PYRE CHRY BE(a)AN

Figure 5.11. Conditions: PAH used concentration: 5 ng mL?; adsorbent material: CLTP; Extraction time: 2.5
min; desorption time: 10 min; desorption volume: 200 pL; desorption solvent: methanol; salt mass: 2.0 g
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54.2. Optimization of sorbent dosage in the extraction method

To check the effect on the extraction efficiency of the sorbent amount in the PAHs
extraction, the varied amount of CLTP was taken in the range 5-30 mg and keeping other
variables constant. Generally, the higher the amount of sorbent, more extraction is
expected, as the more host sites available for PAHSs. In this case, it was observed that
increased sorbent amount did not affect significantly on the extraction of PAHSs, from 5
mg to 10 mg, very small amount of extraction increased in some of PAHSs, but that is
almost similar with 5 mg sorbent amount. The CLTP achieved maximum extraction by
using 5 mg of it. Therefore, the further extraction study was done in the same optimum

sorbent amount (Fig 5.11).

5.4.3. The role of desorption solvent in extraction procedure

The selection of desorption solvent is critical for outstanding analyte desorption. Usually,
the choice of solvent is dependent on the analyte’s polarity, in this case, PAHs are fairly
nonpolar so a non-polar solvent will be used. Therefore, five different solvents: methanol
(METH), dichloromethane (DCM), hexane (HEX), acetone (ACE), and acetonitrile
(ACNT) were used as the desorption solvent (Fig. 5.12). DCM demonstrated the best
desorption ability for the desorption of PAHs from CLTP sorbent. The reason could be
due to relatively less polar property and molecule size. DCM, which is a relatively
nonpolar solvent, has shown excellent desorption for both highly nonpolar and relatively
less nonpolar PAHs during desorption process. Hence, DCM is selected as desorption

solvent.
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Figure 5.12. Effect of desorption solvent: Conditions: PAH used concentration: 5 ng mL™; sorbent material:
CLTP; sorbent dosage = 5mg; Extraction time: 2.5 min; desorption time: 10 min; desorption volume: 200 pL;
salt mass: 2.0 g

5.4.4. The effect of the volume taken for desorption solvent

The desorption reproducibility and efficiency can be affected by the volume of solvent
used for the desorption of analytes. A range of solvent volume (200 — 600 uL) used to
select the optimum volume that found to be 400 uL in this case as this is volume when
most of the analyte desorption was obtained (Fig. 5.13). The desorption efficiency
reduced proportionately above 400 pL solvent volume that can be because of the analyte
dilution. so, lower response observed during analysis. In contrast, at lower desorption
volumes (< 300 pL) SB-u-SPE device may immerse partially, thus, decreased desorption
efficiency, and irreproducibility of the analysis was observed in some cases. Hence, 400

ML volume was selected for succeeding extraction methods.
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Figure 5.13. Effect of desorption solvent volume: Conditions: PAH used concentration: 5 ng mL™; sorbent
material: CLTP; sorbent dosage = 5mg; Extraction time: 2.5 min; desorption solvent: DCM; desorption time: 10
min; salt mass: 2.0 g

5.4.5. The effect of salt analysis

The salting out effect is assessed according to the analyte properties. In general, analyte
extraction can be enhanced by the addition of salt or vice versa. It is anticipated that by
addition of salt to the sample solution, the solubility of the target PAHS such as non-polar
analytes will decrease in aqueous solution. This will show a decrease in analyte
extraction. The maximum analyte extraction ability was observed with the amount of 2g
NaCl used after using different amounts of Salt (0.5 — 3.5 g) (Fig. 5.14). There was no
effect observed after adding more salt on the PAH extraction. Hence, 2.0 g was is the

optimum salt amount for further experiments.
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Figure 5.14. Effect of salt addition: Conditions: PAH used concentration: 5 ng mL™; sorbent material: CLTP ;
sorbent dosage = 5mg; Extraction time: 2.5 min; desorption time: 10 min ; desorption solvent: DCM; desorption
volume: 400 uL

5.4.6. The optimization of extraction method parameters (extraction
and desorption time)

SB-p-SPE is an equilibrium based, non-exhaustive technique; therefore, extraction time
is a vital parameter to study. The extraction time usually has direct relation with the
amount of analyte extracted before equilibrium state. The extraction time was optimized
by running extraction experiment and varying the time (1 — 10 min). The maximum
extraction was achieved at 2.5 min (Fig. 5.15). The desorption time is also an important
parameter to achieve maximum extraction. The SB-u-SPE (containing analytes) was
submerged in DCM then sonicated by varying the sonication time (5 — 30 min). The
desorption of the PAHS analytes increases with the desorption time up to 10 min and
then decreased (Fig. 5.16). Consequently, 10 min was chosen as the optimized desorption

time.
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Figure 5.15. Effect of extraction time: Conditions: PAH used concentration: 5 ng mL™; sorbent material: CLTP;
sorbent dosage = 5mg; desorption volume: 400 uL; desorption time: 10 min; desorption solvent: DCM; salt
mass: 2.0 g
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Figure 5.16. Effect of desorption time: Conditions: PAH used concentration: 5 ng mL™; sorbent material: CLTP
; sorbent dosage = 5mg; Extraction time: 5 min desorption volume: 400 pL; desorption solvent: DCM; salt
mass: 2.0 g
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5.5.Analytical parameters for GC-MS

The R? values are observed between 0.9621 and 0.9944 for analysis. There was less than
11 % difference in the reproducibility of the method. The analysis and extraction

produced overall lower LODs between 0.013 and 0.35 ng mL-1 (S/N = 3) as shown in

Table 5.4.
Table 5.4. Analytical features of the method
Matrix effect and
LOD
Enrichment | extraction efficiency
Analyte | R? Slope | (ngmlL- RSDs (%) (n=3)
factor (Mean relative recoveries
1)
n=3)
1 5 20 1 5 20
ACPH 0.9939 | 99877 | 0.028 24.7 100.34 | 89.52 | 99.14 | 9.39 5.78 | 8.29
PHEN 0.9621 | 61159 | 0.035 25.2 96.81 99.44 | 97.89 | 7.26 8.52 | 9.08
ANTH 0.9773 | 18591 | 0.017 24.1 93.95 92.79 | 95.31 | 10.87 | 3.13 | 4.91
PYRE 0.9944 | 24657 | 0.013 23.6 98.49 93.42 | 99.44 | 10.33 | 4.91 | 10.9
CHRY 0.9319 | 980.41 | 0.019 23.8 91.01 98.29 | 96.69 | 6.30 5.63 | 9.69
BE(a)AN | 0.9716 | 919.74 | 0.033 23.2 100.75 | 85.70 | 92.38 | 10.28 | 4.40 | 7.81
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5.6. Conclusion

A cross linked adsorbent was successfully synthesized via cyclopolymerization of newly
synthesized diallyl amine salt monomer bearing B-CD motif with metal chelating
monomers using a cross linker. The extraction efficiency of the newly synthesized cross-
linked resin for polyaromatic hydrocarbons and heavy metal ions from contaminated
water sample was checked. A new analytical method is optimized to extract PAHs from
aqueous sample using CLTP via GC-MS. The HMs adsorption experiments were
performed to check the removal efficiency of the CLTP for metal ions. The resin can be

used as dual-purpose adsorbent that will simultaneously remove the PAHs and HMs.
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