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ABSTRACT 

Full Name : [Sabri Saghieron Alshiekh Abdelkreem] 

Thesis Title : [Synthesis and Application of Polymers Containing Biogenic Motifs 

of Methionine and β-Cyclodextrin to Mitigate Toxic Contaminants] 

Major Field : [Chemistry] 

Date of Degree : [May 2024] 

 

 Various amino acid-based diallylamine salt monomers with the general formula 

(H2C=CH-CH2)2NH+CH(R)CO2
- have been synthesized, including methionine, glycine, 

and aspartic acid-based monomers (monomers 3, 14, and 17) where R represents 

(CH2)2SMe, H, and CH2CO2H, respectively. Additionally, a β-cyclodextrin (CD) based 

monomer (H2C=CH-CH2)2NH+CH2R, Cl- (4), where R is the CD residue, and a cross-linker 

(H2C=CH-CH2)2NH+(CH2)6NH+(CH2CH=CH2)2, 2Cl-  (5) were developed. 

Cyclopolymerization of monomer 3 yielded homopolymer 13, while its copolymerization 

with monomers 14, maleic acid (8), 17, and 4 produced copolymers 15, 16, 18, and 23, 

respectively. Terpolymerization involving monomers 3, 4, and 5 resulted in a cross-linked 

resin  24. Monomer 3 and polymers 13, 15, 16, and 18 were evaluated as corrosion 

inhibitors for mild steel in 15% HCl at temperatures of 30°C, 45°C, and 60°C. The 

polymers generally showed higher inhibition efficiency than the monomer, with copolymer 

18 performing the best, achieving impressive inhibition efficiencies (IEs) even at 

concentrations as low as 1-5 ppm. The addition of potassium iodide (KI) further enhanced 

the IEs. Resin 24 has been effectively used to capture organic micropollutants and priority 

metal ions such as Hg (II) and Pb (II). 
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 ملخص الرسالة 

 
 

 صبري صغيرون الشيخ عبدالكريم :الاسم الكامل
 

سيكلوديكسترين و تطبيقها  -تصنيع البوليمرات التي تحتوي على زخارف حيوية من الميثيونين و بيتا :عنوان الرسالة
 الملوثات السامة. للتخفيف من 

 
 الكيمياء  التخصص:

 
 2024مايو/ :تاريخ الدرجة العلمية

 
الد  ملح  مونومرات  من  العديد  تصنيع  الأميني  المبنيةيليل  اتم  الأحماض  الميثبما  ،    ةعلى  ذلك  والجلاافي    سين ييونين 

تم   ذلك  إلى  بالإضافة  الأسبارتيك.  حمض  على  القائمة  على    إنتاجوالمونومرات  قائم  ،  سايكلودكسترين-بيتامونومر 

للمونومرو الحلقية  البلمرة  المتجانس    3أنتجت  البلمرة    13البوليمر  أن  حين  في  مع    للميثايونين  المشتركةالثنائية  ، 

الماليك )  14المونومرات   الثنائية غير   البوليمرات  ( أنتجت14)  جلايسين  و(  17)  الأسبارتيكحمض    و(  8وحمض 

راتنج    5و  4و  3نتج عن البلمرة الثلاثية التي تتضمن المونومرات    و  على التوالي.  23و    18و    16و    15  المتجانسة

 .24متصالب 

٪ حمض  15  وسط حمضي    في  يكمثبطات للتآكل الفولاذ  18و    16و    15و    13والبوليمرات    3المونومر  دراسة  تم  

أظهرت البوليمرات عموما كفاءة تثبيط   و. (درجة مئوية 60و  45و  30 مختلفة ) الهيدروكلوريك عند درجات حرارة

المونومر البوليمر    . أعلى من  )    18وحقق  تثبيط  تر  ممتازة،   (IEsكفاءات  إلىز  كياحتى عند  -1  (منخفضة تصل 

5ppm) .و( أدت إضافة يوديد البوتاسيومKI  إلى زيادة تعزيز )IEs. 

صاصالر( وIIمثل الزئبق ) الثقيلةلازالة  الملوثات العضوية الدقيقة وأيونات الفلزات  24 البوليمراستخدم  وقد
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1 CHAPTER 1 

INTRODUCTION 

1.  β-Cyclodextrin and Environmental Remediation 

Recycling wastewater that contains organic and toxic materials is critical due to the 

potential detrimental effects on human health and the environment.1This issue represents a 

significant challenge as it necessitates compliance with stringent health-based 

regulations2,3 

The remediation of industrial effluents is crucial in mitigating water pollution and 

protecting ecological health. These effluents often contain harmful chemicals with limited 

biodegradability. As a result, various effective strategies have been developed and 

optimized to address this issue, including adsorption,4 precipitation,5 dialysis,6 ion 

exchange,7 reverse osmosis,8 and extraction.9 The main goal of these techniques is to 

remove metallic impurities from water sources, rendering the water safe for consumption 

and other uses. 

Among these methods, adsorption is widely used due to its efficiency in removing 

pollutants from wastewater using various solid adsorbents.10-14 Understanding the 

physicochemical sorption pathways has significantly enhanced the development of sorbent 

materials.15-16 



2 

 

 Factors such as hydrophobic interactions, dispersion forces, and mild dipolar 

interactions between the adsorbent and the pollutants play a crucial role in the 

adsorption process.17 

The adsorption process, though effective at eliminating metals and various organic 

pollutants non-selectively, presents significant challenges in metal recovery and reuse. 

This highlights a critical need for innovative methodologies specifically aimed at the 

targeted removal of organic contaminants and heavy metals from aqueous sources. 

However, these methodologies come with their own set of limitations and drawbacks, 

necessitating the development of new technologies. 

This research thesis focuses on synthesizing pH-responsive resins incorporating 

biogenic amino acid methionine and β-cyclodextrin residues, using monomers 3, 4, and 

5 to create reusable materials (Scheme 1). β-Cyclodextrin (β-CD) consists of seven 

glucopyranose units linked by α-1,4 glycosidic bonds and has a cyclic oligosaccharide 

structure resembling a truncated cone, with its apex replaced by a plane parallel to the 

base (Scheme 1).18 Produced via enzymatic degradation of starch, β-CD features an 

inner lipophilic cavity approximately 0.60-0.65 nm in diameter, surrounded by a 

hydrophilic exterior.19 

The copolymerization of biogenic amino acid methionine with monomers 14, 

maleic acid (8), 17, and 4 produced copolymers 15, 16, 18, and 23, respectively. 

Polymers 13, 15, 16, and 18 were evaluated as corrosion inhibitors for mild steel in 

15% HCl at temperatures of 30°C, 45°C, and 60°C. 

 β-CD's broad availability and versatility make it valuable in various applications, 

including drug delivery, pharmaceuticals, biosensors, tissue engineering, and water 



3 

 

treatment.20 Its structure allows for the formation of intramolecular hydrogen bonds 

between secondary OH groups, contributing to its relatively poor water solubility.21-22 

Notably, each glucopyranose unit in β-CD is densely packed with two secondary OH 

groups, whereas the primary OH group at the C-6 position is less sterically hindered. 
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Scheme 1. β-Cyclodextrin and the monomers 

2.  Challenge and Present State of the Problem: 

There is a lack of literature documenting the synthesis of polymeric materials incorporating 

both amino acid methionine and β-cyclodextrin motifs through the utilization of Butler's 

cyclopolymerization technique. 

 Methionine having a sulfide group and amino carboxylate chelating motifs is suitable 

for trapping Pb2+/Hg2+, while cyclodextrin is expected to capture organic contaminants. 
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Our proposed research is expected to pave the way for simultaneous removal of both 

organic and inorganic contaminants. 

3. Objectives: 

The main goal of the proposed project is to conduct the synthesis of a range of 

copolymers that incorporate methionine and β-cyclodextrin motifs, together with a 

cross-linked resin, utilizing Butler's cyclopolymerization process. These copolymers 

are intended to be used in the remediation of both organic and inorganic pollutants, the 

specific objectives for the study are as follows: 

• Synthesis of methionine-based zwitterionic diallylamine salt monomer. 

• Synthesis of -cyclodextrin-based diallylamine salt monomer. 

• Polymerization of methionine-based monomer and its copolymerization with the β-

cyclodextrin-based monomer. 

• Polymerization of methionine-based and β-cyclodextrin-based monomers in the 

presence of a cross-linker to produce cross-linked resin. 

• Copolymerization of zwitterionic monomer 3 with glycine-based monomer 14, maleic 

acid 4 and aspartic acid monomer 17. 

• Physical and chemical characterization of the synthesized compounds 

• Application of β-cyclodextrin and methionine-based resin polymers for simultaneous 

trapping of Pb2+/Hg2+ priority metal contaminants and some organic contaminants, 

• Application of polymers 13, 15, 16, and 18 in mild steel corrosion inhibitors 
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2 CHAPTER 2 

LITERATURE REVIEW 

2.1 Removal of Priority Toxic Metal Ions ike Pb(II) and Hg(II): 

For drinking water, the concentration of mercury Hg(II) approaching zero is preferable. 

However, the Environmental Protection Agency (EPA) has set a regulatory limit at 0.002 

mg/L (2 ppb).23 The challenge of removing mercury at these exceedingly low 

concentrations remains significant. In the case of lead (Pb), the Chinese standard specifies 

a permissible limit of 0.01 mg/L in drinking water,24 while the U.S. EPA aims for 

concentrations as close to zero as possible.25 

While numerous studies have reported on the adsorptive removal of Hg(II) at higher 

concentrations,26-28 research focused on its removal at lower concentrations of Hg(II) and 

Pb(II) is limited. Our laboratory has developed various resins that have been successfully 

used to remove organic dyes and priority metal ions from water.29-34 

2.2 Polymers Containing β-Cyclodextrin Pendants. 

Cyclodextrin has been found safe by Food and Drug Administration (FDA).35 Various 

hydrophobic drugs form inclusion compounds, which upon penetration to body tissues 

release biologically active compounds.36,37  

The larger opening of β-cyclodextrin exposes the secondary hydroxyl groups, while its 

smaller opening exposes primary hydroxyl groups to the hydrophilic solvents (Scheme 2).  

The water-solubility and insolubility in ordinary organic solvents of cyclodextrin or its 

complexes can be attributed to the hydrophilic character of their exterior. β-Cyclodextrins 
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exhibit poor solubility in water, with a solubility of 18.5 g/L. The hydrophobic cholesterol 

molecule seeks safety within the core of the cyclodextrin.38
 Cyclodextrin-based polymers 

have been used to encapsulate and remove micropollutants from water by means of 

adsorption.39,40 

 

 

Figure 1. Truncated Structure of  β-Cyclodextrin . 
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2.3 Butler’s Cyclopolymerization Protocol 

Free radical addition polymerization of N, N-diallyl quaternary ammonium salts 6, known 

as Butler's cyclopolymerization protocol, led to numerous syntheses of industrially 

important polyelectrolytes 7 (Scheme 3).41-44

N
R1          R2

Cl Cl

[                 ]
n

N
R1          R2

 6  7
 

Scheme 2. Cyclopolymerization of diallylamine salts. 

The initiator radical predominantly forms the less stable primary radical 6-A over the more 

stable secondary radical 6-B (Scheme 3).45-49 Due to the significantly faster intra-molecular 

chain propagation (k intra) compared to inter-molecular chain propagation (k inter), the 

formation of polymer 7 via pathway 6-C is favored. However, a less favored inter-intra 

molecular pathway may result in up to 3% of pendant double bonds remaining within the 

polymer chains of 7, leading to the formation of 6-D.50-54        

In polymer 7, the cis/trans ratio of the 3,4-substituents in the five-membered rings is 

observed to be between 3-6:1 (Scheme 3).52,55,56 
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Scheme 3. Intra-intermolecular chain propagation in Butler cyclopolymerization. 

When diallyl amine salts 6 are copolymerized with sulfur dioxide57 or maleic acid (MA) 

8 58,59 the result is the formation of alternate copolymers 9 and 10. This is due to the nearly 

zero reactivity ratios (i.e., r1 ≈ 0, r2 ≈ 0) of the monomeric pairs, which are illustrated in 

(Scheme 4).58 
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Scheme 4. Alternate cyclopolymerization of diallylamine salts with SO2 and maleic acid. 

 

Polymer chains that bear cationic, anionic, and zwitterionic charges are referred to as 

cationic polyelectrolytes (CPE), anionic polyelectrolytes, and polyzwitterions (PZs), 

respectively. CPE and anionic polyelectrolytes exhibit polyelectrolyte effects, enhancing 

solution conductivity and reducing viscosity due to charge repulsion, which is moderated 

by salts like NaCl. Conversely, PZs display antipolyelectrolyte behaviors, where adding 

salts like NaCl increases solution viscosity due to reduced charge repulsion60. In these 

systems, the ions (Na+ or Cl-) neutralize opposing charges on the polymer chains, thus 

diminishing repulsions among like charges and reducing the hydrodynamic volume and, 

consequently, the viscosity (Figure 2). 

Unlike polyelectrolytes (PEs), water-insoluble polyzwitterions (PZs) typically form 

collapsed coil or globular structures in salt-free solutions due to intragroup, inter-, and 

intra-chain zwitterionic interactions, creating a three-dimensional ionic network (Figure 

3).61 However, the addition of salts such as NaCl induces a transition from globular to coil 

conformations by disrupting these zwitterionic interactions, neutralizing the polymer's 

ionic network and enhancing water solubility.62,63  

This process is facilitated as Na+ and Cl- ions bind to the polymer's positive (N+) and 

negative centers respectively, reducing internal charge repulsions and increasing both 

hydrodynamic volume and viscosity.64,65 
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Cationic polyelectrolye (CPE)

Anionic polyelectrolye (APE)

Polywitterion (PZ)

 

Figure 2 . Different types of ionic polymers-based on charge types on the polymer chain. 
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Figure 3. Intra group, intra-, and interchain Zwitterionic interactions in a polyzwitterion. 

 

2.4 Corrosion Inhibition 

 

Mild steel, which is both affordable and widely used due to its low carbon content (up 

to 0.3%), boasts appropriate mechanical properties for extensive use in the oil and gas 
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sectors.66-68 However, its extensive exposure to acidic environments in various industrial 

settings significantly increases its susceptibility to damage.69 Organic corrosion inhibitors 

containing heteroatoms like N, O, S, and P, possess lone electron pairs that can safeguard 

metal surfaces against acid corrosion by creating coordinate bonds with vacant d orbitals 

on the metal.70 These inhibitors typically disrupt the electrochemical processes that occur 

on metal surfaces, effectively reducing or preventing corrosion.71 

Amino acids are valued for their biodegradability and compatibility with biological 

systems, and they have shown promising results as corrosion inhibitors in harsh 

environments.72-74 Specifically, alanine and glycine have been tested for their effectiveness 

in preventing corrosion of mild steel in 0.1 M HCl, where they demonstrated inhibition 

efficiencies of 80% and 78.9%, respectively, at concentrations of 10 mM.75 Further studies 

on alanine, cysteine, and S-methyl cysteine have indicated their potential in protecting iron 

from corrosion in 1.0 M HCl, with maximum reported efficiencies of 77.3%, 86%, and 

94.2% respectively at 5.0 mM.76 Additionally, methionine, which is non-toxic and easily 

available, has been researched for its corrosion inhibition capabilities in 0.1 M HCl at 25 

ppm, achieving a maximum efficiency of 47%.77 

In recent years, polymers have attracted attention as corrosion inhibitors.77,78 With their 

expansive surface area and numerous anchoring sites, these materials are effective in 

bonding with metal ions or adhering to metal surfaces. The formation of polymer-metal 

complexes acts as a barrier, protecting the metal surface and thus preserving the active sites 

from corrosive environments.79 

The presence of pH-responsive elements such as nitrogen (N), oxygen (O), and sulfur 

(S), along with multiple anchoring sites in the polymer chain, allows for an in-depth 
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examination and comparison of the effectiveness of sulfide functional motifs in preventing 

corrosion of mild steel in 15% HCl. This concentration of HCl is commonly used for 

pickling. 80, 81 Larger molecules are expected to cover a greater surface area, potentially 

offering superior protection against corrosion compared to smaller molecules.82-84 

The oil and gas industries frequently utilize highly corrosive acidic solutions such as 15% 

HCl and 20% H2SO4 to enhance productivity by breaking down the rocky substratum. 

These acids, however, can severely corrode associated metal pipelines, causing substantial 

economic losses and safety risks. 85-87 According to a recent NACE report, corrosion costs 

the global economy over US $2.5 trillion each year.88 

Synergism is a strategy that has been employed to improve the effectiveness of corrosion 

inhibitors. This concept is based on the principle that the combined effect of a compound 

is greater than the sum of its individual effects. The synergistic inhibitive impact of iodide 

ions, for instance, has been well-documented.89,90 
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3 CHAPTER 3 

EXPERIMENTAL 

3.1 Materials  

Azoisobutyronitrile (AIBN) (crystallized from chloroform-ethanol) and imidazole were 

purchased from Fluka Chemie AG. β-Cyclodextrin (β-CD), p-toluenesulfonyl chloride, 

diallylamine, 2,2′-azobis(2-methylpropionamidine) dihydrochloride (AMPD), ammonium 

persulfate (APS), and dimethylsulfoxide (DMSO) (≥ 99.5%) were purchased from Sigma-

Aldrich. Membranes with molecular weight cut-off (MWCO) values of 3500 and 6000-

8000 were obtained from Spectra/Por (Spectrum Laboratories, Inc.) and used for dialysis 

against distilled water. Monomers N, N-diallylaspartic acid hydrochloride (15),91 and 

diallylammonioethanoate (10)92 were synthesized as described. Tosyl imidazole (2) was 

prepared as described.94 in a 90% yield (mp 78-79 °C, lit.93 78.0-79.0 °C). The cross-linker 

was synthesized as described.94 

3.2 Physical Methods 

FTIR spectra were recorded using a Perkin Elmer instrument (Series II Model 2400). 

Elemental analysis was conducted on a Perkin Elmer (16F PC) spectrometer. For elemental 

analysis, samples were dried in vacuo at 60°C for 6 hours. Thermogravimetric analysis 

(TGA) was performed using an SDT Q600 analyzer from TA Instruments, operated under 

a nitrogen flow. NMR spectra were obtained with a JEOL 600 MHz spectrometer at 

operational frequencies of 600.00 MHz for 1H and 125.00 MHz for 13C, using the signal of 
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HOD protons at δ 4.65 and the 13C dioxane signal at δ 67.4 ppm as internal standards. 

Viscosity measurements were conducted using an Ubbelohde viscometer (Constant = 

0.005 cSt/s) under a nitrogen atmosphere at a precisely controlled temperature of 

30.0±0.1°C, maintained by a CT72/P water bath from SI Analytics, Germany. Viscosity 

was measured at least three times to ensure an average error of less than 0.2%. CO2
_free 

distilled water was utilized for all viscosity measurements. 

3.3 Synthesis of Zwitterionic Monomer 3 

The methionine diallyl derivative, referred to as compound 12, was synthesized from 

L-methionine ethyl ester hydrochloride (compound 11) using established methods.29,95 

Initially, a heterogeneous mixture comprising (18.02 grams, 70 mmol) of monomer 

precursor 12, 45 mL of methanol, 20 mL of water, and 3.12 g, (78 mmol) of sodium 

hydroxide was stirred at 55 °C for five hours. Post solvent evaporation, the remaining 

mixture was diluted with water, neutralized with 37% HCl (37%) (7.68 g; 78 mmol), and 

freeze-dried to separate a mixture of the zwitterionic monomer 3 and sodium chloride. The 

mixture was further processed by triturating with 100 mL of acetone to remove insoluble 

NaCl (4.3 g, 73.6 mmol) through filtration. The clear filtrate was then evaporated to secure 

monomer 3 (15.4 g, 96%) as a colorless, viscous liquid, which crystallized on cooling in 

the refrigerator. 

Elemental analysis of C11H19NO2S found: C, 57.2; H, 8.5; N, 6.0; S, 13.7; requires C, 

57.61; H, 8.35; N, 6.11; S, 13.98%; max. (Neat) 3080, 2979, 2917, 2834, 2283, 1613, 1456, 

1425, 1357,  1338, 1215, 1150, 1121, 1081, 1063, 1015, 993, 951, 920, 894, 823, 775, 761, 

719, 694, 667, 629, and 575 cm-1; H (D2O) 1.98 (3H, s), 2.06 (1H, m), 2.45 (1H, m), 2.57 

(1H,  ddd, J 5.4, 7.8, 13.2 Hz), 3.65 (2H, m), 3.75 (1H, m), 5.47 (4H, m), 5.81 (2H, m), 
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(residual H in D2O at 4.65 ppm); C (D2O)(2 °C): 15.06 (1C, SCH3), 27.09 (1C, CH2CH2S), 

30.50 (1 C, CH2CH2S), [53.31 (1C, NCH2), 55.33 (1C, NCH2): (diastereotopic)], 65.72 

(1C, NCH), [126.35 (1C, CH=CH2), 126.89 (1C, CH=CH2),  127.28 (1C, CH=CH2), 

127.33 173.30 (1C, CO2): diastereotopic], (67.4, dioxane). The DEPT-135 NMR analysis 

was used for the 13C assignments. 

3.4 Cyclopolymerization of Zwitterionic Monomer 3 

3.4.1 Procedure A: 

A mixture containing (1.15 g, 5 mmol ) of monomer 3,  (50 mg,5 mmol) of AMPD, and 

0.49 g of water was purged with nitrogen gas and agitated in a sealed flask at 80 °C for 24 

hours, resulting in a monomer-to-water mass ratio of 70:30. This thick mixture was 

subjected to dialysis against distilled water using a 3500 MWCO dialysis tube for 24 hours, 

then freeze-dried to yield 520 mg (40% yield) of homopolymer 13 as a white solid. max. 

(Neat) 3591, 2917, 2853, 1729, 1617, 1449, 1381, 1347, 1227, 1162, 993, 956, 920, 873, 

792, 648, and 548 cm-1. Elemental analysis of C11H19NO2S found: C, 57.4; H, 8.6; N, 6.2; 

S, 13.8; requires C, 57.61; H, 8.35; N, 6.11; S, 13.98%. 

3.4.2 Procedure B: 

A mixture containing monomer 3 (1.15 g, 5 mmol), NaCl (86 mg, 1.47 mmol), and AMPD 

(50 mg) in water (0.49 g) was degassed with nitrogen and stirred in a sealed flask at 80 °C 

for 24 hours. The NaCl concentration reached 3.0 M. The ratio of monomer to water by 

weight was established at 70:30. After dialysis against distilled water using a 3500 MWCO 

dialysis tube for 24 hours, the mixture was freeze-dried, resulting in homopolymer 13 as a 

white solid weighing 509 mg, achieving a 44% yield. 



16 

 

Repeating the polymerization process with an increased amount of AMPD (100 mg) while 

maintaining the same proportions of other reactants resulted in a polymer yield of 659 mg 

(57%). 

3.4.3 Procedure C: 

A mixture of monomer 3 (1.15 g, 5 mmol), AMPD (50 mg), and 37% concentrated HCl 

(493 mg, 5 mmol) in water (0.180 g) was degassed with nitrogen and stirred in a sealed 

flask at 80°C for 24 hours. The weight ratio of monomer to water was adjusted to 70:30. 

After the mixture thickened, it was dialyzed against distilled water using a 3500 MWCO 

dialysis tube for 24 hours and subsequently freeze-dried to yield homopolymer 13 as a 

white solid (819 mg, 71% yield). 

3.5 Copolymerization of Zwitterionic Monomer 3 and Glycine-Based 

Monomer 14 

A solution of monomer 3 (1.15 g, 5 mmol), monomer 14 (0.776 g, 5 mmol), NaCl (61 mg, 

1.04 mmol), and AMPD (100 mg) in water (1.037 g) was purged with N2 and stirred in a 

closed flask at 80 °C for 24 h. The concentration of NaCl became 1.0 M. Monomer/water 

weight ratio becomes 65:35. The thickened mixture upon dialysis against distilled water 

using dialysis tube of 3500 MWCO for 24 h was freeze-dried to afford the copolymer 15 

as a white solid (1.3 g, 67%). max. (Neat) 3389, 2930, 2858, 2359, 1615, 1453, 1383, 1295, 

1169, 1061, 911, 776, and 649 cm-1. Elemental analysis of copolymer having 

monomer/monomer incorporation of 50:50: found: C, 59.0; H, 8.5; N, 7.1; S, 8.1; requires 

C, 59.34; H, 8.39; N, 7.29; S, 8.34%. 
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3.6. Copolymerization of Zwitterionic Monomer 3 and Maleic acid 4 

3.6.1 Procedure A: 

In a reaction mixture, monomer 3 (1.15 g, 5 mmol), maleic acid 8 (0.696 g, 6 mmol), NaCl 

(110 mg, 1.88 mmol), and AMPD (75 mg) were dissolved in water (1.23 g). This mixture 

was degassed with nitrogen and stirred at 80 °C in a sealed flask for 24 hours, achieving a 

NaCl concentration of 1.5 M. The weight ratio of monomers to water was set at 70:30. 

After thickening, the mixture was treated with K2CO3 to maintain solubility, followed by 

dialysis for 2 hours against 0.5 M HCl to keep the polymer water-soluble, and then further 

dialyzed against distilled water for 24 hours using a 3500 MWCO dialysis tube. The 

polymer adhered to the wall of the dialysis tube. Freeze-drying the entire mixture yielded 

copolymer 16 as a white solid (1.29 g, 75%). max. (Neat) 3468, 2971, 2921, 2524, 2359, 

1722, 1607, 1445, 1392, 1177, 956, 808, and 648 cm-1. Elemental analysis of copolymer 

having monomer/monomer incorporation of 50:50: found: C, 51.8; H, 6.9; N, 3.9; S, 9.1; 

requires C, 52.16; H, 6.71; N, 4.06; S, 9.28%. 

3.6.2 Procedure B: 

In a reaction setup, monomer 3 (1.15 g, 5 mmol), maleic acid 8 (0.838 g, 7.2 mmol), 37% 

concentrated HCl (542 mg, 5.5 mmol), and AMPD (75 mg) were combined in water (0.94 

g). This mixture was then purged with nitrogen and continuously stirred at 80 °C within a 

sealed flask for 24 hours. The monomers to water weight ratio was adjusted to 63:37. 

Following the same cleanup procedure as in procedure A, the resulting mixture yielded 

copolymer 16 as a white solid, with a total weight of 0.54 g, representing a 31% yield. 
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3.6.3 Procedure C: 

A reaction mixture containing monomer 3 (1.15 g, 5 mmol), maleic acid 8 (0.838 g, 7.2 

mmol), 37% concentrated HCl (542 mg, 5.5 mmol), and AMPD (50 mg) was prepared in 

water (0.96 g). This solution was purged with nitrogen and agitated in a sealed flask at 80 

°C for 24 hours. The ratio of monomers to water by weight was established at 63:37. 

Following the same cleanup procedure as outlined in procedure A, this process resulted in 

the formation of copolymer 16, which was isolated as a white solid weighing 0.69 g, 

corresponding to a 40% yield. 

3.7 Copolymerization of Zwitterionic Monomer 3 and Aspartic Acid 

Monomer 17 

3.7.1 Procedure A: 

A mixture was prepared with monomer 3 (1.15 g, 5 mmol), monomer 17 (1.25 g, 5 mmol), 

37% concentrated HCl (493 mg, 5 mmol), and AMPD (125 mg) in water (1.3 g). This 

solution was purged with nitrogen and agitated in a sealed flask at 80°C for 36 hours. The 

ratio of monomers to water by weight was 60:40. After thickening, the mixture was 

dialyzed against distilled water using a dialysis tube of 3500 MWCO for 24 hours. The 

polymer, which settled at the bottom of the dialysis tube as a jelly-like liquid, was 

subsequently freeze-dried, yielding the copolymer 18 as a white solid (1.21 g, 55%). max. 

(Neat) 3413, 2928, 2522, 2359, 1713, 1614, 1451, 1378, 1181, 958, 864, 772, 668, and 591 

cm-1.  Elemental analysis of copolymer having monomer/monomer incorporation of 50:50: 

found: C, 56.7; H, 7.9; N, 6.3; S, 7.0; requires C, 56.99; H, 7.74; N, 6.33; S, 7.24%. 
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3.7.2 Procedure B: 

A mixture of monomer 3 (1.15 g, 5 mmol), monomer 17 (1.25 g, 5 mmol), 37% 

concentrated HCl (493 mg, 5 mmol), and AMPD (125 mg) was dissolved in water (1.02 

g). This solution was nitrogen-purged and stirred in a sealed flask at 80°C for 36 hours. 

The monomers to water weight ratio was adjusted to 65:35. Following this, the thickened 

mixture underwent dialysis against distilled water for 24 hours using a 3500 MWCO 

dialysis tube. The polymer, which settled as a jelly-like liquid at the bottom of the tube, 

was freeze-dried to yield copolymer 18 as a white solid, achieving a final weight of 1.68 

g, which corresponds to a 72% yield. 

3.8 Synthesis of β-Cyclodextrin-Based Monomer 4 

 -Cyclodextrin 2, when selectively tosylated,94 leads to intermediate 20. This intermediate, 

upon reaction with diallylamine 21 and subsequent treatment with HCl, results in the 

formation of monomer 4.95,96 

3.9 Copolymerization of Zwitterionic Monomer 3 and CD Monomer 4 

A solution of monomer 3 (0.575 g, 2.5 mmol), monomer 4 (0.782 g, 0.625 mmol), NaCl 

(62 mg, 1.06 mmol), and AMPD (90 mg) was combined in water (0.708 g). This mixture 

was purged with nitrogen and stirred in a sealed flask at 75 °C for 48 hours. The ratio of 

monomers to water was 65:35, and the concentration of NaCl adjusted to 1.5 M. After 

heating, the thickened mixture underwent dialysis against distilled water using a 3500 

MWCO dialysis tube for 24 hours. Finally, the homogeneous solution was freeze-dried to 

yield the copolymer 23 as a white solid, achieving a 76% yield (1.04 g). max. (Neat) 3331, 

2919, 1729, 1620, 1444, 1366, 1154, 1081, 1031, 999, 943, 849, 754, 704, 649, and 587 
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cm-1. Elemental analysis of copolymer having monomer/monomer incorporation of 80:20: 

found: C, 50.6; H, 7.4; N, 3.3; S, 5.6; requires C, 50.97; H, 7.25; N, 3.23; S, 5.92%. 

3.10 Terpolymerization of Zwitterionic Monomer 3, CD Monomer 4, 

and Cross-Linker 5 

A solution of monomer 3 (2.29 g, 10 mmol), monomer 4 (3.13 g, 2.5 mmol), cross-linker 

5 (0.769 g, 2.2 mmol), NaCl (291 mg, 4.86 mmol), and AMPD (300 mg) was combined in 

water (3.32 g). This mixture was purged with nitrogen and stirred in a sealed flask at 75 

°C. The monomers to water ratio was set at 65:35, and the NaCl concentration was adjusted 

to 1.5 M. Within 1 hour, the mixture thickened into a solid resin. After 3 hours, an 

additional 0.5 g of water was added, and the mixture continued to stir at 75 °C for a total 

of 36 hours. The solidified resin 24 was then immersed in water for 24 hours, with periodic 

water changes. Finally, resin 24 was washed with acetone, filtered, and dried under vacuum 

at 60 °C until a constant weight was achieved, yielding a white solid of 4.80 g (78% yield). 

max. (Neat) 3353, 2921, 2859, 2579, 1703, 1615, 1451, 1359, 1225, 1153, 1080, 1030, 999, 

937, 845, 752, 653, and 580 cm-1. Elemental analysis of terpolymer having 

monomer/monomer/cross-linker incorporation of 68:17:15 found: C, 52.8; H, 7.8; N, 3.9; 

S, 5.3; requires C, 52.32; H, 7.57; N, 3.83; S, 5.18%. 

3.11 Corrosion Inhibition Study 

Mild steel samples were sourced from Chrome Contracting Ltd in Riyadh, Saudi Arabia, 

with a chemical composition (wt.%) including carbon (0.21%), silicon (0.29%), 

phosphorus (0.06%), manganese (0.49%), sulfur (0.05%), copper (0.06%), and the 

remainder being iron. The steel specimens measured 2.96×3.01×0.78 cm3 and were used 

for weight loss experiments. Before each test, the coupons were polished using emery paper 
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(grades 800-1200), then cleaned with deionized water and acetone. A 15% hydrochloric 

acid solution was prepared by diluting concentrated HCl (37%) for use as the corrosive 

medium. Inhibitor solutions were also prepared in this 15% HCl medium. The weight loss 

experiments were conducted in 250 mL Wheaton bottles containing 200 mL of the 15% 

HCl and varying concentrations of inhibitors over a 6-hour immersion. After immersion, 

the steel samples were washed, treated with acetone, and air-dried. Each experiment was 

replicated three times to confirm the consistency of the weight loss results, which were 

averaged and reported with standard deviations included in Table 1. 

The inhibition efficiency (% IE) was calculated as follows 97,98 

 

here, Winh and W0 indicate the weight losses recorded when different concentrations of 

polymers are tested and when no polymers are used, respectively. 

3.12 Assessment of Poisonous Metal ion Removal Efficiency: 

To assess the resin's ability to remove toxic metals99,100   and organic pollutants9, established 

procedures from existing literature40 will be followed. Specifically, isotherm construction 

will involve batch experiments as follows: 50 mg of resin 24 is combined with aqueous 

solutions of Hg (II) or Pb (II) at concentrations of 0.2, 0.4, 0.6, 0.8, and 1.0 ppm (each 18 

mL) and maintained at pH 5.0. These mixtures are stirred at 300 rpm for 24 hours at 298 

K. After stirring, the solutions are filtered and the concentrations of Hg (II) or Pb (II) in 

the filtrates are measured using ICP-MS to determine the amount of metal ions absorbed 

by the resin. The percent removal of Hg (II) or Pb (II) at equilibrium is calculated by the 

following equation: 

%𝐼𝐸 =  
𝑊0 −  𝑊𝑖𝑛ℎ

𝑊𝑜
 × 100                                                                                                            𝐸𝑄 (1) 
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Adsorption capacities were calculated using the Eqs. (2) and (3): 

 

Describing Co and Ce as the initial and equilibrium concentrations of Hg (II) in (mg L-1), 

respectively, with V representing the volume in liters and m the mass of the polymer in 

grams, the equilibrium adsorption capacity (qe, mg g-1) was calculated using Equation (3). 

Variability in adsorption data from duplicate experiments ranged between 1-3%. 

3.13 Removal of Organic Micropollutants: 

Stock solutions of Bisphenol A (BPA) were prepared at concentrations of 1 mM and 0.1 

mM. Heterogeneous mixtures containing polymer 15 (50 mg and 5 mg, with 20 mol% CD 

residues) and 9 mL of each BPA solution were prepared separately. These mixtures were 

stirred at 300 rpm for 3 hours. After centrifugation, the supernatants were analyzed using 

a UV-Vis Spectrophotometer (Genesys 10S, Thermo Scientific). Calibration curves for 

each analyte concentration were plotted, and the unknown concentrations of the analytes 

post-adsorption were calculated using the slope equations. 

% 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 =
𝐶°  −   𝐶e

C°
× 100                                                                                                       EQ (2) 

𝑞e =  𝐶ₒ − 𝐶e ×
𝑉

𝑚
                                                                                                                           EQ (3) 
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CHAPTER 4 

RESULTS AND DISCUSSION  

4.1 Synthesis of Monomers, Polymers, and Cross-linked Resins 

The synthesis of monomer 3 from amino acid methionine ethyl ester hydrochloride 

11 is outlined in Scheme 5. Treatment with allyl bromide followed by ester hydrolysis led 

to the zwitterionic monomer.29,96 
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Scheme 5. Synthesis of methionine-based monomer. 

Figures 4, 5, and 6 show the FTIR, 1H, and 13C NMR spectra, respectively. The 

symmetric stretching of COO- in the dipolar form of 3 was observed at a frequency 

of 1425 cm-1, while its equivalent antisymmetric stretching was observed at 1613 

cm-1 (Figure 4). The stretching vibrations of the carbon-sulfur bonds were detected 

at wavenumbers of 629 and 761 cm-1. The absorption peaks correspond to those seen 

for basic amino acids.101,102 
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Figure 4 FTIR spectrum of monomer 3. 

The 1H NMR spectrum matched the structure of monomer 3 as shown in (Figure 5). All 

proton signals were accounted for. The CH2 protons, labeled as 'g', showed different 

chemical shifts due to their diastereotopic nature. 
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Figure 5 1H NMR spectrum of monomer 3 in D2O. 

 

The 13C NMR spectrum aligns well with the structure of monomer 3 as shown in (Figure 

6a), with all carbon signals properly accounted for. The DEPT-135 NMR spectrum 

supports these assignments, as depicted in (Figure 6b). Notably, the carbon labeled 'b' 

appears upfield relative to the carbon labeled 'a'. Due to the diastereotopic nature of the 
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allyl groups, the carbons labeled 'a', 'b', and 'c' each split into two signals of equal intensity. 

As expected, phase inversion is observed in the carbons 'b' (CH), 'd' (CH), and 'h' (CH3). 

 

Figure 6 (a) 13C NMR spectrum of monomer 3 in D2O; (b) DEPT C-135 NMR spectrum 

of monomer 3 in D2O. 
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An aqueous solution of zwitterionic monomer 3 underwent cyclopolymerization under 

various conditions in the presence of initiator AMPD at 80 °C to give polymer 13 (Scheme 

6). The results are included in Table 1 (vide infra). A monomer to water weight ratio of 

70:30 was maintained, and the polymerization was carried out in salt-free water (entry 1, 

Table 1) and in the presence of NaCl (1.47 M; entries 2 and 3) and HCl (1 equiv, entry 4). 

The presence of HCl improves the yield. The presence of HCl converts zwitterionic 

monomer 3 to cationic monomer by protonating CO2
- to CO2H. Cationic repeating units in 

the growing macroradicals is expanded owing to charge repulsion thereby providing better 

access to the incoming monomer. The presence of NaCl helps to expand the zwitterionic 

backbone. 

 3

n

N
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S

H
CO2 N

 

(CH2)2
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Scheme 6. Cyclopolymerization of zwitterionic monomer 3. 

 

The FTIR, 1H, and 13C NMR spectra of polymer 13 are displayed in Figures 7, 

8, and 9, respectively. The antsymmetric stretching of COO- in the dipolar form of 

13 appeared at 1617 cm-1 (Figure 7). 
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Figure 7. FTIR spectrum of 13. 

 

1H (Figure 8) and 13C (Figure 9) NMR spectra revealed the absence of alkene proton and 

carbons (cf. Figures 5 and 6), which is consistent with the mechanism of 

cyclopolymerization protocol. 
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Figure 8. 1H NMR spectrum of 13 in D2O. 

 

 

Figure 9. 13C NMR spectrum of 13 in D2O. 
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The copolymerization of zwitterionic monomers 3 and 14 in a 1:1 weight ratio afforded 

copolymer 15 (Scheme 7). The results are included in Table 1 (entry 5) (vide infra). The 

FTIR, 1H, and 13C NMR spectra are displayed in Figures 10, 11, and 12, respectively. The 

antisymmetric stretching of COO- in the dipolar form of 15 appeared at 1615 cm-1 (Figure 

10). 

1H (Figure 11) and 13C (Figure 12) NMR spectra revealed the absence of alkene proton and 

carbons (cf. Figures 5 and 6), which is consistent with the mechanism of 

cyclopolymerization protocol. The NMR spectra of polymer having residues of glycine are 

included for the sake of comparison (Figures 11b and 12b).103 1H NMR spectrum (Figure 

11c) easily identifies the protons marked ‘x’ and ‘y’, thereby implying the incorporation of 

both monomers 3 and 14 into the polymer 15. Likewise, carbons marked ‘v’, ‘x’, and ‘y’ 

can be identified in the spectrum of the copolymer 15 (Figure 12c). 
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Scheme 7. Cyclopolymerization of zwitterionic monomer 3 and glycine-based monomer 

14. 
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Figure 10. FTIR spectrum of 15. 
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Figure 11. 1H NMR spectrum of (a) 13; (b) cyclopolymer bearing glycine residues; (c) 15 

in D2O. 
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Figure 12. 13C NMR spectrum of (a) 13; (b) cyclopolymer bearing glycine residues; (c) 15 

in D2O. 13 in D2O. 

The alternate copolymerization of zwitterionic monomers 3 and maleic acid 8 afforded 

alternate copolymer 16 (Scheme 8). The results are included in Table 1 (entry 6-8) (vide 

infra). In the presence of NaCl (1.5 M), the polymer yield was improved. The FTIR, 1H, 
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and 13C NMR spectra are displayed in Figures 13, 14, and 15, respectively. The 

antsymmetric stretching of COO- in the dipolar form of 16 appeared at 1607 cm-1 , while 

the C=O in CO2H was found to be at 1722 cm-1 (Figure 13). 

1H (Figure 14) and 13C (Figure 15) NMR spectra revealed the absence of alkene proton and 

carbons (cf. Figures 5 and 6), which is consistent with the mechanism of 

cyclopolymerization protocol. 13C NMR spectrum (Figure 15b) easily identifies several 

signals for the carbon (C=O) marked ‘y’, thereby implying the incorporation of both 

monomers 3 and 8 into polymer 16. Note that homoplymer 13 has one signal for the C=O 

(Figure 15a). 
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Scheme 8. Cyclopolymerization of zwitterionic monomer 3 and maleic acid 8. 
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Figure 13. FTIR spectrum of 16. 
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Figure 14. 1H NMR spectrum of (a) 13 and (b) 16 in D2O. 
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Figure 15. 13C NMR spectrum of (a) 13 and (b) 16 in D2O. 
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The copolymerization of zwitterionic monomers 3 and 17 in a 1:1 weight ratio 

afforded copolymer 18 (Scheme 9). The results are included in Table 1 (entries 9 and 

10) (vide infra). The FTIR, 1H, and 13C NMR spectra are displayed in Figures 16, 17, 

and 18, respectively. The antsymmetric stretching of COO- in the dipolar form of 15 

appeared at 1614 cm-1 (Figure 16). The C=O in CO2H was found to be at 1713 cm-1. 

1H (Figure 17) and 13C (Figure 18) NMR spectra revealed the absence of alkene proton 

and carbons (cf. Figures 5 and 6), which is consistent with the mechanism of 

cyclopolymerization protocol. The NMR spectra of polymer having residues of aspartic 

acid are included for the sake of comparison (Figures 17b and 18b).91 13C NMR 

spectrum (Figure 18c) easily identifies the carbons marked ‘w’, ‘x’, y, and ‘z’ in the 

spectrum of the copolymer 18, thereby implying the incorporation of both monomers 

3 and 17 into the polymer 18. 

 

Scheme 9. Copolymerization of monomers 3 and 17. 
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    Figure 16. FTIR spectrum of 18. 
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  Figure 17. 1H NMR spectrum of (a) 13; (b) cyclopolymer bearing aspartic acid 

residues; (c) 18 in D2O. 
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Figure 18. 13C NMR spectrum of (a) 13; (b) cyclopolymer bearing aspartic acid residues; 

(c) 18 in D2O. 
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Scheme 10 outlines the synthesis of monomer 4 having the residue of -CD as 

reported.98 To confirm the structure and integrity of the CD motifs, NMR spectra of 2, 20, 

and 4 were recorded and displayed in Figures 19 and 20. The carbons are marked a-f as 

shown in the structure of 2 (Scheme 1). The proton marked ‘a’ at C1 appeared at 4.8 ppm 

in all the spectra, while alkene protons marked ‘h’ and ‘i’ of 4 are displayed around 5.5 

ppm as expected (Figure 19 d). Note that the spectra in D2O are simpler than in DMSO-d6, 

because in the latter solvent the OH signals appear at different chemical shifts (cf. Figure 

19a vs. 19b). 

13C NMR spectra of -CD 2 display six signals in DMSO-d6 confirming the equivalent 

nature of all the seven cyclic skeletons (Figure 20a, b). However, in the tosyl 20 and 

diallylamine salt 4, the cyclic rings become nonequivalent and as such display more signals 

(Figure 20d). The alkene carbons marked ‘h’ and ‘i’ of 4 appeared in their expected 

chemical shifts (Figure 20d). Note each alkene carbon around d127 ppm is split into a 

doublet of equal intensity because of their diastereotopic nature (Figure 20d). 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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Scheme 10. Synthesis -cyclodextrin-based monomer 4. 
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Figure 19. 1H NMR spectra of (a) -Cyclodextrin (2) in DMSO-d6, (b) 2 in D2O, (c) 20 in 

DMSO-d6, and (d) 4 in D2O. 
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Figure 20. 13C NMR spectra of (a) -Cyclodextrin (2) in DMSO-d6, (b) 2 in D2O, (c) 20 

in DMSO-d6, (d) 4 in D2O. 
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The copolymerization of monomers 3 and 4 afforded copolymer in excellent yield (Table 

1, entry 11) (vide infra). 

The antsymmetric stretching of COO- in the dipolar form of 23 appeared at 1620 cm-1 

(Figure 21). Absorption at 3331 cm-1 indicates the presence of OH groups. 

NMR spectral analyses of 23 can decipher the incorporation of -CD-derived monomer 

3 into the polymer 23. Figure 22 reveals the 1H spectra of copolymer 23, while the 

corresponding 13C spectra are displayed in Figures 23. Note the signals of the alkene Hs 

and Cs marked ‘a’ and ‘b’ of 4 (Figures 19d and 20d) disappeared in the spectra of 

copolymer 23 (Figures 22b and 23b), thereby implying the successful cyclopolymerization 

leading to five-membered ring embedded polymer backbone. The chemical shifts of the 

acetal H and C marked a/a* of monomer 4 and polymers 23 appeared at 5 ppm (Figure 

22b) and 100 ppm (Figure 23b), thereby ensuring the incorporation of cyclodextrin residues 

into the polymer backbone. 
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Scheme 11. Copolymerization of monomers 3 and 4. 
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Figure 21. FTIR spectrum of 18. 
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Figure 22. 1H NMR spectrum of (a) 13 and (b) cyclopolymer 23 in D2O. 
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Figure 23. 13C NMR spectrum of (a) 13 and (b) cyclopolymer 18 in D2O. 
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Finally, resin 24 was synthesized in excellent yield via terpolymerization of monomers 

3, 4, and cross-linker 5 in a mole ratio 68:17:15 (Scheme 12). The FTIR spectrum is 

displayed in Figure 24. The antisymmetric stretching of COO- in the dipolar form of 24 

appeared at 1615 cm-1 (Figure 24). Absorption at 3353 cm-1 indicates the presence of OH 

groups. Minor absorption at 1703 cm-1 indicates the presence of CO2H form via proton 

transfer from monomer 5. 
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Scheme 12. Synthesis of cross-linked resin 24. 
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Figure 23. FTIR spectrum of resin 24. 

4.2 Solution properties of the synthesized polymers: 

The outcomes of the cyclopolymerization are presented in Table 1. The final column in the 

table displays the values of the intrinsic viscosities. Aqueous solutions containing 1 weight 

percent of homopolymer 13, as well as copolymers 15 and 18, were determined to be 

soluble in water without the presence of salt. Nevertheless, a solution containing a 7 wt% 

of 18 resulted in a turbid mixture that became transparent after the addition of a small 

amount of NaCl. Copolymer 16 was determined to be insoluble in water, but soluble in the 

presence of 0.099 M HCl due to the transformation of its zwitterionic form into the cationic 

backbone (Scheme 13). The solubility of the substance was found to be limited when the 

hydrochloric acid concentration reached 0.047 M. Copolymer 16 remained insoluble even 

in the presence of even 5 M NaCl. Copolymer 23 bearing CD residues was water-soluble, 

but surprisingly addition of NaCl (5 mg) to a 1 wt% solution gave immediate precipitation, 

which remained insoluble even after making the mixture up to 5 M NaCl. At this stage we 

cannot rationalize this solubility behavior. 



52 

 

n
[                                     ]

 16     zwitterionic

HO2C CO2H

N
H

CO2

S

n
[                                     ]

 16    cationic

HO2C CO2H

N
H

CO2H

S

Cl
HCl

Water-Insoluble Water-Soluble

 

Scheme 13. pH-dependent solubility of copolymer 16. 

Table 1. shows the Polymerization of monomers M1 (3), M2 (4, 8, 14, 17) at 80 ⁰C for 24 

h. 

Table 1. Polymerization of monomers M1 (3),and  M2 . 
 

Entry M1 

(mmol) 

M2 

(mmol) 
Water 

(%) 
HCl 

(mmol) 
NaCl 

(M) 
Initiator 

AMPD 

(mg) 

Yieldb 

Polymer 

(%) 

M1/M2 

feed 
M1/M2 

polymer 
Intrinsic 

Viscosityc 

(dL g-1) 

1 5 − 30 − − 50 13 (40) 100:0 100:0 0.0654d 

2 5 − 30 − 1.47 50 13 (44) 100:0 100:0 0.0793d 

3 5 − 30 − 1.47 100 13 (57) 100:0 100:0 0.174d 

4 5 − 30 5 − 50 13 (71) 100:0 100:0 

0.0824d 

0.0874 

0.0895f 

5 5 14 (5) 35 − 1 100 15 (67) 50:50 50:50 0.115e 

6 5 8 (5) 30 − 1.5 75 16 (75) 50:50 50:50 0.0672g 

7 5 8 (5) 37 5.5 − 75 16 (31) 50:50 50:50 0.0443g 

8 5 8 (5) 37 5.5 − 50 16 (31) 50:50 50:50 0.0307g 

9 5 17 (5) 40 5 − 125 18 (55) 50:50 50:50 0.0342e 

10 5 17 (5) 35 5 − 125 18 (72) 50:50 50:50 0.0303e 

11a 2.5 
4 

(0.62) 
35 − 1.5 90 23 (76) 80:20 80:20 0.0033e,h 

aEntry 11 Run at 75 C for 48 h; byields are written under parentheses. 
cViscosity of 1-0.25% at 30 oC using Ubelohde viscometer; dIsalt-free water; e0.1 NaCl; f0.5 N NaCl; g0.1 

HCl; at concentrations of 1, 0.5, and 0.25 wt% in salt-free water, the reduced viscosities became 0.098, 

0.1116, and 0.122 dl g-1, respectively, thereby showing polyelectrolyte behavior. 
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4.3 Mild steel corrosion inhibition by the synthesized polymers in 15% 

HCl 

The weight loss method was initially employed to investigate the efficacy of synthetic 

polymers in protecting against mild steel corrosion in a 15% hydrochloric acid solution due 

to its straightforwardness and dependability. The weight-loss measurements were 

conducted on the monomer and polymers indicated below. The standard deviation of the 

average percent inhibition efficiency ranges from 0.4% to 1.1%. If the coupons have 

different masses, the weight reductions were determined using a method that compares the 

weight loss relative to the initial mass. 104 

Each test was performed in triplicate, and the values for inhibitory efficiency (IE) (%) 

and standard deviation (SD) have been recorded in Table 2. 
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Scheme 12. Monomer 3 and Polymer 13, 15, 16 and 18 as Corrosion Inhibitors. 
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Table 2.illustrate the Inhibition efficiency (IE) (%) imparted by 3, 13, 15, 16, and 18 to 

arrest corrosion of mild steel in 15% HCl for an immersion time of 6 h. 

Table 2. Inhibition efficiency (IE) (%) of compound 3, 13, 15, 16, and 18. 

Entry Inhibitor Sample 

(ppm) 

KI (ppm) Temp (⁰C) IE (%) 

1 18 0.25 - 30 11.2 ± 1.5 

2 0.25 - 30 42.0 ± 1.6 

3 0.75 - 30 61.9 ± 1.7 

4 1.0 - 30 69.2 ± 1.1 

5 2.0 - 30 85.2 ± 0.9 

6 3.0 - 30 85.9 ± 0.8 

7 5.0 - 30 87.1 ± 0.7 

8 5.0 - 45 80.5 ± 1.1 

9 5.0 - 60 73.8 ± 1.0 

10 25 - 30 90.1 ± 0.7 

11 50 - 30 89.7 ± 0.6 

12 100 - 30 90.2 ± 0.5 

13 - 400 30 41.1 ± 2.1 

14 5 400 30 89.9 ± 0.7 

15 - 400 60 18.3 ± 2.5 

16 5 400 60a 94.5 ± 0.4 

17 3 100 - 30 61.8 ± 2.3 

18 13 100 - 30 82.8 ± 1.4 

19 15 100 - 30 85.7 ± 1.2 

20 16 100 - 30 88.3 ± 1.5 

a3h 
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The achieved % values for concentrations of 100 ppm of 3, 13, 15, 16, and 18 were 61.8, 

82.8, 85.7, 88.3, and 90.2%, respectively. The synthesized polymers outperformed 

monomer 3 due to their larger surface area and increased number of adsorption sites. Out 

of the various polymers, 18 had superior performance and was selected for additional 

analysis. As seen by the Table, the inhibitory effect (IE) rises proportionally with higher 

concentrations of the inhibitor. However, it reaches a plateau after reaching 3 ppm of 18, 

which confirms that the surface covering is complete. The results are quite satisfying as a 

low concentration of 2 ppm yielded an efficiency of 85.2% at a temperature of 30 °C (Table 

entry 5). IEs were determined to be 87.1%, 80.2%, and 73.8% at temperatures of 30, 45, 

and 60 ⁰C correspondingly, when the concentration of polymer 18 was 5 ppm (entries 7-

9). The inhibitor efficiency (IE) drops as the temperature increases, indicating that more 

inhibitors are released from the metal surface at higher temperatures. 

The surface coverage () values, ranging from 0.25 to 2.0 ppm, were fitted into various 

isotherm models given below. The corresponding linear plots may be seen in (Figure 25). 

The symbol "C" represents the concentration of a substance in units of moles per liter (mol 

L-1), whereas "Kads" represents the equilibrium constant for adsorption. The concentration 

of the solution is determined by calculating the molar mass of the repeating unit, which is 

made up of methionine and aspartic acid, and expressing it in moles per liter (mol L-1). The 

R2 values demonstrate a strong match of the data to the Langmuir isotherm, as shown in 

(Figure 25b). The value of Kads was determined to be 1438970 based on the slope. The free 

energy of adsorption (ΔGads), determined using Equation (11) with a molar concentration 

of water in solution of 55.5, was observed to be -50.4 kJ mol-1. The factor 55.5 is derived 

from the adsorption of an inhibitor (Inh) at a metal/aqueous interface. 105 This adsorption 
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can occur through the displacement of adsorbed water molecules (Equation (9)) and/or the 

consecutive adsorption of Cl- and cationic inhibitor (Inh+) (Equation (10)) on the metal 

surface, followed by the entrainment of water coverage (Figure 26). 106 The adsorption 

process is anticipated to entail the interaction between the lone pair on sulfur (S) and the 

unoccupied 3d orbital of the metal. 

𝑇𝑒𝑚𝑘𝑖𝑛:                  𝐾𝑎𝑑𝑠 𝐶 =  𝑒𝑓𝜃                                                                                          4  

𝐿𝑎𝑛𝑔𝑚𝑢𝑖𝑟:             
𝜃

1 −  𝜃
=  𝐾𝑎𝑑𝑠 𝐶                                                                              5  

𝐹𝑟𝑢𝑚𝑘𝑖𝑛 [106]:                𝐾𝑎𝑑𝑠 = 
𝜃

1 −  𝜃
 𝑒− 2𝑎𝜃                                                        6  

𝐹𝑟𝑒𝑢𝑛𝑑𝑙𝑖𝑐ℎ [107]:           𝜃 =  𝐾𝑎𝑑𝑠 𝐶
𝑛                                                                                7  

𝐾𝑎𝑑𝑠 = 
1

55.5
 𝑒

−Δ𝐺0
𝑎𝑑𝑠

𝑅𝑇                                                                                                              8  

𝐹𝑒 𝐻2𝑂 𝑎𝑑𝑠  +   𝐼𝑛ℎ  𝑎𝑞 ⇌  𝐹𝑒 𝐼𝑛ℎ 𝑎𝑑𝑠  +  𝐻2𝑂  𝑎𝑞                                                 9  

 𝐹𝑒𝐶𝑙− 𝐻2𝑂 𝑎𝑑𝑠 + 𝐼𝑛ℎ+  ⇌   𝐹𝑒𝐶𝑙− … 𝐼𝑛ℎ+ 𝑎𝑑𝑠 + 𝐻2𝑂  𝑎𝑞                                    10  

The value of ΔG, which is -50.4 kJ mol-1, can be attributed to the dominance of 

chemisorption. If the ΔGads Goads value is less negative than -20 kJ mol-1, it is assigned to 

physisorption on the metal surface108,109. 

 Physisorption refers to the adsorption of cationic motifs of the polymer on the layer of Cl- 

ions that cover the Fe-surface. On the other hand, the interaction of carboxyl motifs with 

the d-orbitals of iron or accumulated Fe2+ on the anodic sites leads to the formation of a 

coordinate kind of bond. 
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Figure 24. (a)  Temkin, (b) Langmuir, (c) Frumkin, and (d) Freundlich adsorption 

isotherms of 18 in 15% HCl at 30 C. 

Cl I

S      N S      N S      N

Fe (3d)
 

Figure 25 Interaction of sulfur lone pair and cationic nitrogens on halide assisted 

adsorption on metal surface. 

 

The addition of halide ions, particularly I-, in conjunction with inhibitor molecules, is 

recognized to enhance the effectiveness of inhibition. 108-110 Various inhibition tests were 

conducted at a temperature of 30 ⁰C using KI (400 ppm), polymer 18 (5 ppm), and a 
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combination of polymer 18 (5 ppm) and KI (400 ppm). The resulting inhibition efficiencies 

(IEs) were 41.1%, 87.1%, and 89.9% respectively. Similarly, at a temperature of 60 ⁰C, the 

IEs were determined to be 18.3%, 73.8%, and 94.5% respectively. The synergism 

parameter S is computed using Equation (11) 110. 

𝑆𝜃 = 
1 −  𝜃1 + 𝜃2 − 𝜃1𝜃2 

1 − 𝜃1+2
                                                                                                    11  

The variables θ1 and θ2 represent the degree of surface coverages, which are equivalent to 

fractional inhibition efficiency (%/100) of 18 and KI, respectively. θ1+2 refers to the 

degree of surface coverage of the mixture of polymer 18 + KI.  Typically, when S is greater 

than 1 or less than 1, it indicates cooperative co-adsorption (meaning a synergistic effect) 

or competitive co-adsorption (meaning an antagonistic effect) 110-112, respectively. The 

S value was determined to be 1.38 and 2.48 at 30 and 60 ⁰C, respectively. This indicates 

that the combination of the polymer 18 and KI exhibits a synergistic effect in reducing the 

corrosion of mild steel. 

4.4. Adsorption isotherms 

Figure 27 illustrates how the equilibrium adsorption capacity (e ) correlates with the 

initial Hg (II) concentration Co using a set amount of resin 24 at 298 K. The values of (e ) 

increase linearly with increasing concentrations, as documented in (Table 3). 

Understanding the interaction between e and the equilibrium concentration Ce is 

facilitated by adsorption isotherm models. These models are crucial for elucidating the 

underlying adsorption mechanisms29. In this study, four significant isotherm models, as 

outlined in Equations (12)-(14), are evaluated to describe these relationships. 
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Langmuir isotherm model:        
𝐶𝑒

𝑞𝑒
= 

𝐶𝑒

𝑞𝑚
+ 

1

𝑞𝑚𝑏
                                    12  

Freundlich isotherm model:  log 𝑞𝑒 = log 𝑘𝑓 + 
1

𝑛
log 𝐶𝑒                                     13  

Temkin isotherm model:      𝑞e = 
𝑅𝑇

𝑏
ln 𝐴 + 

𝑅𝑇

𝑏
ln 𝐶e  =   𝐵ln 𝐴 + 𝐵ln 𝐶e               14  

 

 

Table 3 describes the adsorption data along with % metal ion removal. 

Table 3. Adsorption of metal ions Pb (II) and Hg(II) by resin 24 at 25 °C 

MeHg ( ion Co 

(mg L-1) 

Ce 

(mg L-1) 

e 

(mg L-1) 

% Metal removal 

Hg (II) 0.2 0.02138 0.071448 89.3 

 0.4 0.15 0.1 62.5 

 0.6 0.222 0.1512 63.0 

 0.8 0.278 0.2088 65.3 

 1.0 0.327 0.2692 67.3 

Pb (II) 0.2 0.043 0.0628 78.5 

 0.4 0.075 0.131 81.3 

 0.6 0.1 0.201 83.3 

 0.8 0.176 0.2496 78.1 

 1.0 0.25 0.302 75.2 

 

The extracted parameters from the relevant linear plots (Figure 26) are given in Table 4. 
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Figure 26. Equilibrium adsorption capacity (e) versus initial concentration (Co) plots at 

298 K for the adsorption of metal ions on resin 24. 

 

 

Figure 27. (a) Temkin for Hg (II), (b) Freundlich for Hg (II), (c) Temkin for Pb(II), and 

(d)    Freundlich for Pb (II) isotherms of the adsorption of metal ions on resin 24 at 298K. 

Out of the three isotherms analyzed, the Langmuir model did not accurately match the 

data, whereas the Temkin and Freundlich isotherms showed a stronger association, as 
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evidenced by the R2 values (Figure 28). The Freundlich isotherm model [Eq. (10)], 

applicable to heterogeneous adsorption systems with non-uniform energy distribution, 

produced linear plots from which the Freundlich constants kf and n were obtained (Table 

3). 

The Temkin figure, shown in (Figure 27 a,c), allows for the calculation of the 

equilibrium binding constant A and the heat of adsorption B using E. (11), where B is 

computed as (RT/b). This model suggests that there is a negative correlation between the 

heat of adsorption and the extent to which the surface is covered with metal ions39. The 

parameters obtained from this plot are presented in (Table 4). 
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Table 4 describes the adsorption Langmuir Freundlich and Temkin isotherm model 

constants for Hg (II) and Pb(II) adsorption at 298 K on resin 24. 

 

Table 4  Langmuir Freundlich and Temkin isotherm model constants for 

Hg (II) and Pb(II). 

Hg (II): Temkin isotherm model 

A(L g-1) B(J mol-1) R2 

10 0.2101 0.9441 

Hg (II): Freundlich isotherm model 

n 
kf (mg1-1/n g-1 L1/n) 

R2 

0.793 
1.062 

0.9908 

Pb (II): Temkin isotherm model 

A(L g-1) B(J mol-1) 
R2 

38 0.1345 
0.9834 

Pb (II): Freundlich isotherm model 

n 
kf (mg1-1/n g-1 L1/n) 

R2 

1.158 
1.133 

0.9242 
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FTIR spectra of (a) Pristine resin 24, (b) Resin loaded with Hg(II), and (c) Resin 

loaded with Pb(II) are displayed in Figure 28. 

 

Figure 28. FTIR spectra of (a) Pristine resin 24, (b) Resin loaded with Hg (II), and 

(c) Resin loaded with Pb (II). 
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SEM and EDX analysis for resin 24 (a) unloaded, (b) loaded with Hg (II), (c) and loaded 

with Pb(II) is displayed in Figure 29, which ensures the incorporation of Hg(II) (Figure 

29b) and Pb(II) (Figure 29c) onto the resin. 

 

Figure 29. SEM and EDX analysis for resin 24 (a) unloaded, (b) loaded with Hg(II), (c) 

and loaded with Pb(II). 
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4.5 Removal of Organic Micropollutants: Adsorption 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.114,115 Insoluble polymers containing motifs of β-cyclodextrin (β-CD), can 

remove these anthropogenic organic chemicals from contaminated water by adsorption 

method. The hydrophobic cavity of β-CD formed host-guest complexes with many organic 

compounds.115,116 Bisphenol A (BPA), which is endocrine disruptor was used in this 

study.117 

The maximum absorption wavelength (λmax) for Bisphenol A (BPA) was determined to 

be 277 nm (Figure 30), which aligns with the characteristic absorption peaks of phenolic 

compounds in the ultraviolet region. This peak is critical for monitoring the presence of 

BPA in various environments using UV-Vis spectrophotometry. 

The polymer showed a strong ability to remove BPA from water. When the BPA 

concentration was 1 mM, the polymer removed about 89.45% of it. At a lower 

concentration of 0.1 mM, it removed about 76.2%. This difference in adsorption efficiency 

can be attributed to the higher availability of adsorption sites at lower contaminant 

concentrations. 
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Figure 30. UV spectra of organic analytes with known concentrations and adsorption 

sample 
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Conclusion: 

Various amino acid-based diallylamine salt monomers: methionine-based 3, glycine-based 

14, aspartic acid-based 17 have been synthesized. Likewise, a  -cyclodextrin (CD) based 

monomer 4 and a cross-linker 5 has been generated. Cyclopolymerization of 3 afforded 

homopolymer 13, while copolymerization of 3/14, 3/maleic acid (8), 3/17, 3/4 pairs gave 

copolymers 15, 16, 18, and 23, respectively. Terpolymerization of 3/4/5 led to cross-linked 

resin 24. 

Monomer 3 and polymers 13, 15, 16, and 18 have been studied as corrosion inhibitors 

for inhibition of mild steel corrosion in 15% HCl at 30, 45, and 60 °C. Polymers performed 

better than monomer 3. Copolymer 18 performed the best; very impressive inhibition 

efficiencies (IEs) are achieved even in the 1-5 ppm range. The presence of KI further boosts 

the IEs. 

Resin 24 has been used effectively to trap organic micropollutant as well as priority 

metal ions like Hg (II) and Pb (II). 
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