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ABSTRACT 

Novel polyamidoximes, poly(amide-imide)s, poly(ester-imide)s along with cross-

linked polyamidoximes and polyamides have been reported in this thesis. The 

foremost goal of the current research endeavor is to design some new adsorbents 

dealing with adsorption of heavy metal cations, with excellent thermal resistance. The 

designed monomers (2,6-bis(4-chloroformylphenoxy)benzonitrile, 2,6-bis(4-

aminophenoxy) benzonitrile, 5-(5-carboxy-1,3-dioxoisoindolin-2-yl) isophthalic 

acid)bearing pre-formed linkages were synthesized and employed for the novel 

polymer synthesis.  Monomer synthesis was confirmed using FT-IR and NMR 

spectroscopic analysis while polymer formation confirmed by molecular weight 

(GPC), XRD and TGA data study. Condensation polymerization was used for the 

fabrication of polymeric materials. In cross-linked polymers much better crystallinity 

in addition to boost in thermal resistance was noted. The incorporation of various 

linkages with more electronegative centers provided polymers with high molecular 

weights, improved crystalline nature, advanced thermal stability and efficient 

adsorption capacity. The effect of numerous groups towards adsorption capacity of 

Cd+2 and Pb+2 was scrutinized following a thorough study of adsorption by batch 

process. Effects of variable pH, contact time, amount of adsorbent and concentration 

of adsorbate were deliberately studied with a maximum uptake at pH 6 and 3h of 

contact time. AAS provided information about the metal ion concentration in the 

media before and after the adsorption process. The adsorption process was found to be 

favorable following the Langmuir adsorption isotherm as compared to Freundlich, 

thus giving an insight to monolayer adsorption over a range of concentration studied. 

Their ease in formation, high molar mass, heat stability and metal binding ability 

depict their compliance, rendering them a key material in future polymer science.     
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Chapter 1 

INTRODUCTION 

Organic polymers tend to prove the most imperative and versatile class of 

materials. Principal advancement in polymer technology engrosses desirable 

properties through control over macromolecular structures. During the past few 

decades, continuous progress is being made and numerous classes of macromolecules 

have become the hallmark among high performance materials including polyamides, 

polyamidoximes, poly(amide-imide)s, poly(ester-imide)s and the cross linked 

polymers finding a wide range of applications including electronics, aerospace, and 

many other industries owing to their better thermal and mechanical properties. These 

classes of polymers exhibit poor processability and limited solubility caused by strong 

interchain interactions and structural regularity. Continuous efforts have been made 

for structural modifications of these macromolecules without compromising the 

processability with enough electronegative groups contributing towards chain rigidity 

and regularity. Chelating polymers occupy a major space among the applications of 

polymers which have been reported till date. Among all the organic or inorganic 

polymers, metal chelation has found significance owing to characteristics of polymers 

like selectivity, toughness and rapid kinetics of metal ion adsorption [1, 2]. The 

peculiar crystal structure of polymers can be controlled by interchain hydrogen 

bonding thus providing them with striking physical properties responsible for the 

uptake of electroactive species. Several approaches have been exploited for the 

synthesis of high performance polymers to alter the structure containing 

electronegative and active pendant groups and cross-linking of chains. Hydrogen 

bonding serves as a major contributing factor towards chain packing and also in the 

overall performance of polymers.  

This thesis contributes to a rather widely driven area of research through the 

synthesis of novel potential adsorbents for the removal of excess ions from aqueous 

medium. Fairly easier and economical route for the synthesis of heat resistant metal 

chelating resins have been reported. This chapter principally focusses the introduction 

to various classes of polymers synthesized in the present work and theoretical aspects 

of adsorption mechanisms. Furthermore, a brief preface of novel adsorbents 

synthesized: polyamidoximes, poly (amide-imide)s, poly(ester-imide)s and cross-
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linked networks of polyamidoximes and polyamides including an overview to the 

present statement and briefly describing the literature of reported work in this area in 

the preceding section.  
 

1.1. Polyamides 

These polymers comprise the class of macromolecules with recurring amide 

linkage, as an integral part of the backbone.  

N
H

O

n
 

Polyamides possess a prominent position amongst the synthetic high performance 

polymers especially as a significant industrial material. For instance, polyamides are 

highly resistant to temperature with retaining their structural integrity with 

exceptional combination of physical, chemical and mechanical properties. The first 

synthetic polyamide, benzamide, was reported in 1862 by Harbordt [3], leading to a 

debate about the existence of high molecular weight chains. In early 1930’s, Carothers 

suggested condensation of diamine with dicarboxylic acid resulting in the formation 

of a polymer e.g., polyamide-6,6 and gave a short review on chain growth (addition) 

and step growth (condensation) polymerization [4]. This class presents tough, 

flexible, thermally stable, impact and abrasion resistant materials [5, 6], the physical 

properties being mainly dictated by hydrogen bonding. Aramids; wholly aromatic 

polyamides, add up other thermally and mechanically resistant  [5] polyamides to the 

chart possessing stiff rod-like chains due to aromatic rings and strong amide linkages. 

These bonds create micro domains resulting in long range intermolecular packing and 

cohesive energy; examples include commercially available Kevlar [7] and Nomex 

[8]. 

Crystallinity of polyamides is one of the most prominent properties interlinked to 

hydrogen bonding of the system. Oxygen atoms of the carbonyl group in the polymer 

chains introduce electronegative groups developing stronger attractions with nitrogen 

atoms attached with electropositive hydrogen atoms in the chain as shown in Figure 

1.1. 
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Figure 1.1: Amide to amide hydrogen bonding found in polyamides (nylon 6,6) 

 

Hydrogen bonds in polyamides are persistent in amorphous as well as in polymer 

melts and they are also responsible for high melting temperature and stability. Other 

molecules like water can be incorporated in polyamides thus plasticize and weaken 

the structure by displacing hydrogen bonds. These bonds serve as driving force for the 

crystallinity of the system as lamellae; crystalline region within the polymer structure 

having thickness of 5-10 nm (Figure 1.2), could be locked for chain alignment. Long 

chain macromolecules tend to fold backwards and forwards across the lamellae edges 

during the course of crystallization [8–10].   

 
Figure 1.2: Folded chains in polymer crystallites 

 

1.1.1. Synthetic Routes to Polyamides 

1.1.1.1. Solution Polycondensation 

Diamines and diacid chlorides can also be condensed in amide solvents like 

HMPA, NMP, DMAc, or tetramethylurea (TMU) (Scheme 1.1). At early stages of 

polycondensation, the solvent is furnished with maximum solubility. The solubilizing 
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properties of solvents can also be improved by addition of some salts (LiCl, CaCl2, 

etc) [11]. 

H2N
R

NH2 Cl R'

O

Cl

O
n n

Amide Solvent

-HCl
N
H

R
N
H

R'

O

n
 

Scheme 1.1: Solution polycondensation of a diamine and a diacid chloride 

 

1.1.1.2. Interfacial Polycondensation Technique 

Interfacial or two-phase polycondensation is one of the promising techniques used 

in addition to the widely used single phase condensation reaction. In this method, 

reactants are dissolved in a pair of immiscible solvents preferably diamines and 

inorganic bases required for neutralization of the acid byproduct in water and diacid 

chloride in organic solvents of low polarity. High molecular weight polyamides are 

rapidly precipitated out of the reaction medium (Scheme 1.2). 
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Scheme 1.2: Interfacial polycondensation of diamine and diacid chloride 
 

The two phased system is vigorously agitated with the production of high 

molecular weight polyamides. Low temperature is suitable to minimize side reactions 

while at elevated temperatures unstable polymers are produced, notable disadvantage 

of this technique is the production of a broad range of molecular weights unsuitable 

for the fabrication of films or fibers [12]. 

 

1.1.1.3. Polyamides via Direct Polycondensation of Dicarboxylic Acids and 

Diamines 

Aromatic dicarboxylic acids and diamines with aryl phosphites are used in the 

presence of pyridine in a direct or high temperature polycondensation mechanism of 

polyamide synthesis. The reaction involves condensing agents, triphenyl phosphite 

(TPP) and pyridine in NMP. The formation of a complex takes place which further 

reacts with diamine to give polyamide (Scheme 1.3). Various salts, LiCl and CaCl2, 

are also added in NMP to improve the molecular weight of the polymers. Hence 

greater amounts of salts favor the production of high molecular weight polyamides 
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with improved solubility [12, 13]. This proves to be an efficient and convenient 

method of polyamide formation and it has also been employed for the fabrication of 

poly(amide-imide)s if imide containing diacid is used. 

RCOOH P(OPh)3
N N

PH OCOR
PhO OPh

R'NH2

P(OPh)2

O
H PhOHRCONHR'

OPh

 

Scheme 1.3: Direct polycondensation leading to polyamide using TPP and Py 

 

1.1.1.4. Polycondensation of Diisocyanates and Dicarboxylic Acids 

Polymers and copolymers can also be efficiently synthesized by direct reaction of 

diisocyanates with dicarboxylic acids (Scheme 1.4). Elimination of CO2 takes place 

without the use of any condensing agent in this route [14, 15]. 
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Scheme 1.4: Polycondensation of diisocyanates with dicarboxylic acids 

 

1.1.1.5. Polycondensation of N-silylated Diamines and Diacid Chlorides 

Unlike traditional methods which involve activation of diacids, in this method 

diamines are activated reacting with trimethylsilyl chloride. Undeniably, low 

temperature polycondensation of N-silylated aromatic diamines with aromatic diacid 

chlorides result in production of high molecular weight polyamides[16]. Nucleophilic 

addition-elimination reaction proceeds in two steps and it can be predicted to form an 

acyl substituted diacid chloride (Scheme 1.5). 
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Scheme 1.5: Condensation of N-silylated amine and acid chloride 

 

1.1.2. Polyamide Domains and Applications  

In modern technologies, the applications of polyamides are paramount in recent 

era. Desired properties of polyamides are tailored through the control of polymer 

structure. Hence high performance polyamides are intensely focused to give specific 

properties.  

Polyamide applications have been reported in the fabrication of optically active 

substances like assembling chiral media for asymmetric synthesis, chiral stationary 

phases for the separation of enantiomers in chromatographic techniques, non-linear 

optical devices and chiral liquid crystals in ferroelectrics [17]. Aromatic polyamides 

can also be efficiently fabricated to form active layers for the rejection of high salt 

content and provide permeability to water. Such layers are used for the treatment of 

sea water desalination, dialysis and water treatment [18]. In addition, gas separation is 

one of the economic and environmental applications which can be attained using 

polyamides. Examples include enrichment of synthesis gas, separation of carbon 

dioxide and water from natural gas, nitrogen and oxygen from air, nitrogen and 

sulphur oxides from industrial gas streams, recovery of ammonia from hydrogen 

synthesis and several other uses in petrochemical industries [19]. Polyamides also 

provide selective receptors which are employed for applications in extraction, 

purification, detection or removal of some analytes that may be principally cations, 

anions or neutral molecules harmful to the environment. This class of macromolecules 

finds obvious applications due to the high temperature resistance and inertness to 

chemicals and durable nature. They are flame retardant and applied in laminating 

inks, footwear and packaging, auto-motive air filtration construction, woodworking, 

automotive wire splice, air and fuel filters glasses frame, toughening of fillers, 

pigments, glass fibers, climbing ropes, safety airbags, clothing and carpets [20–23].  

 



7 
 

1.2. Polyamidoximes 

Polyamidoximes offer amidoxime repeating units in the backbone of the 

macromolecules. 

H
N
H

N
O

H

n  

1.2.1. Synthesis of Polyamidoximes (PAOs) 

The synthesis of PAOs has been variously reported in many studies using almost 

the same protocol. The condensation of aldehyde or ketone with ammonium 

hydroxide results in the formation of oximes. Similar condensation of a nitrile group 

results in the synthesis of amidoximes. The copolymerization may be carried out with 

one of the monomers bearing a nitrile group with further functionalization into an 

amidoxime group [24]. The general reaction proceeds as given in Scheme 1.6. 
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Scheme 1.6: Complex formation of PAO with Metal Ions 
 

The synthesis of PAOs has been carried out in various attempts following the 

condensation in the presence of hydroxyl amine in a basic medium. An acrylonitrile 

moiety converted to a chelating agent with efficient electron donating capability [25–

35]. 

1.2.2. Polyamidoximes with Special Properties and Applications 
Polyamidoxime is a highly polar class of macromolecules building hydrogen 

bondings between the chains. This polar nature and close packing is responsible for 

the applicability of these polymers. PAOs are used as sequestering agent for 

polyvalent metal cations in plating baths and polluted water bodies. These polymers 

also find applications as catalyst carriers and ion exchange resins and may also be 

formed to fibers, films and molded articles. PAOs can be hydrolyzed to give high 

performance polyamides in the presence of dilute HCl. Another form of chelating 

agent may result if hydrogenation of PAOs be pursued under suitable conditions to 
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amine groups with the formation of polyamines. Epoxy resins and molded articles are 

the result of the reaction between polyamines and polyepoxides or for other 

interesting applications owing to better crystallinity and heat resistance. They can be 

cross-linked using dicarboxylic acids [35].   

 

1.3. Poly(amide-imide)s (PAIs) 
The polymers with repeating unit enclosing an amide group as well as a 

heterocyclic imide ring makes up a class of macromolecules known as poly(amide-

imide)s.  

O

N
H N

O

O  
A unique combination of properties of both polyamides and polyimides have been 

incorporated in poly(amide-imide)s, hence this assembly is being widely studied. The 

first aromatic poly (amide-imide) was synthesized by DuPont in 1945, followed by a 

successful introduction of a commercial polymeric material in 1972 by Amoco, 

known as Torlon [36]. Exceptional thermal stability, chemical and wear and tear 

resistance and outstanding mechanical strength render them scientifically and 

commercially imperative materials.  

 

1.3.1. Synthesis of Poly(amide-imide)s 

Poly(amide-imide)s can be synthesized using various methods, few are given 

below. 
 

1.3.1.1.Amide-imide forming reaction 

a. Acid chloride or acid route 

This is the earliest and the most commonly used synthetic route for poly(amide-

imide)s. The reaction is carried out between a diamine and an anhydride group. In the 

formation of an amic acid intermediate and acid chloride or anhydride functionality, it 

reacts with an aromatic amine to stimulate an amide bond formation with HCl as a 

byproduct. The commercial synthesis is carried out in polar aprotic solvents in the 

temperature range of 20-60oC with subsequent thermal treatment resulting in the 

formation of an imide linkage with the evolution of water [37].  
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b. Diisocyanate route 

For the manufacture of wire enamels or coatings, poly(amide-imide)s can be 

synthesized via this route using a condensation reaction between p-chlorophenol 

(PCP) which blocked 4,4-diphenyl methane diisocyanates (BMDI) with trimellitic 

anhydride (TMA) involving a two-stage heating [38]. The product obtained at the end 

of this reaction is fully imidized with no other condensation byproducts than CO2 

which efficiently is removed and a high molecular weight product is attained.  

 

c.  Hydrazide route 

Poly(amide-imide)s have also been reported by the acid hydrazide route [39–41]. 

Hydrazides are synthesized by an acylation reaction of hydrazine hydrate with the 

corresponding aromatic esters. These hydrazides are then polycondensed with the 

formation of poly(amic-acid)s which are soluble in polar aprotic solvents forming 

tough, transparent and flexible films. Consequently these were reported to be 

cyclodehydrated to form thermally stable and amorphous polymers [42].  

 

1.3.2. Poly(amide-imide)s with Special Properties and Applications 

Poly(amide-imide)s present a thermoplastic and amorphous group of polymers 

with an outstanding combination of thermal, mechanical and chemical resistant 

properties. These polymers are soluble in polar aprotic solvents and stable at elevated 

temperatures [43, 44]. Various optically active poly(amide-imide)s have also been 

reported [45] in addition to their uses in integrated optics  and microelectrochemical 

devices [46]. They have also been investigated for a wide range of applications. For 

instance, they are applied as an organic host for inorganic materials [47], alignment 

surfaces for liquid crystals [48] and membranes for the separation and purification of 

fluid mixtures [49]. Inherent stability and mechanical robustness makes such 

polymers an imperative candidate for certain microelectronic applications.  Such 

evident properties placed the polymers at the top of the price and performance 

pyramid. Torlon one of the major engineering resin is utilized efficiently to mold or 

extrude plastic parts. 

Poly(amide-imide)s are extensively used in wire coatings, enamels and molded 

articles  owing to their protective nature [50]. Such coatings and enamels are abrasion 

and corrosion resistant, hence they are more durable in nature. Coatings for industrial 

uses employ fluoropolymers in additions to PAIs for adhering fluoropolymers to the 
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metal substrate. Resins for injection molding employ PAIs where resins are the low 

molecular weight species and can be melt processed. This thermal treatment increases 

the molecular weight and introduces strength and chemical resistance for example, in 

a nutshell these polymers can be processed from injection or compression molded 

parts and coatings to films, fibers, membranes and adhesives [50–54]. 

 

1.4. Poly(ester-imide)s (PEIs) 
The group of polymers enclosing imide linkages in combination with ester group 

is known as poly(ester-imide)s, the repeating unit is given as follows: 

 

O

O
N

O

O  

Poly(ester-imide)s are known to possess a favorable blend of various properties of 

polyimides with polyesters.  

PEIs are included among heat resistant polymers; they are well-known for their 

thermal stability combined with their processing ease. Thermally stable or high 

performance polymers define their high melting and softening temperatures, 

resistance to degradation at elevated temperatures, thermolytic processes and stability 

to chemical reagents and radiations [55]. They are well-recognized as engineering 

plastics owing to their outstanding outdoor stability with relatively low cost [56].  

 

1.4.1. Synthesis of Poly(ester-imide)s 

The synthesis of poly(ester-imide)s involves a three step process. The first step 

includes the synthesis of a soluble amic acid using low temperature polycondensation 

method. Polyamic acid is synthesized at temperatures in the range of 10-35oC in polar 

solvents like DMF or DMSO from anhydride and amino containing molecules. Then 

polyamic acid reacts with diols furnishing esterification of carbonyl groups. This step 

proceeds at 70-100oC in DMF or NMP medium. The resultant polyesteramic acid is 

then thermally dehydrated resulting in the formation of PEIs. The optimum method 

for intramolecular imidization involves the partial drying of polyesteramic acid films 

in DMF with constant heating till 300oC [57].  
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1.4.2. Poly(ester-imide)s with Special Properties and Applications 

PEIs belong to a class of thermosetting polymers with excellent thermal stability 

and processibility. They have been widely noticed being applicable in the fabrication 

of semi-conductive three phase polymer composites in combination with graphite, tin, 

tin oxide, molybdenum disulfide, indium and polytetrafloroethylene (PTFE) [58]. 

PEIs provide better electrical insulating, mechanical and thermal properties proving to 

be a good matrix for fabrication of such composites. Frictional behavior against steel 

became as brittle as glassy polymers as epoxy, polyimides or polyesters [59–64]. PIs 

and PEIs have higher wear resistance values as compared to other sliding polymers 

and higher coefficients of friction against steel [62]. Composites of piezoresistive 

PEIs with metallic powder fillers tend to strengthen the structure with an increase in 

conductivity, thus improving the wear resistance of the material [58]. Phosphorous 

containing PEs and PEIs have been reported with flame retarding practical 

applications [65].  
 

1.5. Cross-linked Polymers 
Polymers are found in various architectural forms; interpenetrated polymer 

networks and covalent organic frameworks. Polymer networks find applications in 

catalysis, gas storage, optics, molecular separation and chemical sensing [66, 67] 

Interpenetrated polymer networks is a polymer network composed of cross-linked 

polymers through physical entanglement, may be applicable in adsorption of various 

species [68–71].  

Three dimensional polymeric networks can be used as ion exchangers specially 

those having ionic groups such as sulphonate, carboxylate, phosphinate, phosphonate, 

phenolate etc. while anion exchangers may contain aromatic or aliphatic amines. 

Similarly functional groups with sulphur or nitrogen may act as binding sites either 

covalently or non-chemically bonded [72]. Various chelating resins have been 

reported like thiourea-formaldehyde resins, isothiouronium, phosphinic acid and 

methylene thiol, polythioether backbone modified with diaminoisopropylmercaptane 

(YPA (4)), epoxy-polyamide chelating resins, phosphine sulphidesulfide-type 

chelating polymers, polyacrylonitrile-thiosemicarbazide resins, chelamine resins, 

polyacrylacylaminothiourea chelating resins, ethylenediamine to cross-linked 

polystyrene containing sulfide and melamine-formaldehyde-thiourea resins [69].   
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1.6. Adsorption 

Adsorption is the adhesion of atoms, ions or molecules from a gas, liquid or 

dissolved solids to a solid surface. Adsorption is quite selective for its analyte, simple, 

efficient and the most explored method till date. This is a surface phenomenon 

involving the accumulation of molecules in pores at the exterior rather than absorbing 

the molecules into the material. Term adsorbent is employed for the solid phase 

serving as a host for the attachment of incoming particles while the phase which 

accumulates or forms a layer on the adsorbent is known as adsorbate.  
 

1.6.1. History of Adsorption 

Adsorption, the uptake of molecules by a solid substrate has been used widely 

since decades. Carbon was first of all the adsorbents reported by Scheele for vapors 

and gases. Lowitz reported powdered charcoal for the removal of bad taste, impurities 

and odors from water. Reymond later termed the process as adsorption by reviewing 

the nature of the process. Freundlich contributed a lot towards the mechanism, nature 

and kinetics of the adsorption process which is further being elaborated extensively 

till date.  
 

1.6.2. Classification of Adsorption  

Adsorption or uptake of adsorbate is dependent on the interaction between two 

phases. Hence adsorption can be classified primarily on the nature of interactive 

forces in two classes: 

 

1.6.2.1. Physisorption 

Physical or van der Waal’s adsorption process mainly involve van der Waal forces 

of interaction and not nature specific hence it can be observed between any moieties 

irrespective of their nature. There is no preferential arrangement of adsorbate over 

adsorbent, rather the guest molecules are supposed to be in incessant translational 

movements and may lead to multilayer piling up of molecules. This process is 

reversible in nature with low enthalpy of the medium, i.e., 20KJ/mol, owing to weaker 

forces of attraction and can only be built at a temperature below the boiling point of 

the adsorbate. Physisorption is favored by high pressure and low temperature, 

however, elevated temperature lowers the adsorption with desorption at lower 

pressure (Figure 1.3).  
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Figure 1.3: Physisorption with no Definite Chemical Bonding 

 

1.6.2.2. Chemisorption 

Chemisorption occurs due to the formation of some chemical linkages between 

the two groups. Chemical bonding may be of ionic or covalent nature, while hydrogen 

bonding, dipole-dipole, electrostatic interactions or chelation can also be observed. In 

this process, both phases tend to satisfy their charges with the exchange of electrons 

and rendered a highly specific mechanism. Chemisorption in most cases is not 

temperature dependent but it can take place at a wide range of temperatures favored 

by the increase of temperature and pressure. Unlike, physisorption, no desorption is 

observed with low pressure and enthalpy of reaction is sufficiently high (200 KJ/mol) 

to ensure chemical bonding (Figure 1.4). Adsorption is irreversible in nature with 

monolayer assembly of molecules observed predominantly and varies as a function of 

the surface area of adsorbent. 

 

 
Figure 1.4: Chemisorption with Chemical Bonding 

1.6.3. Major Classes of Adsorbents 

There are various types of adsorbents being used industrially nowadays, which are 

categorized depending on their basic structural modifications:  
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1.6.3.1.Oxygen Based Adsorbents 

They are typically found to be inorganic in nature with hydrophilic and polar 

groups, examples include, silica gel and zeolites. Such adsorbents find applications in 

drying of refrigerants, organic solvents and transformer oils, as desiccants in packing, 

double glazing and for pollution control including removal of Hg.  

1.6.3.2.Carbon Based Adsorbents 

This group includes various forms of carbon; they are hydrophobic and non-polar 

in nature including materials like activated carbon and charcoal. Such materials have 

been studied for use in removal of odors from gases, recovery of solvent vapors, 

nitrogen from air and purification of helium.  

1.6.3.3. Polymer Based Adsorbents 

Polymers with specific active sites tend to serve as another class of adsorbents. 

They may furnish polar or non-polar groups for the adsorption of analyte molecules. 

This class of adsorbents finds uses in the recovery and purification of amino acids and 

steroids, separation of fatty acids from water and toluene, recovery of protein and 

enzymes and water purification.  

 

1.6.4. Applications of Adsorption 

Adsorption is reasonably an attractive technique being extensively used for the 

separation and removal of various components from given samples. Various 

adsorbents have been reported for the separation and purification of liquid and gas 

mixtures, bulk chemicals, isomers and air, drying gases and liquids before loading 

them in industrial systems, recovery of chemicals from industrial gas, metal ion 

uptake for water purification etc. Many metallurgical and industrial processes 

implement adsorption as in froth floatation process, for the concentration of sulphide 

ores and removal of impurities. For the removal of moisture, silica is employed while 

the formation of stable emulsions is observed through adsorption in cosmetics and 

syrups. An adsorbate is required for homogeneous catalysis; likewise activated carbon 

is extensively used for the removal of impurities and odors. Removal of heavy metal 

ions from water finds adsorption quite feasible and cost effective. Sawdust has been 

found operative  as well as carbon used for dye removal as dyes threatens human life 

by causing burning sensation to stomach, nausea, vomiting and nervous disorders [73, 

74].   
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1.6.5. Commonly used Adsorbents 

Various adsorbents have been worked for recently, production of cost-effective 

and resourceful adsorbents have been produced and being reported continuously. An 

evident advancement in this field has been done by Gupta and coworkers [75–79]  

providing the basis for future accomplishments. Various economical adsorbents have 

been reported so far. For instance, peat [80], clay [81], chitosan [82], rice husk [83], 

bricks [84], coal [85], feathers [75, 86], tea waste [87], sugar peat pulp [88], barley 

straw  [35], bottom ash and soya [89–91]. Also lignocelluloses substances have also 

been fabricated as potential dye adsorbents, examples include coir pith [92], banana 

pith [93], barley husk [94], sun flower stalks [95], peanut [96], rice husk [97], 

kohlrabi peel [98], sun flower seed shell [99], lemon peel [100] and pumpkin [101].   

 

1.6.5.1. Charcoal – A Conventional Adsorbent 

Usually, charcoal is known as a conventional adsorbent, black in color composed 

of carbon. It is generally obtained by dehydration and removal of volatile components 

from organic matter [102]. Activation of charcoal is a necessary step for the 

resourceful use as an adsorbent which can be done either by physical or chemical 

means. Physical methods include the conversion of carbonaceous materials in 

activated charcoal by the oxidation at 60-125 oC in the presence of oxygen and 

carbonization in the absence of oxygen at 600-900oC. The source material may also 

be treated chemically using an acid, a strong base or salt followed by carbonization at 

low temperature. Chemical treatment is less time consuming and can be carried out at 

low temperature.  

Activated charcoal is versatile in nature and can be used for various adsorptive 

processes. Primarily, it is used for the removal of color imparting species and the 

adsorption of intestinal gases. It can also be used in catalysis, as zirconium loaded 

charcoal has been utilized for the removal of heavy metal ions from water [103].  

1.6.6. Polymeric Adsorbents  

Environmental pollutants include polynuclear aromatic hydrocarbons which 

cannot be removed using biological methods; hence macromolecules were reported 

for the uptake of such pollutants in higher dosage. Macromolecules have been found 

efficiently with their specific nature and wide range of surface properties and come 

out as better alternative for conventional adsorbents, i.e., alumina, silica etc [104]. 

Effluents containing benzenoid compounds can be removed by the application of 



16 
 

some polymer adsorbents. Dye effluents add naphthalene to the water systems for 

which biological treatment of pollutant removal is not enough effective, which entails 

to the fabrication of macromolecules for their removal. Hyper cross-linked resins 

CHA-101 and CHA-111 were designed with high surface area and partial polarity on 

the backbone responsible for binding certain groups, hence used effectively for the 

adsorption of naphthalene. Various adsorbents have been available commercially for 

the uptake of organic compounds, for instance, XAD-2, XAD-4, XAD-7, XAD-8 

[105]–[107]. Likewise metal loaded macromolecule resins have been used extensively 

for the adsorption of heavy metals as arsenic. Chelating and biopolymer resins have 

been employed for uptake of zirconium oxide, MnO2-loaded resins, iron (III)-loaded 

chelating resins etc. Low cost amberlite is also being chemically modified by trivalent 

cations especially for arsenic removal [108–114].   

 

1.7. Adsorption Isotherms 

The nature of adsorption can be studied with the adsorbate concentration 

thoroughly at a constant temperature. Various parameters can be calculated from the 

isotherms giving a detailed picture of the adsorption mechanism. Two of the most 

commonly used models are: Freundlich and Langmuir adsorption models. 

 

1.7.1. Freundlich Adsorption Model 

Freundlich in 1909, suggested an empirical relation for the representation of 

isothermal variation of an amount of gas adsorbed per unit mass of an adsorbent as a 

function of pressure. The mathematical relation, known as Freundlich adsorption 

isotherm is given as; 

𝒍𝒏 𝒒𝒆 = 𝒍𝒏 𝑲𝑭 +
𝟏
𝒏
𝒍𝒏 𝑪𝒆 

Where  

qe  = Amount adsorbed (mg/g) 

Ce = equilibrium concentration of adsorbate (mg/L) 

KF = Freundlich Constant 

n = Constant for the measure of intensity of adsorption 

The Freundlich adsorption isotherm appropriately describes the relationship of 

adsorption at lower pressure but failed to predict the uptake at elevated pressures.  
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1.7.2. Langmuir Adsorption Model 

Langmuir in 1916 came up with a model overcoming the limitation from 

Freundlich adsorption isotherm. This semi-empirical model derived from adsorption 

kinetics, assumed that the adsorbed gas molecules and free molecules are found in a 

dynamic equilibrium with each other.  

B
Adsorption

Desorption

AB(s)A (g)

 

Where, A (g) is the unadsorbed gas, B (s) unoccupied solid surface while AB is the 

adsorbed gaseous molecules.  

This model lays its observations on four assumptions: 

• All the active sites are presumed to be uniform with equivalent adsorption 

sites on the surface of adsorbent. 

• Adsorption occurs by the same mechanism throughout the bulk of sample. 

• Adsorbate molecules do not interact with each other. 

• At maximum uptake of adsorbate, monolayer adsorption is supposed to be 

predominant, i.e., molecules are not adsorbed on the already taken adsorbate 

molecules while only find attachment on the vacant available sites. 

 

Mathematical form of this model can be given as,  

  
𝟏
𝒒𝒆

=
𝟏
𝑸𝒐

+
𝟏

𝒃𝑸𝒐 𝑪𝒆 
 

Where  

 qe = Amount adsorbed (mg/g) 

 Ce = equilibrium concentration of adsorbate (mg/L) 

 Q0 = Langmuir Constant related to maximum adsorption capacity (mg/g), 

monolayer capacity 

 b = Langmuir Constant related to bonding energy of adsorption (L/mg) 

Langmuir adsorption isotherm is generated while plotting 1/qe vs 1/Ce giving a 

straight line, Figure 10.  

Another dimensionless equilibrium parameter, RL defines the nature of adsorption 

during the uptake of metal ions, and is also referred to as separation factor. It depends 

on Co, intial concentration of the metal ions and mathematically given as, 
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𝑹𝑳 = 𝟏/(𝟏 + 𝒃𝑪𝒐) 

According to the value of RL, the adsorption process can be evaluated as 

irreversible (RL = 0), favorable (0 < RL < 1), linear (RL = 1) unfavorable (RL > 1) and 

irreversible (RL = 0). In all of the studied samples, values of RL lie in between zero 

and one which confirms the favorable adsorption process quite clearly, which is 

attributed towards the chelated complex formation between the metal and the pendant 

amidoxime moiety [115].  

 

1.8. Heavy Metals 

Rapid technological development has led to environmental pollutions posing a 

serious concern to ecology. Heavy metal ion contamination presents a serious threat 

to the natural ecosystem. Heavy metals include mercury (Hg), cadmium (Cd), arsenic 

(As), lead (Pb), chromium (Cr) and thallium (Tl). These are characterized by their 

persistent nature in water bodies and not easily degraded or destroyed by any natural 

means. They are considered as contaminants being not a part of the natural reservoirs. 

Even at very low concentrations, these ionic species tend to be carcinogenic in nature 

causing mind retardation and cerebral damage thus threatening human health and 

environment seriously.  

 

1.8.1. Lead 

Lead is a bluish white metal with soft, malleable and poor conductivity of 

electricity. It is resilient to corrosion with a low melting point. Lead is naturally found 

as lead sulphide, galena (PbS) in the earth crust while in atmosphere, the amount of 

lead can be detected in the form of PbSO4 and PbCO3 as a result of anthropogenic 

activities. It also finds an important place in alloy formation due to its softness and 

low melting characteristics with copper e.g., brass (with Zn) and bronze (with Sn).  

 

1.8.1.1. Sources of Lead 

 Major causes of introduction of lead in drinking water are: erosion of natural 

deposits and corrosion of household plumbing system. Weathering and dissolving of 

lead from plumbing system and its subsequent chemical reactions leach lead to the 

water reservoirs. As per EPA standards, drinking water adds 10-20% of lead to the 

human body [116]. Major sources of lead exposure include; lead-containing paint, 
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especially if burnt [117], soil/dust near lead industries, roadways, lead-painted homes, 

plumbing leachate, ceramic ware (lead used to be present in some glazes), 'Leaded' 

petrol (lead particles emitted from vehicles as alkyl compounds or as halides e.g. 

bromide). The professionals working in such circumstances have the greatest 

exposure time and hence significantly affected. In addition, a significant amount of 

lead is a part of cosmetics, glazed pottery, and has been used in stained-glass making, 

target shooting at firing ranges, lead soldering (e.g., electronics), paint stripping 

preparing lead shot and fishing sinkers etc. In water bodies, lead is prone to the 

formation of compounds thus existing anions having low solubility can be taken up. A 

considerable amount of lead may also be present in undissolved form, i.e., larger 

undissolved particles or colloidal particles of corresponding carbonates, oxides or 

hydroxides [118].  

 

1.8.1.2. Detrimental Effects of Lead 

 Heavy metals including lead are never found advantageous to living bodies. 

Elevated levels are supposed to be limited for healthy consumption of water. Lead can 

cause damage to living bodies in certain specific ways: 

• Lead affects the central nervous system of animals and reduces the activity of the 

body to form red blood cells with a wide range of irreversible neurological effects 

[119].   

• Lead from atmosphere can be transferred to plants blocking leaf pores. This stunts 

the rate of photosynthesis and respiration thus resulting in a reduced growth or 

killing of plant parts altogether [120]. 

• Prolonged exposure to lead may result in an increased level of hypertension. 

• Evidences support the existence of some links between lead exposure and 

reproductive as well as developmental outcomes, as lead from maternal blood can 

pass through placenta and put the fetus at risk [121]. 

• Lead inhibits several enzyme activities being critical to the synthesis of haeme 

causing a decreased haemoglobin level. 

• Renal effects can also be observed with elevated lead levels causing Fanconi-like 

syndromes, chronic nephropathy and gout. 

• It also interferes with hormonal form of vitamin D, affecting multiple processes 

like cell maturation and skeletal growth. 
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1.8.2. Cadmium 

Cadmium is a soft, malleable, ductile bluish white transition metal found as minor 

component in zinc ores and also found as a byproduct in zinc production. Cadmium is 

corrosion resistant and can be applied as protective coating for steel, also find 

applications in coloring glass and stabilizing plastics.  

 

1.8.2.1. Sources of Cadmium 

Occupational and environmental exposures of cadmium may result from heavy 

metal mining, metallurgy, photography and industrial uses as well as manufacturing 

of lead-cadmium batteries, plastic stabilizers, pigments and anti-corrosive products 

[122]. Cadmium usage is now declined in most developed countries due to its 

prevalent toxicity and nowadays cadmium pollution has become starker due to 

incineration of wastes, a component from farm fertilizers and during mud purification 

[123].  

 

1.8.2.2. Detrimental Effects of Cadmium 

Toxicity due to cadmium was first of all disclosed as early as 1955 in Japan when 

severe consequences of cadmium pollution were observed on human health. 

Prominent effects include, renal and bone injuries, skeletal deformations and immune 

deficiencies. As cadmium contamination is prominently associated with effluents 

from zinc mining, hence residents of that area are profoundly affected [124]. Cigarette 

smoke is one of the major causes of human intoxication as cigarette smoke contains 

high concentrations of cadmium in addition to introduction of this toxic metal 

component from air, water and food contaminants. Exposure to elevated levels may 

lead to numerous acute and chronic disorders in kidney, liver and cardiovascular 

organs [115, 125]. Acute intoxications may affect testes, liver and lungs while chronic 

exposures lead to disruptive airways, end stage renal failures, diabetes, abnormal 

blood pressure, bone disorders and suppression in immunity. All effects of cadmium 

poisoning are attributed to long stay time. Cadmium intoxicity is strongly associated 

to cancer induction, more prominent it is related with lung cancer followed by cancer 

development in prostrate and kidney. Epithelial cells of rat and human have been 

studied for intoxication of cadmium resulting in malignant cell production.  

 



21 
 

 

1.9. Removal of Toxic Heavy Metals 

Heavy toxic metal contamination of water bodies is being increased currently due 

to their biodegradable and persistent nature. Although various heavy metals are 

required at lower concentrations but they are also found to be toxic at elevated levels 

hence their introduction into water reservoirs should be cut down or water requires 

pretreatment for making it fit for human intake. Furthermore, heavy metals can form 

organometallic complexes in the living systems which tend to be carcinogenic and 

mutagenic in nature. Due to the toxicity of these heavy metals, US EPA set quite low 

permissible levels in drinking water. They are 0.015 mg/L for Pb (II) and 0.005mg/L 

for Cd (II) [122, 126].  

Various methods have been adopted for the removal of these toxic and non-

biodegradable metal ions for treatment of aqueous wastes; ion-exchange, sorption, 

precipitation, coagulation, membrane filtration, coagulation, electrolysis. Owing to 

the suitable and selective nature, the sorption method is finding momentum and is 

being studied in detail. Adsorption of heavy metal ions is preferred based on several 

reasons: its ease of separation, higher efficiency, cost effectiveness, selective nature 

and low level removal of target ions [127–135].  
 

1.10. Recent Evolvements in Metal Ion Adsorption 

Since the knowledge about the toxicity of heavy metal ions was gained, efforts 

were made for the efficient removal of such noxious contaminants. Activated carbon 

has been most widely used undoubtedly and has been popular throughout the world. 

In spite of its prolific use, activated carbon is expensive, as with improved quality cost 

is also raised, in addition to its slow diffusion kinetics and lower adsorption capacity, 

alternative adsorbents were worked on. Because of their low cost and local 

availability, natural materials also received intensified research like chitosan, zeolites, 

fly ash, clay etc. Chemical modification has also been devised for the uptake of metal 

ions to enhance the sorption capacity [2]. Natural sand was employed primarily for 

water filtration but no significant metal removal was observed, hence the surface 

modification showed improved metal binding as impregnation of sand with 

manganese or iron resulted in improved metal binding. Iron oxide coated sand was 

used for the adsorption of ferrous ions [136–138]. Bio-adsorbents have also been 

reported for the metal ion removal including plant and fruit components, rice polish 

and various seeds [139–145]. Natural clays other than zeolites have also been 
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extensively used for the removal of lead, for instance kaolinite, illite, bentonite, 

montmorillonite and sapiolite. Chemical nature and porosity of clay material is 

responsible for metal ion uptake. Such materials are used for industrial applications 

such as clarification of edible and mineral oils, cosmetics, paints and pharmaceuticals. 

Low adsorption capacity of clays was upgraded using some chelating agent like 8-

hydroxyquinoline with radical selectivity for lead (II) [146].  

The general strategy for designing an adsorbent includes a solid support furnished 

with ligands available for chelating or coordinating with electrophilic cations has 

gained a momentum through this advancement [147]. Organic sorbents owing to their 

high selectivity towards binding cations and metal complex ions find relationship with 

preconcentration and inorganic analytical chemistry. An organic adsorbent is 

composed of two major parts: a polymer matrix or support and a functional group 

with an active binding site in the form of a chelating group or a coordination center. 

The structure of polymeric resins and binding sites in collaboration to the mode of 

interaction between the metal ion and the binding group dictates the applications of 

the macromolecular adsorbent [148]. Selective chelating resins with their wide 

applicability for removal of toxic metals and complex ions from industrial effluents 

have been studied and reported [25, 148–150]. Hence a constant interest in devising 

new chelating resins has been noticed with growing technology.  Salicylaldehyde 

based polymers were variously studied, probing potential chelating groups including 

alkaline earth metals, transition and heavy metals. Amoyaw and coworkers [147] 

reported poly[4-(4-vinylbenzyloxy)-2-hydrobenzaldehyde, a salicylaldehyde based 

resin for the removal of cadmium at lower concentrations and investigated the kinetics 

thoroughly. Metal chelation was observed to follow the Langmuir adsorption model 

occupying monolayer on the macromolecular adsorbent with favorable uptake. The 

use of such ligands provides an insight to design better solid support material for 

heavy metal binding and the removal from aqueous media. Unlike the unstable low 

molecular weight amino, carboxyl or thiol containing species, macromolecules with 

heavier functional groups are more stable; for instance, polyethylimine or polyacrylic 

acid can introduce a high binding capacity attributed to high density of carboxyl or 

imine containing species [149, 151, 152]. The modification of magnetic mesoporous 

carbon has also been reported using polyacrylic acid as an effective chelating agent 

for cadmium uptake [115].  
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The amidoxime group provides a selective and efficient chelating group for heavy 

metal ions, forming stable complexes with metal ions. Such ions have been used for 

the preconcentration of trace metals in aqueous solutions [153, 154]. Rubberwood 

fibre-g-polyacrylonitrile was functionalized to amidoxime chelating resins for the 

uptake of heavy metal ions with prominent cation removal [25]. Dinu et al. [148] 

suggested heavy metal adsorption on iminodiacetate chelating resins derived from 

acrylonitrile-divinyl benzene copolymers, results indicated appreciable metal uptake 

with data fitting in Langmuir and Freundlich adsorption isotherms considerably. 

Uranyl ions have been adsorbed using polyamidoximes in various attempts; fibrous 

adsorbents as well as functionalized beads were reported for the recovery of uranyl 

ions with high adsorption capacities [155–158]. Poly(isobutyl methacrylate) beads 

with amidoxime grafting were also used for the same uptake of cationic moieties and 

they were presented for the separation or enrichment of uranyl cations, which showed 

much improved adsorption capacity because of bearing two amidoxime units per 

repeating unit in the polymer backbone [158]. Amidoxime proves to be bidentate 

ligand, formation of its stable chelate with divalent cations was suggested with 

functionalized nanohydrogel in a biosorbent [30]. A comprehensive study to give 

various isotherms was done with a relative effect of altered pH values, agitation time, 

as well as various amounts of adsorbent and adsorbate, resulting in an optimum 

adsorption capacity at pH 6. Saeed et al. [34] suggested acrylonitrile polymer fibers 

subsequently functionalized to polyamidoxime used for the uptake of Cu and Pb ions. 

Monolayer adsorption format was followed in nanofiber mats as data completely 

fitted in a Langmuir isotherm.  

Effective and economic removal of toxic metals from waste waters also increased 

attention towards the development of functionalized macromolecules like 

polyethyleneamine, xanthates, polyvinylpyridine etc. In complementary to their high 

affinity for metal ions, less equilibrium time and lower amount of sludge generation 

make them suitable metal adsorbents [160, 161]. A resinous functionalized polymer 

used for the removal of copper ions was an aniline formaldehyde condensate coated 

on silica gel. The effect of pH and temperature have been reported with following a 

Langmuir isotherm owing to a monolayer adsorption with favorable cation uptake 

[161].    

Metals are known to form coordination bonds with amino groups of the polymer 

chain hence nitrogen containing binding groups make up the adsorbents to uptake the 
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cationic species in water [163–166]. For instance, N-2-(aminoethyl)-3-

aminopropyltrimethoxysilane modified silica for the removal of basic blue and acid 

orange dyes while monochloro-triazinyl β-cyclodextrin functionalized silica gel 

applied for the removal of acid blue. However, red and blue remazol dyes were 

removed using chemically modified amino-propyl silica [167–169]. 

Organic/inorganic hybrids have been synthesized with poly(ethyleneamine) 

encapsulating silica. This composite material has been reported to be effectively used 

for the adsorption of metal ions as well as polycyclic aromatic hydrocarbon species 

from water samples. Hyperbranched polymers containing silica gave an overwhelmed 

sorption as compared to silica alone used as an adsorbent previously [169]. Likewise, 

polyaniline/humic acid composites studied for mercury and chromium ion uptake. 

Polyaniline/polyethylene glycol showed interaction and binding with hexavalent 

chromium fitted Freundlich and Langmuir adsorption isotherms [171, 172]. Hg(II) 

uptake has also been reported using amino terminated hyperbranched 

polyamidoamine polymer functionalized chitosan. Isotherm studies were carried out 

at pH 5 showing maximum uptake of cations [172]. Poly(amide-imide)s are found to 

have chelating character towards cations as Huang and coworkers reported film 

formation of PAIs with various transitions metals [173]. This metal ion interaction 

can be exploited for the adsorption of heavy metal ions using PAIs and PEIs having 

multiple binding sites.   

Oxygen containing derivatives tend to prove potential adsorbents for cationic 

species with oxygen atoms as ligands [174]. Adsorption properties of poly(ester-

imide)s has been less tread specifically. Various oxygen containing polymers have 

been subjected to chelate heavy metal ions from aqueous media, owing to the 

coordinating nature of oxygen. Liu [175] worked on the fabrication of composites 

based on hyperbranched aliphatic polyesters with attapulgite and adsorption studies of 

some heavy metals suggested the composite as a competitive candidate for adsorbent 

applications. The formation of numerous hydrogels with ester linkages suggests the 

role of polyesters in the adsorption process. The effect of polyester units in hydrogels 

of block copolymers was investigated. Abdel-Aal [176] studied the adsorption of 

heavy metals in acrylamide/maleic acid (AAm/MA) and 2-hydroxyethylacrylate/ 

maleic acid (HEA/MA). The results showed that hydrogels with HEA/MA exhibited 

more uptake of metal ions as compared to AAm/MA. This is also supported from the 

consequences of Tu et al. study [177], finding an improved uptake of copper ions by 
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incorporating HEA in the polymer chain, poly(VI-co-HEA) used for hydrogel 

formation. Another adsorbent hydrogel of poly(hydroxyethyl methacrylate/maleamic 

acid) (p(HEA/MALA)) was synthesized and subjected to adsorb divalent cations. 

Isotherm data depicted a monolayer formation of the adsorbate. The mechanism of the 

uptake proposed a combined effect of chelation between -NH2 and M2+ and an ion 

exchange between -COOH and M2+[178].  

Cross-linked polymeric systems are less tracked for the adsorption of cationic 

species. Nonetheless interpenetrated polymer networks have been described as 

effective adsorbents as they are thought to be swollen introducing a high surface area 

for metal binding. Polystyrene/polyamide interpenetrated network was fabricated for 

the spontaneous uptake of quercetin. The physical adsorption was shown to follow a 

Freundlich adsorption isotherm with an ordered process [71]. A wide range of 

interpenetrated macromolecular networks has been testified for adsorption. For 

instance, Xiao et al. used poly divinylbenzene/poly(sodium acrylate) for the 

adsorbtion of berberine, Xu et al. developed a polystyrene/polyamide network for the 

adsorption of quercetin and chromium, Grisch et al. devised a formation of network 

based on styrenic content with quaternary ammonium functionality which was an 

effective adsorbent over a range of pH and silver nanoparticles were anchored with 

cross-linked beaded polystyrene/polyamidoxime networks for antibacterial activities 

[70]. Pekel and coworkers submitted a polymeric network based on poly(N-vinyl 2-

pyrrolidone) (PVP)/acrylonitrile (AN) employed for the uptake of uranyl. The 

bonding of cations with chelating resins followed a Langmuir adsorption isotherm 

with an appreciable adsorption capacity [179]. A polydivinylbenzene/poly (sodium 

acrylate) network was used for the separating and binding of quaternary ammonium 

type alkaloid berberine owing to the ion exchange and π-π interactions [68].  
 

1.11. Scope and Objectives of the Present Work 
Incited by the human skills and innovative nature, chemists have been 

continuously working for technological advancements with astonishing outputs. 

Numerous efforts are being carried out for the fabrication of macromolecules with 

exceptional properties to engender high performance materials. Polymers bearing 

various functionalities and with high thermal resistance have an immense prospective 

utility. Owing to binding groups over the polymer backbone, these types of materials 

have been reported with outstanding adsorbent nature. 
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A continuous increasing level of heavy metals in water bodies is leading to a 

constant demand of novel effective metal removing agents. Adsorption being the most 

effective and economic method for metal removal is of immense importance. The 

present endeavor was made for the preparation of various new potential adsorbents for 

the uptake of cations. The fabrication of polyamidoximes, poly(amide-imide)s, 

poly(ester-imide)s, cross-linked polyamidoximes and polyamides was accomplished 

with improved thermal stability and adsorbing capacity. The introduction of metal 

chelating or anionic groups with potential binding capacity for cationic species tends 

to be effective adsorbents. This concept was exploited for the synthesis of organic 

polymeric systems with structural designing and high temperature resistance.  

The first intent of the current work was to design macromolecules with potential 

metal binding centers. The strategy involved was to introduce various monomers and 

the subsequent cross-linking for hydrophobic materials removing pollutants from 

water bodies. Cross-linking also improves the decomposition temperature making 

them available for the use at elevated temperatures. Secondly, the optimization of 

numerous parameters (contact time, pH, amount of adsorbent and concentration of 

adsorbate) would be worked out for maximum adsorption capacity of the material. 

Nature of uptake and various parameters would be calculated from adsorption 

isotherms.  

Although polyamidoximes have been tested for heavy metal adsorption other 

classes studied recently have not been considered till now. This prompted us to 

explore this less studied class of macromolecules with a special focus on metal 

bonding with the object of obtaining multifunctional polymers. Novel monomers with 

amidoxime groups were aimed to be synthesized thus incorporating metal chelating 

groups in the macromolecules. Convenient and economic synthetic routes were opted 

for the fabrication of potential adsorbents of heavy metals followed by synthesis of 

monomers in high yields.   

Polyamidoximes are found to have limited synthetic protocols available, as they 

cannot be directly synthesized using an amide with hydroxylamine. This is mainly 

due to the reduced reactivity of the carbonyl group of an amide. One of the synthetic 

strategies include the treatment of hydroxamic acid chloride with primary or 

secondary amines (Scheme 1.7) [24]. 
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Scheme 1.7: Synthesis of PAOs Using Diamines 

 

The coordination of metal ions utilizing amidoxime groups results in interlinking 

and cross-linking of various chains. This concept had to be visualized while working 

for this class of polymers as heavy metal adsorbents. Recently, polyamidoximes were 

synthesized from polymers bearing cyano groups with efficient functionalization to 

amidoxime group in high yields [25, 27, 29, 32, 33, 159]. Owing to the higher yield 

and easier handling, this method was decided to be followed for the fabrication of 

some novel polyamidoximes. The incorporation of metal binding centers made them 

effective heavy metal removing agents. Cross-linking using organic groups has not 

been explored widely; hence more attention was paid for designing cross-linked 

polyamidoximes with improved crystallinity and thermal resistance in combination 

with metal binding capacity to be used as an adsorbent. The reactivity of an 

amidoxime moiety with acid chloride has been worked at monomer level. The same 

procedure was employed for macromolcular cross-linking [181, 182], resulting in the 

formation of oxadiazole bridging units as given in Scheme 1.7. 

 
Scheme 1.8: Mechanism for the Synthesis of 1,2,4-Oxadiazole 

 

Poly(amide-imide)s and poly(ester-imide)s are combinations of favorable 

characteristics of polyamides with polyimides and polyesters. Well adapted methods 

for their synthesis were used for thermally stable polymeric networks with improved 

properties of cationic adsorption.  
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Aromatic polyimides are broadly applied in aerospace and microelectronics 

industries forming films and moldings due to their excellent chemical and thermal 

stability. Other fast growing demand of this class of macromolecules is the use as 

adhesives, gas separation membranes, composites matrices, foams and coatings [183, 

184]. Efforts have been made to alter the chemical structure and properties regarding 

specific applications. In that context, synthesis of novel aromatic monomers plays an 

incredible role in the synthesis of advanced high performance materials based on 

polyimides. Successful incorporation of flexible linkages, bulky substituents, non-

coplanar and non-symmetrical moieties has been reported [185–188] for better control 

of required properties. In this regard, introduction of amide and ester linkages were 

explored for improvement of polymer character. Poly(amide-imide)s provide a 

strikingly balanced material with processability and high performance to be 

potentially used in electrical products as wire enamels along with adhesives and 

extrusion products [188]. Conventional method of synthesis is by polycondensation of 

diamines with acid chloride monomers and would be opted for current efforts also.  

Aromatic polyamides stand as a class of macromolecules substituting ceramics 

and metals in aerospace, automotive and microelectronics industries indebted to 

superb mechanical profiles, excellent thermal resistance and reduce flammability. 

Chain stiffness and packing due to intermolecular hydrogen bonding between amide 

groups render them thermally resistant and adequate crystalline in nature [189].  The 

formation of cross-links between existing chains may also alter the physical properties 

of the material [190]. This area has been less paved, hence the improvement in 

crystallinity and thermal behavior was considered by the introduction of various 

cross-linking agents. The interpenetrated polymer networks find applications in 

adsorption of various species like silver nanoparticles quercetin and berberine. Metal 

ion binding may also be observed using polymer networks with amidoxime pendant 

groups [179]. Hydrophobic and hydrophilic polymer networks have been equally of 

research interest but for the removal and enrichment of cations from water body, 

hydrophilic cross-linked polymers were to be designed making their recovery possible 

[68, 70, 71, 180]. 5-Aminoisophthalic acid can be self-polymerized owing to the 

bifunctional nature. It has been reported as homopolymer, attempts were made to 

exploit the diacid groups to react with other diamines thus protecting the amino group 

of the ring. Later, the pendant amino group was employed for interlinking of existing 
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chains together intended to get remarkably high thermal resistance with a novel class 

of adsorbents used for the uptake of heavy metal ions from water bodies. 

Such adsorbents tend to constitute entirely imperative materials both in the 

academic and industrial world. Unambiguously, the presence of amidoxime moiety 

and electronegative groups on the polymer backbone incline to chelate or bind 

electropositive groups. The synthesis of trifunctional monomer imparts three 

dimensional structures to the macromolecules thus posing more chain 

interpenetrations and binding sites for adsorbates. High molar masses, thermal 

resistance and ability to eradicate noxious ions from aqueous media make these 

polymers undoubtedly a strong candidate to meet the requirements of versatile and 

advanced applications and challenges of the ever changing needs. This paints the 

extraordinary flexibility of new polymers in recent advanced technologies rendering 

them substantial materials in polymer science.  

The structural investigation of the synthesized monomers was carried out using 

FT-IR and NMR spectroscopic analyses. Polymers fabricated by the polymerization 

of various monomers were scrutinized using molar mass analysis by GPC. Polymers 

were further subjected to XRD and TGA defining the crystalline and thermal behavior 

of the materials while the adsorption of cations at various parameters was studied and 

analyzed using AAS.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



30 
 

Chapter 2 
EXPERIMENTAL 

 

The impending section comprises two parts i.e., synthesis of novel polymer based 

adsorbents and their subsequent adsorption studies. This chapter procures various 

advantageous synthetic routes opted for the synthesis of polyamidoximes, polyamides 

and their cross-linked polymers as well as poly(amide-imide)s and poly(ester-imide)s 

and the protocols used for the study of metal ion uptake.  

 

2.1  Chemicals  
Particulars of different monomers, reagents and solvents used in the synthetic 

schemes including their chemical names, structures, supplier and percent purity is 

given in Tables 2.1-2.5. All chemicals used were of analytical grade. 

 

Table 2.1: Reagents Used in the Synthesis of PAOs 

Chemical Name Structure Supplier Purity (%) 

p-Hydroxybenzoic 

acid 
O

H

O

OH  

Aldrich ≥ 99 

2, 6-

Difluorobenzonitrile F F
CN

 

Aldrich 97 

4-Nitrophenol 
O2N O

H

 

Aldrich 98 

Aqueous hydroxyl 

amine 
NH2

O
H  

Aldrich 50 

p-Phenylene 

diamine 
H2N NH2

 
Fluka ≥ 99 

4,4’-Oxydianiline 

H2N

O

NH2  

Aldrich 97 

Terepthalyl chloride 

Cl

OCl

O  

Fluka 99 
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Table 2.2: Reagents Used in the Synthesis of PAIs 

 

Chemical Name Structure Supplier Purity 

(%) 

5-Amino isophthalic acid 

OH

O

HO

O

NH2  

Aldrich 99 

Trimellitic anhydride 

HO

O

O

O

O  

Fluka 98 

1,4-Xylene diamine H2N

NH2  

Aldrich 99 

1,3-Xylene diamine NH2H2N

 

Aldrich 99 

2,4-Diamino-6-phenyl-

1,3,5-triazine 

N

N N

NH2H2N

C6H5  

Aldrich 98 

2,4-Diamino-6-methyl-

1,3,5-triazine 

N

N N

NH2H2N

CH3  

Aldrich 98 

1,3-Cyclohexanediamine H2N NH2

 

Aldrich 98 

1,2-

Diaminoanthraquinone 

O

O

NH2
NH2

 

Aldrich 97 

2,6-

Diaminoanthraquinone 

O

O

NH2

H2N

 

Aldrich 97 

1,10-Diaminododecane 
H2N

NH2
12  

Aldrich 98 
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2,6-Diaminopyridine 

N NH2H2N  

Aldrich 98 

2,3-Diaminonaphthalene 

NH2

NH2

 

Aldrich 95 

1,5-Diaminonaphthalene 

NH2

H2N

 

BDH 97 

4,4’-

Diaminobenzophenone 

O

H2N NH2  

Aldrich 97 

1,2-Phenylenediamine H2N NH2

 

Aldrich 99.5 

Melamine 

N N

NH2N NH2

NH2  

Aldrich 99 

 

 

Table 2.3: Reagents Used in the Synthesis of PEIs 

 

Chemical Name Structure Supplier Purity (%) 

2,6-

Dihydroxynaphthalene HO

OH

 

Aldrich 98 

1,12-Dodecanediol 
HO

OH
6  

Aldrich 99 

1,8-

Dihydroxyanthraquinone 

O

O

OH OH

 

Aldrich 96 

1,3-Propanediol HO OH  Aldrich 98 

1,5-Pentanediol HO OH  Aldrich 97 

1,4-Cyclohexanediol 
HO OH

 
Aldrich 99 
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1,2,7,8-Octanetetraol OH
HO

OH

OH

 

 

Aldrich 

 

98 

4,4’-Dihydroxybiphenyl 
OHHO

 
Aldrich 97 

 

Phloroglucinol 

HO OH

OH  

Aldrich 97 

2,2-Dimethyl-1,3-

propanediol 
HO OH

 

Aldrich 99 

2,2-Diphenyl-1,3-

propanediol HO OH
Ph

Ph

 

Aldrich 99 

 

 

Table 2.4: Reagents Used in the Synthesis of Cross-linked PAs 

Chemical Name Structure Supplier Purity 

(%) 

5-Aminoisophthalic 

acid OH

O

HO

O

NH2  

Aldrich 99 

Trifloroacetic 

anhydride F3C O CF3

OO

 

Aldrich ≥ 99 

Pyromellitic 

dianhydride O O

O

O

O

O  

Aldrich 97 

4,4’-(4,4’-

Isopropylidenedipheno

xy) bis(phthalic 

anhydride) 

O
O O

O

O

O

O

O  

Aldrich 97 

3,3’,4,4’-

Biphenyltetracarboxyli

c dianhydride 

OO

O

O

O

O  

Aldrich 97 
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2,5-

Thiophenedicarboxalde

hyde 

S
H

O

H

O

 

Aldrich 99 

Trifloroacetic 

anhydride F3C O

O O

CF3  

Aldrich 99 

 

 

Table 2.5: Other chemicals and Solvents used in the Present Work 

Chemical Name Structure Supplier 
Purity 

(%) 

1,4-Phenylene diamine H2N NH2
 

Fluka ≥ 99 

4,4’-Oxydianiline 
O

H2N NH2  
Aldrich >98 

Triethylamine N

 
Aldrich ≥ 99.8 

N-

Methylpyrrolidone(NMP) 
N

O

 
Merck 99 

Hydrazine monohydrate H2N
NH2  

O
H H  Fluka 80 

Formic acid HO O  Fluka 85 

Toluene 
 

Aldrich 99.8 

Thionyl chloride SOCl2 Fluka 97 

Hydrochloric acid HCl Aldrich 37 

Potassium carbonate K2CO3 Aldrich ≥ 99 

Oxalyl chloride 
O

Cl O

Cl  
Aldrich 99 

Glacial acetic acid 
CH3O

O
H

 
Aldrich 100 

Ethanol C2H5OH Aldrich 95 

Methanol CH3OH Aldrich 99.8 
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Dimethylformamide 

(DMF) 
N O

 
Fluka 99 

Dichloromethane (DCM) CH2Cl2 Aldrich ≥ 99.8 

Tetrahydrofuran (THF) 
O

 
Fluka 99.5 

Hexane C6H6 Aldrich 95 

Ethylacetate 
H3C O

O

 
Aldrich 99.8 

Sodium chloride NaCl Fluka 99.8 

Chloroform 
ClCl

Cl  
Merck 99 

Zinc dust - BDH - 

Celite - Fluka - 

Boric acid H3BO3 Aldrich ≥ 99.5 

Phosphoric acid H3PO4 Aldrich ≥ 99.99 

Sodium hydroxide NaOH Aldrich ≥ 97 

 

2.2.  Synthesis of Adsorbents 

Various types of adsorbents were synthesized in the present work, long chain as 

well as cross-linked macromolecules with various groups from novel monomers. The 

adsorbents were then exploited for interactions of the polymer with metal cations. All 

monomers and macromolecules were characterized using spectroscopic analyses. The 

adsorbents synthesized in this work include: 
 

2.2.1 Polyamidoximes (PAOs) 

2.2.2 Poly(amide-imide)s (PAIs) 

2.2.3 Poly(ester-imide)s (PEIs) 

2.2.4 Cross-linked Polyamidoximes 

2.2.5 Cross-linked Polyamides (PAs) 

 

 The fabrication of various classes of potential adsorbents has been executed from 

some facile methods of synthesis along with the incorporation of metal binding 

groups to control the ultimate properties of the macromolecules. The current endeavor 

was dedicated to the addition of 69 novel polymers with structural regularities for 
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metal binding activities, thus enriched the class of polymeric adsorbents. Two new 

monomers resulted in 3 PAOs. Three cross-linked PAOs using TPC as interlinking 

agent and one imide based monomer were exploited for synthesis of PAIs and PEIs 

each of 17 and 11 respectively. Seven commercial diamines were employed as 

monomers for designing polyamides, with the subsequent formation of 35 cross-

linked PAs using various cross-linking agents. A complete structure-property 

profiling and the availability as adsorbent make these materials highly attractive for 

further investigations.  

 

2.2.1 Polyamidoximes (PAOs) 
2.2.1.1 Synthesis of Monomers 

a. 2, 6-Bis (4-chloroformylphenoxy) benzonitrile (BCFPBN) 

p-Hydroxybenzoic acid (72mmol),  K2CO3 (144mmol),  N,N-dimethylformamide 

(DMF) (70mL) and  toluene (55mL) were taken in a  250 mL round-bottom flask, 

equipped with a thermometer, a mechanical stirrer, nitrogen inlet and a Dean-Stark 

trap. It was heated to 140-150oC until water was collected through azeotropic 

distillation followed by an increase of temperature to 170oC to completely remove 

toluene. After removing the Dean-Stark trap and collection of immiscible liquids, the 

reaction mixture was cooled to 40oC. 2,6-Difluorobenzonitrile (30mmol) was added to 

the reaction mixture and further heated to 185-195oC with continuous stirring for 8 h 

(Scheme 2.1). After cooling to room temperature, 2,6-bis (4-carboxyphenoxy) 

benzonitrile (BCPBN) was obtained by dissolving the reaction mixture in water 

followed by the addition of hydrochloric acid to precipitate it. The solid product was 

then washed with water and recrystallized from a mixture of water and ethyl alcohol. 

Yield: 93%. FT-IR (cm-1) 1710 (C=O), 2670 (-OH), 1129 (C-O-C), 1605, 1505 (Ar 

C=C), 2236 (C-N) 1H NMR (300MHz, DMSO-d6, δ) 13.04 (s, 1H, OH); 8.06 (d, 2H, 

Ph); 7.68 (t, 1H, Ph); 7.31 (d, 2H, Ph); 6.93 (d, 2H, Ph) (Figure 2.1). 13C-NMR 

(300MHz, DMSO- d6, δ) 169.4, 162.2, 159.3, 132.5, 130, 123.4, 117.4, 115.8, 111.3, 

90.1 (Figure 2.2). 
 

BCPBN was treated with thionyl chloride in the presence of a catalytic amount of 

DMF to yield 2,6-bis(4-chloroformylphenoxy) benzonitrile (BCFPBN) (Scheme 2.2). 

Anhydrous hexane was used to recrystallize the product. FT-IR (ῡ, cm-1) 1714 (-



37 
 

C=O), 2274 (CN), 1106 (C-O), 1600, 1496 (Ar CH) 1H NMR (300MHz, DMSO-d6, 

δ) 8.04 (d, 2H, Ph); 7.67 (t, 1H, Ph); 7.29 (d, 2H, Ph); 6.89 (d, 1H, Ph). 13C-NMR 

(300MHz, DMSO- d6, δ) 167.5, 163.6, 159.1, 132.4, 131, 127.2, 115.8, 119.0, 114.5, 

96.8.  

CN
OO

HO

O

OH

O

CN
FF

O
O

OHH
O

HHO

O

DMF

K2CO3
reflux (8h)

 
Scheme 2.1: Synthetic scheme of 2,6-bis (4-carboxyphenoxy) benzonitrile 

(BCPBN) 

 

CN
OO

HO

O

OH

O

SOCl2
DMF (Cat.)

overnight 
  stirring

CN
OO

Cl

O

Cl

O  
 

Scheme 2.2: Synthesis of 2,6-bis(4-chloroformylphenoxy) benzonitrile (BCFPBN) 
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Figure 2.1: 1H NMR Spectrum of BCPBN 

 

 

 

 
Figure 2.2: 13C NMR Spectrum of BCPBN 

 

b. 2, 6-bis(4-nitrophenoxy) benzonitrile (BNPBN) 

In a 3-neck round bottom flask, 4-nitrophenol (19 g; 0.174 mol) was discharged 

with DMF (132 mL) and toluene (120 mL), equipped with a nitrogen inlet, a Dean–

Stark trap, a thermometer and a reflux condenser. Anhydrous K2CO3 (16.11 g; 0.116 

mol) was also added and the reaction mixture was continuously stirred and heated at 

140–150oC. Water was removed as a result of azeotropic distillation with toluene. 

After complete removal of water, the remaining toluene was collected by raising the 

reaction temperature to 160oC. The heating was ceased and the reaction mixture was 

cooled to 130oC. Solid 2,6-difluorobenzonitrile (14.6552 g; 0.0851 mol) was added in 

portions and the reaction mixture was stirred for 4 h at 195–200oC in nitrogen 

atmosphere (Scheme 2.3). The mixture was allowed to cool and subsequently added 

to excess of water to cause the precipitation of the product. 2, 6-Bis (4-nitrophenoxy) 

O

HO

O

O

OH

O

CN

a

b
c

d
e

O

HO

O

O

OH

O

CN

1
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benzonitrile (BNPBN) was obtained by filtration and dried under vacuum at 100oC for 

12h till constant weight. Yield 91 %; FT-IR (cm-1) 1379, 1553 (NO2), 2239 (CN), 

1215 (C-O), 1605, 1487 (Ar C-C), 3102 (Ar C-H), 1H NMR (300MHz, DMSO-d6, δ) 

8.32 (d, 2H, Ph); 7.45 (t, 1H, Ph); 7.20 (d, 1H, Ph); 7.09 (d, 2H, Ph) (Figure 2.3). 13C-

NMR (300MHz, DMSO- d6, δ) 160.9, 158.5, 144.1, 137.2, 120.2, 119.6, 115.5, 

111.4, 97.8 (Figure 2.4).  

 

Reduction to 2,6-bis(4-aminophenoxy)benzonitrile (BAPBN) 

A suspension of BNPBN in methanol (3mL) was taken with Zn dust (10mmol) 

and agitated at room temperature under inert atmosphere after addition of 2mL of 

hydrazinium monoformate (equimolar hydrazine monohydrate and formic acid) at 

0oC. The end point was monitored by TLC after 4 h stirring and the mixture was 

passed through celite. Chloroform was added and the resultant organic mixture was 

washed repeatedly with brine to remove surplus hydrazinium monoformate and 

extracted every time from the inorganic layer (Scheme 2.4). The organic layer was 

then dried for the desired product; 2,6-bis(4-aminophenoxy)benzonitrile (BAPBN).  

Yield 61 %; FT-IR (ῡ, cm-1) 1379, 1553 (NO2), 2239 (CN), 1215 (C-O), 1645 (C=C), 

1H NMR (300MHz, DMSO-d6, δ) 8.4 (t, 1H, Ph); 7.3 (d, 1H, Ph); 6.82 (d, 2H, Ph); 

6.42 (d, 2H, Ph); 3.35 (s, 2H, NH) (Figure 2.5). 13C-NMR (300MHz, DMSO- d6, δ) 

160.9, 144.2, 126.8, 120.2, 119.8, 119.6, 118.9, 116.2, 67.9 (Figure 2.6).  
 

CN
OO

O2N NO2

CN
FF

O NO2
H

O
H

DMF

K2CO3
reflux (8h)

O2N

 
 

Scheme 2.3: Synthesis of 2, 6-bis(4-nitrophenoxy)benzonitrile (BNPBN) 
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CN
OO

O2N NO2

Zn/N2H4.HCOOH
Stirring 1h
     room
temperature

CN
OO

H2N NH2  
Scheme 2.4: Synthesis of 2,6-bis(4-aminophenoxy)benzonitrile (BAPBN) 
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Figure 2.3: 1H NMR Spectrum of BNPBN 
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Figure 2.4: 13C NMR Spectrum of BNPBN 
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Figure 2.5: 1H NMR Spectrum of BAPBN 
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Figure 2.6: 13C NMR Spectrum of BAPBN 

 

2.2.1.2 Synthesis of Polyamides (PA-1, PA-2) 

Under a nitrogen atmosphere, the respective amine (1mmol) was dissolved in 

NMP and it was cooled to 0oC, to which an amount of 2 mmol of triethyl amine was 

added. After complete mixing, a solution of BCFPBN (1mmol) in NMP was added 

drop wise, resulting in the formation of viscous gel. NMP (50 mL) was added to the 

gel in 5 min followed by stirring at 80-100 oC for 24h (Scheme 2.5). The solution 

obtained after stirring was cooled down to room temperature and poured into 800 mL 
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of a methanol water mixture (1:1). Stirring resulted in precipitate formation, which 

was filtered and washed repeatedly using a methanol water mixture and finally with 

methanol. The residue was first air dried followed by vacuum drying at 80 oC for 24h 

till constant weight. Yield: 91%, 93% 

O O
CN

Cl

O

Cl

O

NH2H2N R

NMP

TEA

    Stirring
i) 0oC (30min)
ii) 70oC (24h)

O O
CN

O

H
N

O

H
NR

R =
O

PA-1 PA-2  
Scheme 2.5: Synthesis of Polyamides, PA-1, PA-2 

 

PA-3 

BAPBN synthesized previously (Section 2.2.1.1b) was polymerized using the 

same protocol of the polyamide synthesis. Diamine (1mmol) was dissolved in an 

appropriate amount of anhydrous NMP and 2 mmol of triethylamine were added 

maintaining the diamine solution at 0oC. A TPC (1mmol) solution in NMP was added 

dropwise when the solution was ice cold. After complete addition, the temperature 

was allowed to rise from 80 to 100 oC and the solution was stirred till the formation of 

a viscous gel followed by addition of about 50 mL NMP. It was kept under 

continuous stirring for 24 h to complete the polymerization reaction (Scheme 2.6). 

The solution was poured into a MeOH H2O mixture (1:1) mixture under continuous 

stirring after attaining room temperature to allow the precipitation of the newly 

synthesized polymer. The product was then filtered and washed with same MeOH 

H2O mixture thrice, air dried and then vacuum dried for 24 h. Yield: 87 % 



43 
 

CN
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H
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   Stirring
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ii) 70oC (24h)

PA-3
 

Scheme 2.6: Synthesis of the Polyamide PA-3 
 

2.2.1.3 Conversion of Nitrile pendant Group to Amidoxime  

The polymer chains were functionalized to amidoxime bearing pendant groups on 

the backbone. The functionalization was performed from nitrile containing 

polyamides (PA-1, PA-2, PA-3). PA-1 (2g) in distilled water (197.6g) was taken in a 

round bottom flask, furnished with a magnetic stirrer, a thermometer and a reflux 

condenser. Aqueous hydroxyl amine (0.4088g) was added to the suspension of the 

reaction mixture. The mixture was refluxed at its boiling point (100oC) for 4h, cyano 

groups were converted to amidoxime. The polyamidoxime (PAO-1) was obtained by 

filtration (Scheme 2.7), washed with distilled water and then dried at 30 oC under 

reduced pressure. Yield: 89 % Similarly PAO-2 and PAO-3 are functionalized from 

PA-2 and PA-3 respectively with the same procedure. Yield: 94, 97%. 

PAO-1 Yield: 96 %, FT-IR (ῡ, cm-1) 1687 (amide N-H), 3300 (pri N-H, O-H), 1653 

(C=N), 950 (N-O), 1190 (C-N), 1600, 1492 (Ar C-C), 3104 (=C-H), 1109 (C-O) 

PAO-2 Yield: 94 %, FT-IR (ῡ, cm-1) 1675 (amide N-H), 3321 (pri N-H, O-H), 1664 

(C=N), 948 (N-O), 1183 (C-N), 1600, 1495 (Ar C-C), 3100 (=C-H), 1162 (C-O) 

PAO-3 Yield: 97 %, FT-IR (ῡ, cm-1) 1668 (amide N-H), 3297 (pri N-H, O-H), 1659 

(C=N), 956 (N-O), 1157 (C-N), 1606, 1497 (Ar C-C), 3106 (=C-H), 1171 (C-O) 

C
N

NH2OH
H2O

reflux

C
NH2N
OH

Polymer backbone Polymer backbone
 

Scheme 2.7: Conversion of a pendant nitrile group to an amidoxime 
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2.2.2. Poly(amide-imide)s (PAIs) 
2.2.2.1 Synthesis of the Monomer, 5-(5-(Chlorocarbonyl)-1,3-dioxoisoindolin-2-

yl) isophthaloyl dichloride (CCDIIPD)  

In a flask equipped with a reflux condenser, an equimolar amount of 5-amino 

isophthalic acid and trimellitic anhydride was added. 50 mL glacial acetic acid was 

added and the suspension was allowed to reflux with continuous stirring for 18 h 

(Scheme 2.8a). After the completion of the reaction, it was cooled down, filtered and 

washed with ethanol repeatedly to remove an excess of acetic acid. 5-(5-Carboxy-1,3-

dioxoisoindolin-2-yl)isophthalic acid (CDIIPA) was obtained as cream colored solid 

which was then vacuum dried till constant weight. Yield: 93%. FTIR (ῡ, cm-1) 3208-

3540 (O-H stretch), 3165 (Ar C-H stretch), 1726 (acid C=O stretch), 1330 (C-N 

stretch), 1316 (C-O stretch), 935 (O-H bend), 1600 (C=C stretch), 1774, 1724 imide 

(C=O stretch). 1H NMR (400MHz, DMSO-d6,δ) 13.59 (s, 3H, O-H), 8.51 (t, 1H), 8.42 

(dd, 1H), 8.33 (s, 1H), 8.31 (d, 1H), 8.10 (d, 1H) (Figure 2.7). 13C NMR (400MHz, 

DMSO-d6,δ) 123.9, 124.4, 129.7, 132.3, 132.5, 132.6, 133.0, 135.4, 136.0, 137.0, 

166.3, 166.4, 166.5, 166.4 (Figure 2.8). The acid thus synthesized was then 

functionalized to acid chloride using oxalyl chloride in anhydrous DCM with a 

catalytic amount of DMF. The reaction mixture was subjected to overnight stirring at 

room temperature, the solvent was evaporated under reduced pressure resulting in 

solid 5-(5-(chlorocarbonyl)-1,3-dioxoisoindolin-2-yl)isophthaloyl dichloride, 

CCDIIPD (Scheme 2.8b). Yield: 98%  

 
Figure 2.7: 1H NMR Spectrum of CDIIPA 
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Figure 2.8: 13C NMR Spectrum of CDIIPA 

 

2.2.2.2 Synthesis of Poly(amide-imide)s (PAIs) 

The respective diamine (1mmol) was dissolved in NMP under nitrogen 

atmosphere. The reaction temperature was maintained at 0oC and 2mmol TEA were 

added. A stoichiometric amount of CCDIIPD in NMP was added drop wise, resulting 

in the formation of a viscous gel. An amount of a 50mL of NMP was further added 

with continuous stirring at 80-100 oC for 24h (Scheme 2.8c). The solution was cooled 

to room temperature and poured to 800 mL of methanol water (1:1) on stirring the 

resulting precipitate was filtered and washed repeatedly using a methanol water 

mixture followed by methanol. The residue was first air dried, and then under vacuum 

at 80 oC for 24h till constant weight. Yield: 91-98% 

PAI-1 Yield: 96 %. FTIR (ῡ, cm-1) 3354 (amide N-H stretch), 1716(imide C=O 

stretch) 1689 (amide C=O stretch), 3056 (aromatic C-H stretch), 1499 (aromatic C-C 

stretch), 1310 (C-N stretch). 1H NMR (400MHz, DMSO-d6,δ) 6.41- 8.82, (Ar-H), 8.0 

(amide N-H) 

PAI-2 Yield: 92%. FTIR (ῡ, cm-1)   3404 (amide N-H stretch), 1732 (imide C=O 

stretch) 1677 (amide C=O stretch), 3123 (aromatic C-H stretch), 1496 (aromatic C-C 

stretch), 1325 (C-N stretch), 1230 (C-O stretch), 1H NMR (400MHz, DMSO-d6,δ) 6.9-

8.52 (Ar-H), 9.01 (amide N-H) 

PAI-3 Yield: 93%. FTIR (ῡ, cm-1): 3269 (amide N-H stretch), 1723 (imide C=O 

stretch) 1681 (amide C=O stretch), 2834 (aliphatic C-H), 3119 (aromatic C-H stretch), 
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1597, 1432 (aromatic C-C stretch), 1321 (C-N stretch), 1H NMR (400MHz, DMSO-

d6,δ): 4.46 (aliphatic C-H), 6.5-8.84 (Ar-H), 9.03 (amide N-H). 

PAI-4 Yield: 97%. FTIR (ῡ, cm-1) 3309 (amide N-H stretch), 1709 (imide C=O 

stretch) 1676 (amide C=O stretch), 2834 (aliphatic C-H), 3061 (aromatic C-H stretch), 

1602, 1452 (aromatic C-C stretch), 1334 (C-N stretch). 1H NMR (400MHz, DMSO-

d6,δ): 4.5 (aliphatic C-H), 6.04-8.4 (Ar-H), 9.4 (amide N-H). 

PAI-5 Yield: 94%. FTIR (ῡ, cm-1)   3404 (amide N-H stretch), 1730 (imide C=O 

stretch) 1677 (amide C=O stretch), 3123 (aromatic C-H stretch), 1496 (aromatic C-C 

stretch), 1325 (C-N stretch), 1713 (ketonic C=O stretch). 1H NMR (400MHz, DMSO-

d6,δ): 6.27-8.25 (Ar-H), 8.9 (amide N-H) 

PAI-6 Yield: 96%. FTIR (ῡ, cm-1) 3369 (amide N-H stretch), 1724 (imide C=O 

stretch) 1691 (amide C=O stretch), 3167 (aromatic C-H stretch), 1581, 1436 (aromatic 

C-C stretch), 1364 (C-N stretch), 1719 (ketonic C=O stretch). 1H NMR (400MHz, 

DMSO-d6,δ): 6.64-8.23 (Ar-H), 9.04 (amide N-H) 

PAI-7 Yield: 93%. FTIR (ῡ, cm-1) 3391 (amide N-H stretch), 1702 (imide C=O 

stretch) 1631 (amide C=O stretch), 2945 (aliphatic C-H), 3105 (aromatic C-H stretch), 

1600, 1464 (aromatic C-C stretch), 1284 (C-N stretch), 1709 (ketonic C=O stretch). 
1H NMR (400MHz, DMSO-d6,δ): 6.64-8.23 (Ar-H), 8.67 (amide N-H), 2.1-3.5 

(cyclohaxane C-H) 

PAI-8 Yield: 95%. FTIR (ῡ, cm-1) 3309 (amide N-H stretch), 1694 (imide C=O 

stretch) 1697 (amide C=O stretch), 3068 (aromatic C-H stretch), 1600, 1457 (aromatic 

C-C stretch), 1334 (C-N stretch), 1657 (C=N stretch). 1H NMR (400MHz, DMSO-

d6,δ): 7.24-8.89 (Ar-H), 9.12 (amide N-H). 

PAI-9 Yield: 92%. FTIR (ῡ, cm-1) 3402 (amide N-H stretch), 1682 (imide C=O 

stretch) 1686 (amide C=O stretch), 2914 (aliphatic C-H), 3061 (aromatic C-H stretch), 

1602, 1452 (aromatic C-C stretch), 1334 (C-N stretch). 1H NMR (400MHz, DMSO-

d6,δ): 1.2-3.4 (Aliphatic C-H), 8.3-8.8 (Ar-H), 8.95 (amide N-H). 

PAI-10 Yield: 91%. FTIR (ῡ, cm-1) 3390 (amide N-H stretch), 1687 (imide C=O 

stretch) 1675 (amide C=O stretch), 3114 (aromatic C-H stretch), 1589, 1477 (aromatic 

C-C stretch), 1279 (C-N stretch), 1672 (C=N stretch). 1H NMR (400MHz, DMSO-

d6,δ): 6.5-8.8 (Ar-H), 9.06 (amide N-H). 

PAI-11 Yield: 94%.  FTIR (ῡ, cm-1) 3397 (amide N-H stretch), 1691 (imide C=O 

stretch) 1694 (amide C=O stretch), 1642 (C=N stretch), 3069 (aromatic C-H stretch), 
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1599, 1461 (aromatic C-C stretch), 1294 (C-N stretch). 1H NMR (400MHz, DMSO-

d6,δ): 2.35 (Me-H), 8.34-8.82 (Ar-H), 9.1 (amide N-H).  

PAI-12 Yield: 95%.  FTIR (ῡ, cm-1) 3401 (amide N-H stretch), 1674 (imide C=O 

stretch) 1681 (amide C=O stretch), 3106 (aromatic C-H stretch), 1602, 1437 (aromatic 

C-C stretch), 1329 (C-N stretch), 1647 (C=N stretch). 1H NMR (400MHz, DMSO-

d6,δ): 6.1- 8.1 (Ar-H), 8.97 (Amide N-H). 

PAI-13 Yield: 97%. FTIR (ῡ, cm-1) 3294 (amide N-H stretch), 1723(imide C=O 

stretch) 1676 (amide C=O stretch), 3164 (aromatic C-H stretch), 1606, 1497 (aromatic 

C-C stretch), 1299 (C-N stretch), 1720 (ketonic C=O stretch). 1H NMR (400MHz, 

DMSO-d6,δ): 7.3-8.81 (Ar-H), 9.05 (amide N-H). 

PAI-14 Yield: 94%. FTIR (ῡ, cm-1) 3362 (amide N-H stretch), 1716 (imide C=O 

stretch) 1684 (amide C=O stretch), 3151 (aromatic C-H stretch), 1568, 1482 (aromatic 

C-C stretch), 1324 (C-N stretch). 1H NMR (400MHz, DMSO-d6,δ): 7.3-8.84 (Ar-H), 

9.4 (amide N-H). 

PAI-15 Yield: 98%. FTIR (ῡ, cm-1) 3314 (amide N-H stretch), 1697 (imide C=O 

stretch) 1678 (amide C=O stretch), 3104 (aromatic C-H stretch), 1596, 1466 (aromatic 

C-C stretch), 1369 (C-N stretch), 1634 (C=N stretch). 1H NMR (400MHz, DMSO-

d6,δ): 8.04-8.81 (Ar-H), 9.02 (amide N-H).  

PAI-16 Yield: 97%.  FTIR (ῡ, cm-1) 3362 (amide N-H stretch), 1689(imide C=O 

stretch) 1669 (amide C=O stretch), 3101 (aromatic C-H stretch), 1606, 1461 (aromatic 

C-C stretch), 1338 (C-N stretch), (C=S stretch). 1H NMR (400MHz, DMSO-d6,δ): 5.64 

(cyclopentyl-H), 8.3-8.92 (Ar-H), 9.34 (amide N-H). 

PAI-17 Yield: 93%.  FTIR (ῡ, cm-1) 3371 (amide N-H stretch), 1703 (imide C=O 

stretch) 1669 (amide C=O stretch), 3116 (aromatic C-H stretch), 1600, 1454 (aromatic 

C-C stretch), 1329 (C-N stretch), 1654 (C=N stretch). 1H NMR (400MHz, DMSO-

d6,δ): 6.62- 8.82 (Ar-H), 8.99 (amide N-H). 
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Scheme 2.8: Synthesis of (a) CDIIPA (b) CCDIIPDC (c) PAIs 

 

2.2.3 Synthesis of Poly(ester-imide)s (PEIs) 

CCDIIPDC (1mmol) was dissolved in NMP. A solution of a stoichiometric 

amount of diol/triol in NMP was added to the former solution drop wise under 

nitrogen atmosphere (Scheme 2.9). The mixture was agitated for 15 min at 50oC and 
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then stirring at room temperature for 48 to 72 h till the completion of reaction 

(monitored by TLC). The polymer solution was then poured into a cold mixture of 

MeOH/H2O (1:1) with constant stirring. The solution was filtered and PEI obtained 

was washed with water/methanol mixture several times and then dried under vacuum 

for 24 h. Yield: 92-96%. 

PEI-1 Yield: 93%.  FTIR (ῡ, cm-1) 1723 (ester C=O), 3141 (aromatic C-H stretch), 

1606, 1461 (aromatic C-C stretch), 1127 (C-O stretch).  1H NMR (400MHz, DMSO-

d6,δ): 6.94-8.92 (Ar-H). 

PEI-2 Yield: 92%.  FTIR (ῡ, cm-1) 1725 (ester C=O), 3019(aromatic C-H stretch), 

1600, 1501 (aromatic C-C stretch), 2887 (aliphatic C-H stretch), 1148 (C-O Stretch).  
1H NMR (400MHz, DMSO-d6,δ): 1.45-4.5 (aliphatic C-H), 6.9-9.02 (Ar-H). 

PEI-3 Yield: 94%.  FTIR (ῡ, cm-1) 1731 (ester C=O), 3115 (aromatic C-H stretch), 

1602, 1581 (aromatic C-C stretch) 2935 (aliphatic C-H stretch),, 1088 (C-O Stretch).  
1H NMR (400MHz, DMSO-d6,δ): 1.45-4.5 (aliphatic C-H), 7.34-8.95 (Ar-H). 

PEI-4 Yield: 96%.  FTIR (ῡ, cm-1) 1725 (ester C=O), 3019(aromatic C-H stretch), 

1600, 1501 (aromatic C-C stretch), 2873 (aliphatic C-H stretch), 1148 (C-O Stretch).  
1H NMR (400MHz, DMSO-d6,δ): 1.05-4.57 (aliphatic C-H), 7.12-9.15 (Ar-H). 

PEI-5 Yield: 93%.  FTIR (ῡ, cm-1) 1736 (ester C=O), 3169(aromatic C-H stretch), 

1607, 1561 (aromatic C-C stretch), 2863 (aliphatic C-H stretch), 1164 (C-O Stretch).  
1H NMR (400MHz, DMSO-d6,δ): 2.05-4.7 (aliphatic C-H), 6.28-9.01 (Ar-H). 

PEI-6 Yield: 92%.  FTIR (ῡ, cm-1) 1741 (ester C=O), 3139 (aromatic C-H stretch), 

1592, 1423 (aromatic C-C stretch), 2931 (aliphatic C-H stretch), 1198 (C-O Stretch).  
1H NMR (400MHz, DMSO-d6,δ): 2.06-4.49 (aliphatic C-H), 7.2-8.85 (Ar-H). 

PEI-7 Yield: 92%.  FTIR (ῡ, cm-1) 1732 (ester C=O), 3117(aromatic C-H stretch), 

1600, 1543 (aromatic C-C stretch), 2893 (aliphatic C-H stretch), 1324 (C-O Stretch).  
1H NMR (400MHz, DMSO-d6,δ): 1.75-3.97 (aliphatic C-H), 6.82-9.0 (Ar-H). 

PEI-8 Yield: 94%.  FTIR (ῡ, cm-1) 1733 (ester C=O), 3129 (aromatic C-H stretch), 

2913 (aliphatic C-H stretch), 1600, 1583 (aromatic C-C stretch), 1238 (C-O Stretch).  
1H NMR (400MHz, DMSO-d6,δ): 1.65-4.12 (aliphatic C-H), 6.2-8.95 (Ar-H). 

PEI-9 Yield: 95%.  FTIR (ῡ, cm-1) 1733 (ester C=O), 3129 (aromatic C-H stretch), 

1600, 1583 (aromatic C-C stretch), 1238 (C-O Stretch).  1H NMR (400MHz, DMSO-

d6,δ): 2.05-4.12 (aliphatic C-H), 6.2-8.95 (Ar-H). 
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PEI-10 Yield: 96%.  FTIR (ῡ, cm-1) 1738 (ester C=O), 3109(aromatic C-H stretch), 

1600, 1591 (aromatic C-C stretch), 1318 (C-O Stretch).  1H NMR (400MHz, DMSO-

d6,δ): 6.42-9.15 (Ar-H). 

PEI-11 Yield: 94%.  FTIR (ῡ, cm-1) 1732 (ester C=O), 3134 (aromatic C-H stretch), 

1606, 1562 (aromatic C-C stretch), 1329 (C-O stretch).  1H NMR (400MHz, DMSO-

d6,δ): 6.76-8.89 (Ar-H). 
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Scheme 2.9: Synthesis of PEIs 

 

2.2.4 Cross-linked Polyamidoximes 

Presynthesized polyamidoximes were used for crosslinking in the presence of 

terephthalyl chloride. Polyamidoxime was taken in a round bottom flask in THF; a 

TPC solution in THF was added to the polymer suspension in stoichiometric amounts. 

The reaction mixture was set to reflux till the completion of the reaction (monitored 

by TLC). The solid product with 1, 2, 4, oxadiazole bridging units, was collected after 

cooling, followed by washing with a MeOH H2O mixture (Scheme 2.10). Yield: 96-

98 % 
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CL-a Yield: 96% FTIR (ῡ, cm-1) 1668 (amide N-H), 1659 (C=N ring stretch), 956 

(N-O), 1161 (C-N), 1602, 1495 (Ar C-C), 3068 (=C-H), 1237 (C-O) 

CL-b Yield: 98%  FTIR (ῡ, cm-1) 1684 (amide N-H), 1663 (C=N ring stretch), 964 

(N-O), 1132 (C-N), 1600, 1491 (Ar C-C), 3108 (=C-H), 1212 (C-O) 

CL-c Yield: 97% FTIR (ῡ, cm-1) 1652 (amide N-H), 1687 (C=N ring stretch), 943 (N-

O), 1164 (C-N), 1600, 1494 (Ar C-C), 3086 (=C-H), 1197 (C-O) 
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Scheme 2.10: Synthesis of Cross-linked PAOs 

 

2.2.5 Cross-linked Polyamides (PAs) 

2.2.5.1 Protection of the Amino group 

a. Synthesis of 5-(2,2,2-Trifluoroacetamido)isophthalic acid (TFAIA) 

5-Amino isophthalic acid (20mmol) and TEA (60mmol) were dissolved in 50 mL 

of anhydrous DCM, purged with N2 for about 30 min and TFAA (40mmol) was added 

drop wise at 0oC. The reaction was stirred over night at room temperature and then 

quenched with cold water resulting in formation of solid residue which was 

excessively washed with water 3-5 times and then recrystallized from ethyl acetate 
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hexane (3:2) (Scheme 2.11a). Solid product, TFAIA was first allowed to dry in air, 

then under vacuum for 24 h (yield: 98%) 

FTIR (ῡ, cm-1) 3350-3500 (acid O-H stretch), 1685 (amide C=O stretch), 3470 (Acid 

O-H stretch), 3390 (amide N-H stretch), 1600 (Ar-H stretch), 1330 (C-N stretch), 

1290 (C-O stretch), 1440 (C-C ring stretch). 1H NMR (400MHz, DMSO-d6, δ) 10.91 

(acid O-H), 10.53 (amide N-H), 8.42, 7.80 (Ar-H) (Figure 2.9) 13C NMR (400MHz, 

DMSO-d6, δ) 116.3, 125.5, 127, 130, 138.9, 156.1, 169.5 (Figure 2.10). 
  
b. Synthesis of 5-(2,2,2-trifluoroacetamido)isophthaloyl dichloride (TFAIAC) 

In freshly distilled DCM, 1 mmol of 5-aminoisophthalic acid was dissolved under 

inert atmosphere. An equimolar amount of oxalyl chloride was added slowly to the 

solution. A few drops of DMF was added as a catalyst, and the mixture was stirred 

allowed to stir overnight (Scheme 2.11b). In excess of oxalyl chloride was removed 

from the resultant clear solution under reduced pressure. The solid product TFAIAC 

was used directly for next step of polymerization reaction. (Yield > 98%) 
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Scheme 2.11: Synthesis of (a) TFAIA (b) TFAIAC 
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Figure 2.10: 13C NMR Spectrum of TFAIA 

 

2.2.5.2 Synthesis of Polyamides (PAs) 

Under nitrogen atmosphere, the respective amine (1mmol) was dissolved in NMP 

and the solution was cooled to 0oC. An amount of 2mmol triethyl amine was added. 

After complete mixing the acid chloride solution, TFAIA (1mmol) in NMP was added 

drop wise, resulting in the formation of a viscous gel. Then 50mL of NMP was added 

with constant stirring at 80-100 oC for 24h. The solution obtained was cooled to room 

temperature and poured into 800 mL of methanol water (1:1) resulting a precipitate, 

which was filtered and washed repeatedly using a methanol water mixture followed 

by methanol (Scheme 2.12). The residue was first air dried, followed by drying under 

vacuum at 80 oC for 24h. 

PA-1 Brown powder (yield: 85 %) FT-IR (ῡ, cm-1) 3300, 1656, 1599, 1355, 1H-NMR 

(400MHz, DMSO, d6, δ) 10.51 (N-H), 10.25 (N-H), 6.5-8.5 (Ar-H)  

PA-2 Brown powder (Yield: 88%) FT-IR (ῡ, cm-1) 3289, 1674, 1600, 1367, 1H-NMR 

(400MHz, DMSO, d6, δ) 9.64 (N-H), 10.68 (N-H), 7.0-8.52 (Ar-H)  

PA-3 Dark brown powder (Yield: 87%) FT-IR (ῡ, cm-1) 3305, 1685, 1604, 1373, 1H-

NMR (400MHz, DMSO, d6, δ) 9.26 (N-H), 9.96 (N-H), 7.2-8.3 (Ar-H), 4.49 (-C-H). 

PA-4 Brown Powder (Yield: 88%) FT-IR (ῡ, cm-1) 3302, 1682, 1599, 1375, 1H-NMR 

(400MHz, DMSO,d6, δ) 9.25 (N-H), 9.75 (N-H), 7.2-8.3 (Ar-H)  

PA-5 Reddish Brown powder (yield: 89%) FT-IR (ῡ, cm-1) 3389, 1678, 1584, 1372, 
1H-NMR (400MHz, DMSO,d6, δ) 9.0 (N-H), 9.25 (N-H), 7.2-8.66 (Ar-H)  

PA-6 Reddish Brown powder (Yield: 91%) FT-IR (ῡ, cm-1) 3377, 1683, 1590, 1370, 
1H-NMR (400MHz, DMSO,d6, δ) 9.12 (N-H), 9.57 (N-H), 6.5-8.1 (Ar-H)  
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PA-7 Brown powder (Yield: 89%) FT-IR (ῡ, cm-1) 3360, 1686, 1595, 1368, 1H-NMR 

(400MHz, DMSO,d6, δ) 9.7 (N-H), 10.52 (N-H), 8.03-9.2 (Ar-H), 1.75-2.5 (Cy ring)  

 

RH2N NH2
N
H

HN

O O

CF3

O

R
H
NNMP, TEA

i. 0oC (30 mint)
ii. 70oC (24h)

R = O

O

O

O

O

PA-1 PA-2 PA-3

PA-4 PA-5

PA-6 PA-7

TFAIA

 

Scheme 2.12: Synthesis of PAs 

 

2.2.5.3 Deprotection of Amino Group 

In a saturated solution of K2CO3 in a MeOH H2O (5:2) solution, the polymer 

suspension was refluxed overnight (Scheme 2.13). The resulting mixture was filtered 

and the residue was washed with MeOH H2O (1:1) the solid was then dried to 

constant weight (Yield: 95-98%). Characteristic changes observed in this reaction are 

summarized in Table 2.6. A comparison of NMR spectra before and after deprotection 

of the polyamides is given in Figure 2.11. 
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Scheme 2.13: Deprotection of Pendant Amino Group 

Table 2.6: Characteristic Signals Indicating the Deprotection of the Amino group 

in PAs 

Polymer Stretching frequency, ῡ 
 (Pri amine) 

Chemical shift, δ 
(-N-H) 

PA-1 3300, 3406 5.59 
PA-2 3289, 3387 5.61 
PA-3 3305, 3398 5.1 
PA-4 3302, 3432 5.3 
PA-5 3389, 3400 5.81 
PA-6 3377, 3425 5.83 
PA-7 3360, 3444 5.03 

 

 
Figure 2.11: 1H NMR Spectrum of PA-1 
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Figure 2.12: 1H NMR Spectrum of PA-2 

 

 

 

 
Figure 2.13: 1H NMR Spectrum of PA-3 
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Figure 2.14: 1H NMR Spectrum of PA-4 

 

 

 
Figure 2.15: 1H NMR Spectrum of PA-5 
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Figure 2.16: 1H NMR Spectrum of PA-6 

 

 
Figure 2.17: 1H NMR Spectrum of PA-7 

2.2.5.4 Cross-Linking of PAs 

a.  With Anhydrides 

A stoichiometric amount of the polymer with the respective anhydride (a, b, c) was 

added into a round bottom flask and allowed to reflux for 18 h in acetic acid (Scheme 
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2.14). The mixture was cooled to room temperature, filtered and washed with water: 

ethanol repeatedly to remove an excess of acetic acid. The product obtained was 

vacuum dried for constant weight (Yield: 87%). 
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Scheme 2.14: Cross-linking of PAs with Dianhydrides  

b. With Isophthaloyl Chloride (IPC) 

A weighed amount of the polymer was dissolved in NMP and TEA (2mmol) was 

added at room temperature. A stoichiometric amount of IPC was dissolved in NMP 

and was added to the polymer solution at 0oC followed by stirring at the same 

temperature for 30 min. The temperature was then maintained between 70-90 oC and 

stirring was continued for 24 h. The resultant mixture was poured into a MeOH H2O 

mixture (1:1) at room temperature, stirred for 20 minutes and filtered (Scheme 2.15). 

The solid cross-linked polymer was repeatedly washed with MeOH H2O (1:1), which 

was then allowed to dry at 80 oC at reduced pressure (Yield: 85%). The FT-IR spectra 

showed the disappearance of the C-Cl stretching frequency in a region of 800 to 850 

cm-1. No additional linkage was formed hence no prominent change was observed. 
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Scheme 2.15: Cross-linking of PAs with IPC  

 

c. With Thiophene Dialdehyde 

A suspension of the polymer was taken into a flask with a stoichiometric amount 

of thiophene dicarboxaldehyde in methanol as a solvent. The reaction mixture was 

allowed to reflux overnight in the presence of trifloroacetic acid (TFA) as a catalyst 

(Scheme 2.16). The solid product after completion of the reaction was filtered and 

washed using a MeOH H2O mixture (1:1) followed by drying till constant weight 

(yield ~98%). FT-IR (ῡ, cm-1), 657 (C-S), 2230 (C=N) 
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Scheme 2.16: Cross-linking of PAs with Thiophene Dialdehyde  

 

Polyamides (PA1-7) were subjected to cross-linking using 5 cross-linking agents; 

codes used in the present work are tabulated in Table 2.7. 
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Table 2.7: Different Combinations of Synthesized Cross-linked PAs with Codes 

 

Cross-linking agents 

 

PA-1 

 

PA-2 

 

 

PA-3 

 

 

PA-4 

 

 

PA-5 

 

PA-6 

 

PA-7 

OO

O O

OO  

  

CL-1a 

  

CL-2a 

  

CL-3a 

  

CL-4a 

  

CL-5a 

  

CL-6a 

  

CL-7a 

O O
OO

O

O

O

O  

  

CL-1b 

  

CL-2b 

  

CL-3b 

  

CL-4b 

  

CL-5b 

  

CL-6b 

  

CL-7b 

OO

O

O

O

O  

  

Cl-1c 

  

CL-2c 

  

CL-3c 

  

CL-4c 

  

CL-5c 

  

CL-6c 

  

CL-7c 

Cl

O

Cl

O

 

  

CL-1d 

  

Cl-2d 

  

CL-3d 

  

CL-4d 

  

CL-5d 

  

CL-6d 

  

CL-7d 

H H

O O

 

  

CL-1e 

  

CL-2e 

  

CL-3e 

  

CL-4e 

  

CL-5e 

  

CL-6e 

  

CL-7e 

 

2.3 Adsorption Studies of Divalent Metal Ions 

Heavy metal ions have been selected for uptake using polymers as efficient 

adsorbents from their aqueous solutions. Newly synthesized polymeric adsorbents 

were found to be with various particle sizes, i.e., 11.03-348.91 micron, differently 

adsorbing the cationic species. Cadmium and lead ions were studied thoroughly using 

a batch adsorption set up while a mixture of various metal ions was also applied. Lead 

(II) nitrate (Pb(NO3)2), cadmium acetate dihydrate (Cd(CH3COO)2.2H2O), copper (II) 

chloride dihydrate (CuCl2.2H2O), ferric nitrate (Fe(NO3)3) were used in the present 

study to determine the metal ion uptake. Various factors were optimized for the 

maximum uptake of the adsorbate providing all the other factors constant and for this 

purpose, various protocols have been adapted. 

Various factors were optimized as: 

pH 

Contact Time 
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Concentration of adsorbate 

Amount of adsorbent 

2.3.1. pH 

The interaction of metal ions with various adsorbents is dependent on the 

functional groups or the active sites present on the macromolecular resins which in 

turn rely on the pH of the medium. Hence the pH was varied to study the effect of the 

nature of the medium on the metal ion uptake. In this context, pH values were varied 

form 2-12 using buffer solutions of appropriate pH values at a definite contact time 

and the amounts of adsorbent as well as adsorbate were kept constant (Table 2.8). 

2.3.1.1 Preparation of Buffers 

Boric acid, phosphoric acid and acetic acid solutions were prepared each 0.04M in 

1000 mL of distilled water while a 0.2M NaOH solution was prepared separately 

resulting in two stock solutions: acidic and basic. Before making the buffer solutions, 

a pH meter was calibrated with the help of buffer tablets of pH 4 and pH 7. Then 50 

mL of the acid solution was taken in the flask. The basic solution was taken in the 

burette and was added drop wise into the flask in which there was an acidic solution. 

The electrode of the pH-meter was dipped in an acidic solution and the pH value was 

monitored while adding the basic solution from the burette. The pH range of these 

buffers was from 3-12. So, when the sodium hydroxide solution was added drop wise, 

the pH value increased slowly and the buffer solution at the desired pH value was 

taken from the flask. 

To see the effect of pH, 10 mL of the 20 ppm salt solution was taken in the reagent 

bottles with 0.1g of the adsorbent in all reagent bottles. Then 10 mL buffer solutions 

of different pH values were added in the reagent bottles separately. The reagent 

bottles were kept in a water bath incubator for shaking. After 3h, the reagent bottles 

were removed from the water bath incubator and the heterogeneous mixture was 

filtered off. 
 

2.3.2. Contact Time 

An adsorbate solution with 20 ppm concentration was subjected to shaking for 

various time intervals provided with 0.1g of adsorbent and optimized pH value (Table 

2.9). The reagent bottles were fixed for continuous shaking at constant shaking speeds 

in water bath incubators. The first sample was separated at time laps of 30 min 

followed by one hour each till 4h. The hydrophobic macromolecule was filtered off 
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and the filtrate was tested for remaining metal ion concentrations using atomic 

adsorption spectroscopic analysis. 

 

Table 2.8: Optimization of pH for Maximum Metal Ion Uptake 

 

Volume of 

Solution  (mL) 

 

Contact Time 

(h) 

Concentration 

of Adsorbate  

(ppm) 

Amount 

of Adsorbant  

(g) 

pH 

10  3 20 0.1 3 

10  3 20 0.1 4 

10  3 20 0.1 5 

10  3 20 0.1 6 

10  3 20 0.1 7 

10 3 20 0.1 8 

10  3 20 0.1 10 

10 3 20 0.1 12 

 

2.3.3. Concentration of Adsorbate 

Different adsorbate concentrations, i.e., 20, 40, 60, 80 and 100ppm were prepared 

in distilled water. An amount of 10mL of each was taken in reagent bottles 

individually followed by the introduction of a pre-weighed amount of the adsorbent, 

i.e., 0.1g (Table 2.10).  The bottles were then subjected to shaking for about 3h after 

then solution was filtered off and analyzed.  

 

Table 2.9: Optimization of Contact Time for Maximum Metal Ion Uptake 

Volume of Solution 

(mL) 

 

Contact Time (h) 

Concentration 

of Adsorbate (ppm) 

Amount 

of Adsorbent (g) 

10 0.5 20 0.1 

10 1 20 0.1 

10 2 20 0.1 

10 3 20 0.1 

10 4 20 0.1 

 



64 
 

Table 2.10: Optimization of Adsorbate Concentration for Maximum Metal Ion 

Uptake 

Volume of 

Solution  (mL) 

 

Contact Time(h) 
Concentration 

of Adsorbate (ppm) 

Amount 

of Adsorbent (g) 

10 3 20 0.1 

10 3 40 0.1 

10 3 60 0.1 

10 3 80 0.1 

10 3 100 0.1 

 

2.3.4. Amount of Adsorbent 

The adsorbent dosage is also one of the important factors for a maximum present 

uptake of metal ions during the adsorption process. To obtain optimized values, 

various amounts were studied like, 0.10, 0.15, 0.20, 0.25 and 0.30 g of adsorbent were 

taken in reagent bottles and kept shaking for a specified time interval followed by 

filtration of the polymer. The remaining solution was analyzed for metal ion 

concentration (Table 2.11).  
 

Table 2.11: Optimization of Adsorbate Concentration for Maximum Metal Ion 

Uptake 

Volume of 

Solution  (mL) 

 

Contact Time (h) 

Concentration 

of Adsorbate (ppm) 

Amount 

of Adsorbent (g) 

10 3 20 0.10 

10 3 20 0.15 

10 3 20 0.20 

10 3 20 0.25 

10 3 20 0.30 

 

2.4.  Measurement Techniques 

This section lists the measurement or the characterization techniques used in the 

present research project to validate the recurrence of the monomers as well as the 

polymers synthesized. Newly synthesized monomers were confirmed for their 

structures using FT-IR, 1H and 13C NMR spectroscopic analyses. The synthesized 
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polymers as well as their functionalities were also substantiated using FT-IR and 1H 

NMR analysis. Solubility, morphology and molecular weights of the polymers were 

also analyzed. The thermal behavior was studied over a range of temperatures but the 

basic focus lies on the metal ion uptake which is analyzed using atomic absorption 

analysis. AAS data can then be used to study the isotherm behavior to understand the 

nature of interaction between adsorbate and adsorbent. 

 

2.4.1. Fourier Transform Infrared (FT-IR) Spectroscopy 

This technique is measures the interaction of infrared radiations and material. It is 

basically used in the mid IR region lying from 4000-400 ῡ where molecular vibrations 

are in resonance with radiations of specific frequencies which are the characteristics 

of the nature and strength of bonds. They are also dependent on the nature of 

vibrations like stretching, bending etc. Changes in the state of bondings in molecules 

can also be evaluated as hydrogen bonding can also be depicted from the shifts in 

absorbance bands. However a complete interpretation is not feasible because of 

innumerable possibilities in case of reasonably larger sized organic molecules like 

polymers. The mid IR range (4000-400 cm-1) was exploited for the study of recent 

work at room temperature. Thermo Nicolet 6700 FT-IR Spectrophotometer was used 

and the various functional groups as well as the shifts in absorption bands were noted. 
 

2.4.2. Nuclear Magnetic Resonance (NMR) Spectroscopy 

NMR spectroscopy is used to characterize the functional groups and their 

chemical environments exploiting the magnetic properties of various isotopes. Unlike 

IR spectroscopy, it provides information about the number and type of chemical 

entities present in the molecule. NMR spectra of monomers as well as polymers were 

carried out at room temperature using BRUKER spectrometers operating at 400 MHz. 

Deuterated solvents were used in all cases like DMSO-d6. 
 

2.4.3. Solubility Assessment  

The solubility of polymers in various solvents was monitored quantitatively by 

dissolving 15 mg of the polymer in 1 mL of the solvent. Different solvents were used 

which included: H2O, MeOH, CHCl3, THF, DMSO, DMF, NMP, DMAc. The 

solubility depends on the physical properties of the substance. In a similar manner, it 

is the measure of the chemical nature, such as: 
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a) Polarity 

b) Molecular weight 

c) Degree of crosslinking 

d) Branching 

e) Crystallinity 

 

The solubility of polymers also follows the rule “like dissolve like” in addition to 

the other factors listed above. Polymers with high polarity find fair interactions with 

polar solvents while organic molecules with less polarity are easily dispersed in non-

polar solvents. Solubility usually decreases with increasing molecular weights and the 

degree of crosslinking as the strongly cross linked chains inhibit the interaction of 

solvent molecules with the macromolecular chains. Crystallinity favors solubility at 

slightly raised temperatures; dissolution can be forced at slightly higher temperature 

in the presence of a suitable solvent. The nature of branching dictates the solubility 

behavior of a material, normally branching increases solubility in an appropriate 

solvent but the rate is slower. In case of long branches and dense entanglements, the 

penetration of solvent molecules is difficult and is limiting the solubility. 
 

2.4.4. Gel Permeation Chromatography (GPC) 

The molecular weights of the polymers are measured using GPC, which nowadays 

has become an efficient and extensively used technique for polymeric sample analysis 

in terms of their molecular weights and molecular weight distributions. GPC, also 

known as size exclusion chromatography (SEC), separates the analyte depending on 

their sizes, smaller molecules enter into the porous stationary phase more easily and 

stay there longer increasing their retention time and larger molecules are eluted 

quickly. Molecular masses of polymers can be defined in a variety of definitions 

including number average molecular weight (Mn), weight average molecular weight 

(Mw), the size average molecular weight (Mz) or the viscosity molecular weight (Mv). 

Polymer molecular weights can be calculated by determining the number of 

molecules, Ni, at weight Mi, from the curves in the chromatograph. The equations for 

Mn and Mw are given in equations below: 
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Figure 2.18: Schematic diagram representing GPC 

The polydispersity index is also one of the important parameter calculated from 

GPC and narrow distribution is observed around the average weight if PDI lies closer 

to one. GPC analysis in the current research work was done using a 1260 Infinity 

Multi-Detector GPC/SEC system with DMF as eluent at 1.00 mL/min. The system 

was set at 50oC when the samples were prepared (0.1mg/mL). Polystyrene standards 

were used for calibration curves; moreover the refractive index (RI) detector was 

employed during the study. 
 

2.4.5. X-Ray Diffraction (XRD) Analysis 

X-ray diffraction is a non-destructive technique which gives detailed structural 

information as well as crystallographic arrangement of molecules within a sample. In 

the present work wide angle X-ray diffraction, in the range of 2θ= 5–50, was used to 

determine the crystalline behavior of the polymers. X-ray diffraction patterns of the 

synthesized polymers were obtained at room temperature on X-ray diffractometer 

(3040/60 X’pert PRO) using Ni-filtered Cu Kα radiation (40 kV, 30 mA). An X'Pert 
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PRO diffractometer is the most flexible system available for X-ray diffraction studies 

of advanced materials. 
 

2.4.6. Thermogravimetric Analysis (TGA) 

Thermogravimetry is a thermoanalytical technique in which a % weight loss is 

determined at any temperature due to a loss of moisture at increasing temperatures 

and other volatile components as a function of change in temperature. This technique 

is used to investigate the thermal properties of macromolecules. The technique mainly 

finds applications in the following types of measurements: 
 

• Thermal stabilities and oxidative stabilities 

• Moisture and volatiles content 

• Compositional analysis of multi-component materials or blends 

• Estimation of product lifetimes 

• Decomposition kinetics 
 

A TGA 2950 TA instrument was used for the analysis of the present polymeric 

samples in nitrogen atmosphere using Al2O3 crucible at a heating rate of 10 oC/min 

with a sample amount of 1-5mg. 
 

2.4.7. Atomic Absorption Spectrophotometric (AAS) Analysis 

Atomic absorption spectrophotometry is an analytical technique used for the 

determination of metal ion concentration in a solution. It is very sensitive as parts per 

billion of the analyte concentration can also be easily detected. Atoms of the analyte 

absorb specific radiation emitted from the cathode lamp made up of the corresponding 

element. The intensity of the absorbed radiation is directly proportional to the 

concentration of the element present in the sample. The unknown concentration is 

calculated using a calibration curve method. Decrease in absorption values are 

monitored for every sample which dictated the adsorption by the adsorbate. Schmidzu 

AA-670 (Japan) has been used during present analysis for the determination of cation 

uptake. 
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Chapter 3 

RESULTS AND DISCUSSION 

This chapter focusses on the characterization and different properties and 

behaviors of the newly synthesized polymers and their cross-linked systems through 

various characterization techniques. All synthesized monomers and the polymers 

including polyamidoximes, poly(amide-imide)s, poly(ester-imide)s, cross-linked 

polyamidoximes and polyamides were analyzed using FT-IR and NMR spectroscopic 

analyses. The crystalline or amorphous behavior was monitored by their XRD 

patterns and molecular weights were measured by GPC. The thermal stability of 

macromolecules was investigated by TGA and the uptake of metal ions was 

thoroughly studied using a batch adsorption procedure and various isotherms were 

applied to the systems to evaluate the nature of metal ion interaction with polymeric 

resins.  

3.1. Polyamidoximes 

Polyamidoximes were synthesized from nitriles bearing novel monomers 

encompassing potential metal binding sites. These nitrile groups were then converted 

into amidoxime to act as chelating sites for metal ions [26, 27, 33]. In this connection, 

two new monomers were synthesized namely 2,6-bis(4-chloroformylphenoxy) 

benzonitrile (monomer 1) and 2,6-bis(4-aminophenoxy) benzonitrile (monomer 2). 

These monomers were first verified by FT-IR analysis for the presence of various 

functional groups, followed by further confirmation by NMR spectroscopy. 

2,6-Bis(4-chloroformylphenoxy)benzonitrile: The IR spectrum gave all the 

characteristic bands to show the synthesis of monomer with the acid moiety along 

with a nitrile group giving vibrations at 1708 and 2239 cm-1 respectively. All the other 

characteristics bands for C-O, C=C, C-H, O-H were observed at 1158, 1285, 3068, 

2818 and 3257 cm-1 respectively which were in agreement with the literature values. 

On the conversion of the acid group to an acid chloride, a distinct acid band 

disappeared and the carbonyl band shifted in the spectra. The monomer synthesis was 

further confirmed by NMR spectrum. In proton NMR, a clear singlet appeared at 

13.04 ppm corresponding to the proton of carboxylic acid; a doublet of a proton 

attached with the carbon atom of the carboxylic group is the most deshielded signal 

and it appears at 8.06 ppm while other aromatic protons gave their respective signals 
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at 7.68, 7.31 and 6.93 ppm. The singlet at 13.04 ppm was wiped out when it is chloro 

functionalized.   
 

2,6-Bis(4-aminophenoxy)benzonitrile: Nitro based monomer was synthesized 

and then converted to amine functionality. IR bands were noticed at 1369 and 1558 

cm-1 for the nitro group. After reduction, sharp symmetric and asymmetric bands were 

characteristics for primary amines. All the other corresponding bands were observed 

as reported. Nitro group containing monomer was further confirmed by NMR giving 

signals for all the aromatic protons in close agreement with already reported values. 

The most deshielded proton, attached to the carbon atom that is directly bonded to 

nitro group appeared at its corresponding value i.e., 8.4 ppm, while the reduction of 

nitro to amino was confirmed by the appearance of a new signal at 3.35 ppm.  The 

polymer synthesis was carried out using the condensation polymerization technique 

and the macromolecules obtained bearing nitrile moiety were later functionalized to 

amidoxime pendant groups on the main backbone chains. The amidoxime 

functionality was confirmed from spectroscopic analyses. The basic objective of the 

polymer fabrication is to design a metal chelating resin which can be applicable for 

the extraction of heavy metal ions from the waste water samples with high 

temperature resistance. The introduction of amidoxime groups in these polymers is 

responsible for chelating cations.  
 

3.1.1. Organosolubility 

The solubility of the polymers (15 mg) was evaluated in different solvents (1 mL) 

at room temperature. All synthesized polyamidoximes showed similar solubilities 

towards various solvents (Table 3.1). PAOs were equally soluble in polar aprotic 

solvents, i.e., DMAc, NMP, DMF and DMSO. Fair solubility was noticed in all these 

solvents while they were completely insoluble in common organic solvents even at 

higher temperature. Polymers also did not show hydrophilicity possibly due to enough 

organic portions in the backbone.  

There is formation of interchain hydrogen bonding due to the presence of carbonyl 

groups as well as hydroxyl and amide nitrogen atoms in the chains (Figure 3.1). This 

hydrogen bonding can only be overcome due to some polar solvent, which can 

interact with macromolecular chains through hydrogen bonding. The solubility order 

in DMSO was given as: 

PAO-1 > PAO-2 ≈ PAO-3 
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Table 3.1: Solubility* Behavior of Synthesized PAOs 

 

Polyamidoxime 

Solvent 

DMAc NMP DMF DMSO CHCl3 THF CH3OH 

PAO-1 +++ +++ +++ +++ --h --h --h 

PAO-2 +++ +++ +++ +++ --h --h --h 

PAO-3 +++ +++ +++ +++ --h --h --h 

 
Solubility: +++ fairly soluble at room temperature       --h insoluble even on heating 

     * Solubility at 1mg/mL 
 

This shows that PAO-1 was readily solubilized while PAO-2 and PAO-3 have 

slower solubility. It may be attributed to an additional ether linkage of ODA in case of 

PAO-1 which imparts flexibility in the polymeric chain and favors the interaction 

with the solvent while in other two stiffer aromatic rings it may not be displaced 

easily.  
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Figure 3.1: Hydrogen Bonding in PAOs 
 

3.1.2. Molecular weight Determination 

Molecular weights of the polyamidoximes were evaluated using gel permeation 

chromatography in DMF as eluent at room temperature. The highest Mw was 

observed for PAO-2 among the groups followed by PAO-1 and the least PAO-3. This 

may be attributed to the stiffer aromatic ring with para substitution during 

polymerization which favors the formation of longer chains sterically as compared to 
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others. Similarly PDI (Mw/Mn) values were closer to one confirming a narrow 

distribution around the average molecular weights (Table 3.2).  

 
Table 3.2: Yield and GPC data for PAOs 

 Yield (%) Mn x 103 Mw x 103 PDI 

PAO-1 91 206 212 1.19 
PAO-2 93 489 531 1.08 
PAO-3 87 96 102 1.06 

 

3.1.3. X-Ray Diffraction Analysis 

The crystallinity of the polyamidoximes was estimated using XRD diffraction 

patterns in the range of 2θ = 5-40 oC as given in Figure 3.2. All polyamidoximes 

synthesized in the present endeavor were predominantly found to be amorphous in 

nature. A slight alignment or stacking in case of PAO-1 may be attributed to flexible 

ether linkages which makes them less amorphous as compared to the other two.   

The surveillance through the XRD patterns gave information about the amorphous 

nature of polymers predominantly. Slight crystallinity was also noted possibly due to 

strong hydrogen bondings between the chains imparting a definite alignment over a 

short range within the bulk of the sample.  

 
Figure 3.2: XRD Patterns of PAOs (PAO-1, PAO-2, PAO-3) 

3.1.4. Thermogravimetric Analysis (TGA) 

The thermal stability of polyamidoximes was studied through TGA analysis in the 

range of 25-800oC (Figure 3.3). The thermal data verify that the polymers were fairly 

stable till 300oC. There was no effective weight loss except for adsorbed moisture. 

The decomposition temperatures lie between 345-377oC up to where small 

proportions of material is lost that may be due to moisture and highly volatile 
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components or gases. The maximum decomposition is noted in a temperature range of 

443-489 oC where 31-62 % weight loss is prominent (Table 3.3). This maximum 

decomposition is completed till 459-621oC and the char yield is 18-39%. 

Decomposition temperatures are considerably higher as well as the char yields which 

are accredited to the stiff aromatic chains in the polymers and strong hydrogen 

bonding aligning the chains. Moreover, PAO-1 gives the least decomposition 

temperature i.e., 426 oC due to additional ether linkage as a part of ODA. This 

electrophilic oxygen gave loser molecular packing, hence it is easier for such a 

polymer to be decomposed. On the contrary, a p-phenylene moiety makes the chains 

rigid and more temperature resistant, chains are stiffer and closely packed which 

requires more heat to be separated and decomposed. 

 
Table 3.3: Thermal Decomposition Parameters for TGA Analysis on PAO 

Systems 

  

Onset 

Temperature 

(oC) 

 

Maximum decomposition 

 

Offset 

Temperature 

(oC) 

 

Char 

yield 

(%) 

Temperature 

(oC) 

Weight 

Loss (%) 

PAO-1 363 426  62 459 18 

PAO-2 377 489 40 621 37 

PAO-3 345 443 31 541 39 
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Figure 3.3: TGA Plots of PAOs 
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3.1.5. Adsorption of Divalent Metal Ions 

The adsorption of heavy metal cations for water purification is one of the 

economical and efficient methodologies. Polymeric resins and polymer coated 

inorganic as well as organic components have also been applicable for metal ions 

removal. Chelation provides the strongest type of interaction between the two phases 

and among chelating agents, iminoacetates, Schiff bases, aminophosphates, 8-

hydroxyquinolines and amidoximes are in use till date. The amidoxime group attracts 

much attention in enrichment, recovery and removal of these cations and is being 

studied widely due to strong chelation action towards many heavy metal ions [150]. 

Stronger chelating action is also allied with a 5 membered ring formation between an 

amidoxime group and a metal ion as shown in Figure 3.4. Usually a divalent cation is 

sandwiched between two amidoxime units thus satisfying the valency of the metal 

ion. The electrostatic attraction and the ring formation impart strength between the 

moieties and the heavy metal component can be extracted from the aqueous medium 

with a solid dispersion of the matrix. Likewise, the coordination number of the metals 

are also satisfied using the solvent molecules to balance the cation sphere [26].  

 

 
Figure 3.4: Complex Formation between Divalent Cation and Amidoxime 

Functionality of PAO 

Heavy metal uptake by polyamidoximes was studied with respect to different 

altering parameters; they were optimized with enhanced adsorbate-adsorbent 

interaction for better adsorption.  

 
3.1.5.1. pH 

First of all the pH value was considered, as amidoxime-metal complexation is 

highly pH dependent and at a basic pH, most of the stable metal/amidoxime 

complexes have been isolated. Effect of increasing pH raised the metal ion uptake as 

shown in Figure 3.5. Acidic pH shows the minimum uptake of adsorbate, which is 
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intensified with increasing pH values and it shows an optimum value at pH 6. After 

pH 6, it is leveled off due to the precipitation of metal ions in the form of their 

hydroxides. Although chelation can be more favorable at higher pH, the availability of 

soluble ions is assured. Increased metal complexation with higher pH values is linked 

to the availability of hydroxyl ions which are essential for complexation. They are not 

available at lower pH due to their consumption by excess protons in acidic solution. 

At pH < 4, there is no considerable uptake of metal ions in both cases. This is 

basically due to an efficient competition between hydrogen and metal cations for the 

available vacant sites and hence the chelating ability is noticeably decreased or 

remains almost constant [25] and it is also due to the protonation of the nucleophilic 

centers. While approaching the medium to basic pH, hydroxyl ions extract H+ from 

the pendant groups, thus making it available to complex more metal ions, increasing 

the exchange capacity of the resin. At pH 12, among the studied batches for the 

system, a maximum adsorption capacity was expected due to the availability of 

binding sites owing to favorable chelation of ions to the resin sites. A slight uptake of 

divalent ions in acidic media may also be due to different mechanisms, i.e., formation 

of hydroxamic or carboxylic acid groups produced by hydrolysis of the amidoxime.  
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Figure 3.5: Effect of pH on Adsorption Capacity 

 
3.1.5.2. Contact Time 

The adsorption of cadmium ions was measured as a function of contact time. A 

cadmium ion solution (10 mL) of 20 ppm concentration was shaken with 0.1 g of 

adsorbent for different time intervals, and metal uptake was determined. The same 
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procedure was repeated for Pb2+. Figure 3.6 indicates that the maximum adsorption 

was noticed at time intervals of 3 h for cadmium as well as for lead ions. The 

percentage adsorption of cadmium ions first increases sharply till 1 h contact time 

with a slight difference for the next consecutive time laps, and the maximum uptake 

of metal ion was observed at 3 h of shaking time when the adsorption percent was a 

maximum for the system i.e., 99.5 % attributed to the complexation of ions resulting 

in the formation of cadmium amidoximes with the polymer chains. While in case of 

lead, comparatively more uptake is observed at the respective time intervals, the 

maximum adsorption came out to be 99.7% at time laps of 3 h. 
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Figure 3.6: Effect of Contact Time on Adsorption Capacity 

 

3.1.5.3. Concentration of the Adsorbate 

The concentration dependence of cadmium in terms of percent adsorption was 

studied for various concentrations of metal ions: 20, 40, 60, 80, 100 ppm. The 

maximum adsorption was noted at 20 ppm, after that a decrease in the uptake was 

found (Figure 3.7). This is due to the complexation of metal ions which is completed 

at this adsorbate level while it showed a decreased behavior due to consumption of all 

the available sites, as there is no further vacant group which can be used for chelation 

of the ions. 
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Figure 3.7: Effect of Adsorbate Concentration on Adsorption Capacity 

 

3.1.5.4. Amount of Adsorbent 

 Under the optimized conditions, the adsorbent dosage was varied to study the 

impact of the increased polymer matrix on the metal ion uptake. The study showed a 

maximum uptake with 0.1 g of adsorbent at 20 ppm metal ion concentration (Figure 

3.8). With an increasing amount of the adsorbent, adsorption increases but percent 

adsorption per unit amount of adsorbent is decreased thus reducing the subsequent 

percent adsorption of the metal ion. The major driving force behind the decreasing 

trend is the competition of chains for complexation due to the availability of ample 

binding sites. Two amidoxime units are required for complexing one metal ion. An 

increased amount of the polymer provides more units competing for complexation. 

Therefore it makes sense to complex with a relatively little polymer quantity. The 

optimized quantity was found to be 0.1 g. 
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Figure 3.8: Effect of Amount of Adsorbent on Adsorption Capacity 
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Figure 3.9: Maximum Adsorption of Cadmium and Lead ions at Optimized 

Parameters in PAOs 

 

The maximum uptake of adsorbent was studied provided with all the optimized 

parameters, i.e., pH of 6 at 3 h contact time, with a 20 ppm adsorbent dosage and 0.1g 

of adsorbate. PAOs offer a very efficient system for the uptake of heavy metal ions 

via complexation. The maximum adsorption observed in the present system was in the 

range of 98.9-99.7 %. Pb+2 showed a slightly better binding towards amidoxime 

moieties hence more amount is being bonded under the similar set of conditions as 
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given in Figure 3.9. Amidoxime owing to its soft Lewis base character prefers the 

coordination of Pb+2 (99.7%). An almost complete removal of the available cations at 

the optimum conditions owe to the formation of metal complexes and make the 

polyamidoximes a potential adsorbent class. 

 

3.2.  Poly(amide-imide)s (PAIs) 

Aromatic polyamides are a class of macromolecules with high temperature 

resistance and excellent mechanical properties, but processability is reduced due to 

less solubility and higher transition temperatures. Various attempts have been made to 

improve the processable nature of the macromolecules like adding some flexible 

bridging units or methyl or alkyl substituted groups in the main polymeric chains. 

Loss in chain stiffness and thermal stability is observed with improved processability 

with a significant decrease of the mechanical properties. To find the best combination 

of thermal stability and processability, poly(amide-imide)s and poly(ester-imide)s 

have been synthesized. PAIs is a class of high performance materials with a 

reasonably good compromise between thermal stability and processibility as 

compared to polyamides and polyimides of analogous structures [191].   

An imide based novel monomer was synthesized for the effective preparation of 

poly(amide-imide)s and poly(ester-imide)s presenting a good combination of 

processibility and thermal stability.  
 

3.2.1. Spectroscopic Analyses 

The monomer, 5-(5-carboxy-1,3-dioxoisoindolin-2-yl)isophthalic acid, was first 

analysed for various functional groups by FT-IR, followed by the confirmation of the 

structure based on results from 1H and 13C NMR spectral analysis. A broad band at 

3200-3500 cm-1 confirmed the presence of the acidic hydroxyl which may be 

hydrogen bonded imide carbonyl giving bands at 1774, 1724 in addition to the acid 

carbonyl at 1726 cm-1. The new linkage formed was confirmed by an imide carbonyl 

band as well as a C-N stretch, noticed at 1330 cm-1 in addition to all the other 

respective functional groups. The 1H NMR mechanism gave signals for the acidic 

protons which confirmed the presence of an acid moiety while the corresponding 

aromatic protons were also sanctioned for respective signals as deduced from 

theoretical values. Among the aromatic protons, the proton attached to carbon above 

sandwiched between two carbonyl groups is the most deshielded one and gave a 
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triplet at 8.51 ppm. Other aromatic protons were confirmed by their signals at 8.42, 

8.33, 8.31 and 8.10 ppm. The result was further confirmed by the 13C NMR spectrum 

with signals at 166.3, 166.5, 166.4ppm. Poly(amide-imide)s were also confirmed for 

their structures by their proton NMR spectra in deuterated DMSO. An amide linkage 

was efficiently introduced into the chains which was confirmed for the respective 

proton signal and afterwards confirmed from the molecular weight data.  

3.2.2. Organosolubility 

Solubility data of the polymers, given in Table 3.4 showed complete insolubility 

in common organic solvents like CHCl3, THF and MeOH. The stiffer aromatic rings 

and the high molecular weights along with extensive branching render the 

macromolecules insoluble in common organic solvents. Poly(amide-imide)s were all 

fairly soluble in DMAc, NMP, DMSO and DMF. These polar solvents are responsible 

to penetrate hydrogen bonded macromolecule chains for better dissolution and 

processability of the system. The rate of dissolutions may vary depending upon the 

incorporation of various alkyl groups in the chains. Polymers are more easily 

dissolved at elevated temperatures owing to the interaction of solvent molecules into 

the hydrogen bonded adjacent chains.   
 

Table 3.4: Solubility* Behavior of Synthesized PAIs 

Poly 

(amide-imide)s 

Solvent 

DMAc NMP DMF DMSO CHCl3 THF CH3OH 

PAIs(1-17) +++ +++ ++h +++ --h --h --h 

 

Solubility: +++ fairly soluble at room temperature --h insoluble even on heating ++h 

soluble on heating  

     * Solubility at 1mg/mL 
 

3.2.3. Molecular Weight Determination 

Poly(amide-imide)s were prepared in effectively high yields by condensation 

polymerization. High molecular weights were evaluated using GPC analysis with 

narrow polydispersity index (PDI) values (Table 3.5). Favorable bonding and 

sterically promising linkages formed between the monomers result in higher 

molecular weight species.  
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Table 3.5: Yield and GPC Data for PAIs 

 Yield (%) Mn x 103 Mw x 103 PDI 

PAI-1 96 12463 13754 1.1 

PAI-2 92 795 807 1.04 

PAI-3 93 2143 2349 1.09 

PAI-4 97 489 531 1.08 

PAI-5 94 1030 1196 1.16 

PAI-6 96 593 598 1.00 

PAI-7 93 402 444 1.10 

PAI-8 95 2107 2315 1.09 

PAI-9 92 2334 2432 1.04 

PAI-10 91 1517 1711 1.12 

PAI-11 94 494 526 1.06 

PAI-12 95 2315 1581 1.21 

PAI-13 97 12014 13020 1.08 

PAI-14 94 717 856 1.19 

PAI-15 98 7403 8169 1.8 

PAI-16 97 1446 2143 1.48 

PAI-17 93 16 17 1.1 

 

3.2.4. X-Ray Diffraction Analysis 

The crystalline behavior of the polymers was investigated using powder XRD 

patterns given in Figure 3.10. Some of the poly(amide-imide)s showed a significantly 

crystalline behavior while others were amorphous in nature. Different monomers used 

during the synthesis introduced the variation in the crystalline behavior of the 

macromolecules. Trifunctional acid chloride was used as a monomer which resulted 

in three dimensional macromolecular networks even when a diamine is the other 

monomer used. Interchain hydrogen bonding is one of the major factors responsible 

for the chain alignment and imparting a definite configuration illustrated through the 

appearance of peaks in the diffractogram. Patterns of PAI-1 depicted predominantly 

amorphous natures having limited crystalline domains, while PAI-2 is more 

crystalline. Due to the presence of additional ether linkages between aromatic rings 

render the chain flexible for further orientation as a result of hydrogen bonding. PAI-
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3, 4,5,7,9 were totally amorphous in nature as suggested from their XRD patterns 

where no sharp peak was shown while PAI-6, 8, 15 and 16 had a specific peak pattern 

confirming the polymers to be predominantly crystalline in nature. Such a higher 

degree of crystallinity could be accredited to sterically favorable bondings and 

stretched polymeric chains favoring stronger hydrogen bondings between the chains. 

Remaining macromolecules of the series showed an intermediate behavior with 

limited crystalline domains embedded in amorphous polymeric matrices. Additional 

nitrogen atoms in triazine based amines give more electronegative sites responsible 

for electrostatic interactions as maximum crystallinity was noticed for PAI-15 where 

both monomers were trifunctional, higher degree of crystallinity was noticed with 

improved chain packing.  
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Figure 3.10: XRD patterns of PAIs 

 

3.2.5. Thermogravimetric Analysis 

Poly(amide-imide)s were studied for their thermal behaviors under nitrogen 

atmosphere. They were thermally very stable as the decomposition temperatures lie in 

the range of 420-600 oC (Table 3.6). The thermal stability of the polymers supported 

the data from XRD; more crystallinity triggers resistance to elevated temperatures, as 

PAI-2 showed quite specific peaks in the XRD, it had the maximum decomposition 

temperature, i.e., 600oC. The crystalline nature is attributed to additional interchain 

hydrogen bondings. This close packing renders the chains absorbing more energy 

hence adding up a thermally stable system. Amorphous polymers are less stable due 

to less hydrogen bondings and chain entanglements. Char yields also varied 

depending on the nature of alkyl groups. A significant char yield was noted for stiffer 

aromatic rings and the introduction of heteroaromatic rings while aliphatic chains 

showed almost complete decomposition with char yields less than 10%.  
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Table 3.6: TGA Data for PAIs 

 Decomposition Temp (oC) Char yield (%) 

PAI-1 503 42 

PAI-2 600 2.4 

PAI-3 438 33 

PAI-4 435 36 

PAI-5 433 46 

PAI-6 458 7 

PAI-7 484 4 

PAI-8 421 32 

PAI-9 497 19 

PAI-10 510 25 

PAI-11 467 34 

PAI-12 440 5 

PAI-13 539 36 

PAI-14 422 36 

PAI-15 571 54 

PAI-16 432 25 

PAI-17 568 57 

 

3.2.6. Adsorption of Divalent Cations 

Nucleophilic centers embedded in the polymeric chains are responsible for 

interacting with electrophilic cationic species. It is widely accepted that functional 

groups with nitrogen as well as other electronegative atoms with a lone pair of 

electrons (Lewis bases) behave as sorption sites for cations [170]. Coordination and 

electrostatic interaction between the electrophilic adsorbate and adsorbent take place 

which is responsible for metal ion uptake [172, 173]. Poly(amide-imide)s have also 

been prepared based on these interactions for metal ions uptake. Carbonyl oxygen and 

nitrogen of amide groups are potential groups for the interaction with electrophilic 

sites, which are abundant in poly(amide-imide) chains. Hence these heteroatoms 

coordinate the metal ions present in the solution (Figure 3.11). 
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Figure 3.11: Proposed Mode of Interaction of PAIs with Divalent Cations 
 

3.2.6.1. pH 

The interaction of metal ions with polymeric resin, through electronegative 

centers is highly dependent on the pH values; as basicity of nucleophilic moieties is 

dramatically affecting the adsorption process [192]. The nature of metal extraction 

from aqueous media relies on the donating ability of nitrogen and oxygen atoms in the 

macromolecules. When varying the pH, the electron donating character is also altered 

as given in Figure 3.12. At acidic pH, active sites in the polymer backbone are 

protonated, the electron donation is reduced and cations have to compete with 

protons. With an increase of the pH values protons are abstracted creating vacant sites 

for the attachment of cations on the polymer backbone. This is the reason of increased 

uptake with increasing pH of the medium which goes up to 6 and then is leveled off 

subsequently, indebted to the precipitation of metal hydroxides in more basic media.  
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Figure 3.12: Effect of pH on Adsorption Capacity 

 

3.2.6.2. Contact Time 
The amount of metal ion uptake dramatically varies with the available contact 

time during adsorption. The percent adsorption was evaluated at different time 

intervals and the maximum uptake was noted at 3h of contact time (Figure 3.13). 

Enough shaking time is essentially required to solvate the entangled macromolecular 

networks and the subsequent penetration and interaction of adsorbate with adsorbent.  
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Figure 3.13: Effect of Contact Time on Adsorption Capacity 
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3.2.6.3. Concentration of Adsorbate 

The removal efficiency of the adsorbing resin is also dependent on the adsorbate 

concentration as theoretically uptake is proportional to the number of active sites on 

the polymer backbone. In case of PAIs, the maximum efficiency was estimated for 20 

ppm of metal ion concentration as given in Figure 3.14. Study of various 

concentrations depicted that the percent uptake was reduced slightly for higher metal 

ion concentrations in media which may be accredited to the consumption of active 

sites for further adsorbate endorsement. In all the concentrations, lead ions are fairly 

better coordinated as cadmium ions preferably due to their larger size and softer 

Lewis basicity with better hydration.  
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Figure 3.14: Effect of Concentration of Adsorbate on Adsorption Capacity 

 

3.2.6.4. Amount of Adsorbent 

Provided with all the optimized parameters, the percent uptake was studied with 

varying amounts of adsorbent and maximum adsorption and 0.1g of the polymer 

matrix (Figure 3.15). With increasing adsorbent dosages, more active sites are 

provided for more interaction with cations. The percent uptake is a maximum for 0.1g 

while further increasing the amount of adsorbent may enhance the adsorption 

individually with the availability of more polymer percent uptake is not improved.     
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Figure 3.15: Effect of Amount of Adsorbent on Adsorption Capacity 

 

PAIs were observed to obtain adsorbate nature owing to the incorporation of 

electronegative groups, i.e., oxygen and nitrogen. The increased proportion of such 

moieties can trap more electropositive species; hence the metal ion uptake might be 

improved. Providing all the systems with optimized conditions of pH 6, a contact time 

3h, a concentration of the adsorbent 20 ppm and 0.1g of polymer, the optimum uptake 

of respective metal ions was determined. The adsorption was found to be 20-99.3 and 

35-99.5 % for Cd+2 and Pb+2 respectively (Figure 3.16). This wide range of uptake 

was dictated primarily from the polymer structure and the binding ability. The 

formation of charge transfer complexes and electrostatic interactions bind the cation 

to the macromolecule chains. Therefore the stronger the bonding, the better is the 

uptake and hence the adsorption. More than 60% uptake has been noticed in the 

majority of PAIs with a maximum adsorption ≤ 99% in PAI-2 with ODA in its 

repeating unit. ODA provides additional oxygen atoms with flexible linkages which 

make the trapping of cations easier. Likewise, PAIs with a stiffer backbone having a 

relatively larger content of electronegative groups tend to bind more cations with 

larger adsorption. Due to the same reason, more than 70% of the available feed 

concentration showed adsorbed in case of PAI-1, 3, 9, 10, 15, 16 and 17. Hence these 

candidates can be employed for the uptake of heavy metal ions.   
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Figure 3.16: Maximum Adsorption of Cadmium and Lead Ions at Optimized 

Parameters in PAIs 

3.3. Poly(ester-imide)s (PEIs) 

The introduction of imide groups with polyesters gives thermal stability to the 

polymer matrix even if aliphatic flexible chains are sustaining the material 

processability. PEIs have active binding sites for electrophilic specie in the form of 

electronegative centers like oxygen and nitrogen atoms in the chains. So this class can 

also prove to be a potential adsorbent for various cations in a similar way as for PAIs. 

Bivalent cations are tetra coordinated; this nature of coordination is quite feasible with 

three dimensional polymeric network structures, evidently incorporated in the 

synthesized PEIs in the present work starting from the trifunctional acid chloride 

monomers enclosing an imide moiety. 

3.3.1. Spectroscopic Analysis 

The synthesis of poly(ester-imide)s was studied using IR and 1H NMR analyses. 

After the monomer synthesis, the prominent change after polymerization was the 

formation of ester linkages which was confirmed from the respective IR bands in the 

range of 1730-1737 cm-1 in accordance with theoretically given values. 1H NMR 

spectra give no signal for newly formed ester linkages the existing signals showed 

slight shifts confirming the formation of new linkages.  

3.3.2. Organosolubility 

The solubility of the matrix defines the processibility of the system. Polymeric 

networks have limited solubility due to their three dimensional entangled assembly. 

PEIs were found to be insoluble in common organic solvents while fair dissolution 
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was noticed in polar aprotic solvents as DMSO, DMF, NMP and DMAc at room 

temperature (Table 3.7). This solubility might be attributed to the polar nature of 

macromolecules which renders them solvated easily. Similarly the presence of 

aliphatic soft part in polymers was perceived to be responsible for quick and fair 

solubility in solvents.  

Table 3.7: Solubility* Behavior of Synthesized PEIs 

Poly(ester-

imide)s 

Solvent 

DMAc NMP DMF DMSO CHCl3 THF CH3OH 

PEIs(1-11) +++ +++ +++ +++ --h --h --h 

 

Solubility: +++ fairly soluble at room temperature  --h insoluble even on heating  

     * Solubility at 1mg/mL 

3.3.3. Molecular Weight Determination 

Poly(ester-imide)s were synthesized in higher yields and the molecular weights 

were measured using GPC. All macromolecules possess a narrow molecular weight 

distribution having PDI values closer to one while Mw was enough to show favorable 

polymerization between monomers which resulted in high molecular weight species 

(Table 3.8). The maximum Mw was noticed for PEI-10 probably owing to maximum 

nucleophilicity which made polymerization more feasible with acid chlorides and 

hence stemmed to a higher molecular weight polymer.   

Table 3.8: % Yield and GPC data for Synthesized PEIs 

 Yield (%) Mn x 103 Mw x 103 PDI 

PEI-1 93 347 355 1.05 

PEI -2 92 217 221 1.02 

PEI-3 94 41 43 1.25 

PEI-4 96 300 310 1.03 

PEI-5 93 64 63 1.31 

PEI-6 92 94 154 1.63 

PEI-7 92 303 326 1.07 

PEI-8 94 161 165 1.2 

PEI-9 95 74 73 1.5 

PEI-10 96 297 374 1.61 

PEI-11 94 10 10 1.02 
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3.3.4. X-Ray Diffraction Analysis 

Poly(ester-imide)s were synthesized with different structural organizations, i.e., 

crystalline, amorphous or semi-crystalline in nature as depicted from their XRD 

patterns. This behavior relies on the stiffness of the macromolecular chains and 

interchain interactions which directs the specific patterns within the material. PEIs 

owe polar groups in the main chain including carbonyl, imide and hydrogen atoms of 

different alkyl groups due to which dipole-dipole interactions are created within the 

neighboring groups and the main chains. These interchain forces are weaker than 

hydrogen bonding so less crystallinity was assumed for PEIs as compared to PAIs 

initiated from the same triacid chloride monomers. Some of the polymers were found 

to be wholly amorphous which experienced the incorporation of soft aliphatic 

segments as illustrated in XRD patterns of  PEI -2,4,5,7,8,9 (Figure 3.17). The 

aliphatic monomers add flexible assemblies impeding long distance alignments 

because of dipole-dipole forces. A semi-crystalline behavior was found for PEI-3,6,11 

while higher degrees of arrangements were observed for PEI-1,10 posing them 

crystalline resins. Crystalline polymers show the stiffer aromatic rings and complete 

absence of flexible units which rendered them align in a specific manner with the 

development of stronger interchain forces and specific patterns in XRD spectra. 
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Figure 3.17: XRD Patterns of PEIs 

 

3.3.5. Thermogravimetric Analysis 

The thermal behavior of poly(ester-imide)s was studied in terms of their 

decomposition temperatures at which more than 50% of the sample was decomposed 

and the char yield was noticed at 800oC as enlisted in Table 3.9. Values of 

decomposition temperatures were observed in a range of 392-492oC. The thermal 

stability of a material is a clear representation of the polymeric structure. The 

introduction of aliphatic groups rendered the polymers thermally less stable due to 

flexible portions in the backbone which impeded the perfect alignment and dipole 

interactions among the chains which is in agreement with their XRD patterns. 

Maximum chain sequencing makes the isolation and decomposition difficult, thus 

posing the macromolecules stable at elevated temperatures. The highest 

decomposition temperature was studied for PEI-10. The char yield was 43% giving a 

clear picture of the assimilation of stiff aromatic rings. Imide monomer, when 

polymerized with aliphatic diamines gave polymers which were thermally resistant, 

less than those with firm aromatic rings. Similarly, aromatic and stiffer polymeric 

materials owed more char yields while poor thermal stability and less char yields were 

indicative of flexible polymeric chains and less interchain forces. 
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Table 3.9: TGA Data for synthesized PEIs 

 Temp(oC) Char yield (%) 

PEI-1 424 13 

PEI -2 392 8 

PEI-3 476 38 

PEI-4 455 16 

PEI-5 442 24 

PEI-6 435 4 

PEI-7 421 6 

PEI-8 426 31 

PEI-9 465 46 

PEI-10 492 43 

PEI-11 453 38 

 

3.3.6. Adsorption of Divalent Cations 

Poly(ester-imide)s represent a polar class of macromolecules having 

electronegative oxygen atoms in the backbone presenting an important candidate for 

attraction with cationic species. There may be a dipole-dipole interaction as well as 

formation of a charge transfer complex in addition to coordinate bondings. This 

interaction is shown in Figure 3.18.  
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Figure 3.18: Proposed Mode of Interactions of PEIs with Divalent Cations 
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3.3.6.1. pH 

The adsorption capacity of the polymeric resin dramatically varies with a varying 

pH of the medium, which is attributed to the nucleophilicity of the resin towards 

cations. For PEIs, the maximum uptake was noticed at pH 6 which was then leveled 

off (Figure 3.19). In acidic media, due to the availability of excess protons there is 

competition between cations and protons and the adsorption of cations is not that 

much pronounced when the pH increases, in basic media the Lewis basicity of oxygen 

atoms is prominent and they can bind to Lewis acids i.e, metal atoms.  
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Figure 3.19: Effect of pH on Adsorption Capacity of PEIs 

 

3.3.6.2. Contact Time 

The contact time also defines the percent adsorption capacity of the resin till an 

equilibrium concentration is attained. In case of poly(ester-imide)s the equilibrated 

time was noted to be 3h pertaining to the highest metal binding with the resin (Figure 

3.20). It can be observed from the plot that the removal efficiency increased with 

increasing agitation time. The complete and stable formation of dipole-dipole 

interactive forces is responsible for the metal ion uptake and they were accomplished 

within 3h. Henceforth, the solid polymer was separated along with the excessive 

metal ions from the solution. 
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Figure 3.20: Effect of Contact Time on Adsorption Capacity of PEIs 

 

3.3.6.3. Concentration of Adsorbate 

The concentration of metal ions was studied from 20-100 ppm at optimized 

agitation time and pH. The result was plotted in Figure 3.21 and the maximum uptake 

was observed at 40 ppm. Further increase of the concentration, adsorption was 

decreased possibly due to the consumption of all the active sites. To increase the 

uptake of cations at elevated concentrations, a higher amount of adsorbent could be 

assumed to be introduced for better removal of ions. 
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Figure 3.21: Effect of Concentration of Adsorbate on Adsorption Capacity of 

PEIs 
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3.3.6.4. Amount of Adsorbent 

The effect of PEIs dosage at 3h of contact time and pH of 6 was evaluated in the 

range of 0.1-0.3 g of adsorbent. The results (Figure 3.22) showed that the uptake 

declined with an increasing level of adsorbent when constant amount of adsorbate was 

provided. This is due to the availability of more binding sites than required for 

existing cations, increasing more uptake by individual polymer chain but percent 

uptake decreased.  
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Figure 3.22: Effect of Amount of Adsorbent on Adsorption Capacity of PEIs 

 

The uptake of adsorbent was discerned providing all optimized conditions; i.e., pH 

6, agitation time 3h, feed concentration of 40 ppm and an adsorbent dosage of 0.1g, 

was gauged. The optimum uptake varied for different poly(ester-imide)s: 56-78% and 

58-85% for Cd+2  and Pb+2 respectively. Among the synthesized PEIs, both cations 

showed maximum interaction with PEI-10 which might be justified on the 

architecture of the macromolecule presented to be a highly branched network as both 

monomers employed for polymerization were trifunctional. More entanglement 

augmented better adsorbate-adsorbent interactions as well as better complexation is 

due to increased nucleophilic centers.  Stiffer and aligned aromatic groups also cause 

better entrapping of cations due to additional π-π interactions [193] as compared to 

those with aliphatic monomers incorporated for polymerization with merely dipole 

forces as depicted in Figure 3.23. 



97 
 

PEI-1

PEI-2

PEI-3

PEI-4

PEI-5

PEI-6

PEI-7

PEI-8

PEI-9

PEI-10

PEI-11

0 20 40 60 80

 

 

Maximum Adsorption (%)

 Pb
 Cd

 

Figure 3.23: Maximum Adsorption of Cadmium and Lead Ions at Optimized 

Parameters in PEIs 

 

3.4.  Cross-linked Polyamidoximes 
Polyamidoximes have a hydrophilic functionality available for further linkage and 

bonding resulting in interlinked or cross linked polymeric chains. Such interlinking 

finds applications in the adsorption of heavy metal ions. Acrylonitrile polymers have 

been variously reported for the uptake of cations whose thermal stability can be 

improved by interpenetrated or cross linked polymeric networks [68, 71, 180]. 

Electrophilic species also find available binding sites due to electronegative groups 

present on the resins and hence have been used for the trapping of metal ions or metal 

nanoparticles [70]. In the present study, amidoxime groups were used for interlinking 

the chains using diacid chloride and they were analyzed for the adsorption of cations.  

The solubility of the parent polyamidoximes was compromised during the 

interlinking of the chains resulting in stiffer and less processible systems. An 

additional ring, oxadiazole was formed in considerably higher yield, which was 

confirmed by FT-IR spectroscopic analysis.  
 

3.4.1. X-Ray Diffraction Analysis 

XRD patterns of polyamidoxime with their cross-linked counterparts exhibit 

differences in the crystalline nature of both systems. Polyamidoximes were all 
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amorphous in nature while after the formation of oxadiazole bridges. Interlinking 

introduced by chain alignment resulted in definite crystalline peaks in the XRD 

patterns. These distinct diffraction patterns appeared due to appreciable interlinking of 

macromolecular chains due to stiffer oxadiazole moieties per repeating unit, ensuring 

definite and aligned chains (Figure 3.24). Maximum crystallinity was observed in 

cross-linked systems of PAO-3, followed by PAO-1 and PAO-2. 

 

 
(a) 

 

 
(b) 
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Figure 3.24: XRD Patterns of Cross-linked PAOs; a: CL-a, b: CL-b, c: CL-c 

3.4.2. Thermogravimetric Analysis 

Cross-linking always introduces stiffness in the materials which dictates the 

thermal stability of the system. The study of the thermal behavior of cross-linked 

polyamidoximes over a temperature range of 25-800oC under inert atmosphere 

indicated that, cross-linked chains are more temperature resistant as compared to the 

parent polyamidoximes (Figure 3.25). The decomposition of polyamidoximes was 

sharp with temperatures lying in the range of 410-450oC while after the formation of 

oxadiazole bridges, the chain stiffness was improved owing to higher thermal 

stability, and hence maximum decomposition was observed in the range of 500-

650oC. The chain hardness and stiffer nature due to interlinking rendered them stable 

over a wide range of temperature and the char yields were also found to be fairly 

higher at 1000oC, i.e., 57-71 %.  
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Figure 3.25: TGA Curves of Cross-Linked PAOs 
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3.4.3. Adsorption of Divalent Cations 

Polymeric networks have been in use for the interaction with electropositive 

moieties depending on their electronegative groups. Similarly divalent metal cations 

were found to be trapped among such groups, responsible for the adsorption of metal 

ions from water samples. Dipole-dipole interaction and electrostatic attractions were 

found to be responsible for the adsorption in this class of polymeric materials. Various 

factors were studied in detail for a maximum uptake of cations. 

3.4.3.1. pH 

Interaction of cations with cross-linked polyamidoximes was found to be highly 

pH dependent as shown in Figure 3.26. In acidic media, increased levels of protons 

compete with available cations for attachment with electronegative groups 

consequently uptake of cations is less while with elevated pH levels, more cations 

were adsorbed. Maximum uptake was evaluated at pH 6 where adsorption capacity 

was leveled off. Unlike metal complexation with amidoxime functionality, in case of 

cross linking there was no chelating group but the electronegative moieties 

responsible for attracting cationic species. Henceforth, coordination and charge 

transfer complexation could be proposed for trapping of metal ions in polymeric 

networks. 
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Figure 3.26: Effect of pH of Adsorbate on Adsorption Capacity in cross-linked 

PAOs 
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3.4.3.2. Contact Time 

The adsorption process was studied with variable contact time between adsorbate 

and adsorbent. The result showed increased adsorption of both cadmium and lead ions 

as the contact time was raised and gave maximum values at 3 h (Figure 3.27). While 

time of contact was increased further, the adsorption was leveled off. This could be 

the optimum time required for the efficient coordination of cations with available 

binding sites. 
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Figure 3.27: Effect of Contact Time on Adsorption Capacity in Cross-linked 

PAOs 

3.4.3.3. Concentration of Adsorbate 

The uptake of Cd and Pb ions was studied providing various concentrations of the 

available cations in aqueous media. A maximum adsorption capacity was noticed at 

40 ppm. Adsorption percentages showed an increased trend from 20-40 ppm which 

afterwards decreased regularly (Figure 3.28). At 20 ppm it was supposed to have 

enough available sites to accommodate more cations which were occupied till 40 ppm 

and further elevated cation levels added up spare ionic species and no vacant sites 

available for their interaction which resulted in a decreased adsorption capacity after 

the maxima at 40 ppm.  
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Figure 3.28: Effect of Adsorbate Concentration on Adsorption Capacity in 

Cross-linked PAOs 
 

3.4.3.4.Amount of Adsorbent 

The amount of adsorbent was varied under optimized parameters to study the 

impact of the available polymeric matrix. The uptake had its maximum with 0.1 g of 

adsorbent and decreased with an increasing amount of macromolecule as given in 

Figure 3.29. This trend may be attributed to the following reason; as the adsorbent 

dosage is increased, ample binding groups result in more bonded metal ions. An 

increased competition between chains for cation trapping renders to the less uptake of 

adsorbate per unit of the available macromolecule dose. 
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Figure 3.29: Effect of Amount of Adsorbent on Adsorption Capacity in cross-

linked PAOs 
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A maximum uptake of adsorbate was probed providing all optimized parameters 

for the system; i.e., 3h of contact time, pH 6, feed concentration of 40 ppm and 

adsorbent dosage of 0.10 g. For all the three polymeric networks, it was observed that 

lead ions were more favorably taken up as compared to cadmium ions and the 

adsorption were found in range of 84-86 and 85-88 % for Cd2+ and Pb2+ respectively 

as given in Figure 3.30. The metal ion uptake was found to be compromised from 

99.7 to 84 % during the process of interlinking of chains, mainly because of the 

absence of chelating amidoxime groups with improved thermal stability. Better 

interaction of binding sites with lead made them more adsorbed in all cases as 

compared to cadmium based on the soft character of acids and bases, i.e., cation and 

nucleophilic active sites respectively.   
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Figure 3.30: Maximum Adsorption of Cadmium and Lead Ions at Optimized 

Parameters in Cross-linked PAOs 

3.5. Cross-linked Polyamides 

Polyamides are a class of macromolecules with high temperature resistance and 

mechanical properties.  Cross-linking enhances crystallinity, thermal stability, and 

metal binding ability of the resin due to definite patterns, chain alignment and 

entanglement. Novel polyamides were synthesized with protected amino groups 

which were then exploited for interlinking of chains after deprotection. Cross-linked 

polyamidoximes provided efficient uptake of divalent cations, hence proved to be a 

resourceful resin employed for heavy metal removal from aqueous media. The 

monomer, TFAI, was elucidated for its structural confirmation by spectroscopic 

analyses. As 1H-NMR spectral data show a signal for the amide proton at 10.53 ppm 

along with other signals for the respective groups. Likewise, for polyamides, signals 
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for amide protons were lying in the range of 9.1-10.57 ppm.  

3.5.1. Organosolubility 

The polyamides synthesized in this system were all insoluble in common organic 

solvents like MeOH, EtOH, acetone, CHCl3 and THF while fair solubility was noticed 

when dissolved in polar aprotic solvents, i.e., DMSO, DMF, NMP and DMAc. Polar 

amide groups were easily solubilized in polar solvents and hence came out with good 

processability. NMR was carried out in DMSO for polyamides. Cross-linked 

macromolecules lost the processability due to the minute or no solubility at all, 

accredited to stiffer and highly interlinked polymeric chains.  

 

3.5.2. Molecular Weight Determination 

Polyamides with free amino groups were subjected to an assessment of their 

molecular weights through GPC using DMF as a solvent. Polyamides were found to 

have high molecular weights with narrow distribution indices (Table 3.10). A 

maximum Mw was observed as 2448x103 for PA-3 and PDI values were found to be in 

a range of 1-1.36, thus confirming the polymer with narrow dispersity indices.  

Table 3.10: % Yield and GPC Data for Synthesized PAs 

 Yield (%) Mn x 103 Mw x 103 PDI 
PA-1 96 2252 2865 1.27 
PA-2 98 2358 2358 1.4 
PA-3 95 2448 2837 1.16 
PA-4 97 1564 2128 1.36 
PA-5 97 461 489 1.2 
PA-6 98 1106 1332 1.06 
PA-7 96 2392 2801 1.17 
 

3.5.3. X-Ray Diffraction Analysis 

Wide angle X-ray powder diffraction analysis for the polyamides along with their 

cross-linked systems was employed in the range 2θ = 5-40o. All polyamides showed 

broad diffraction patterns showing the absence of crystallinity, hence complete 

amorphous nature was stipulated. Cross-linking was confirmed depending on the 

comparison of the XRD patterns, as the appearance of some definite peaks could be 
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noticed as given in Figure 3.31 owing to chain fixing due to interlinking units. In case 

of PA-1, the diffractogram depicted a wholly amorphous nature giving a broad pattern 

while after the interlinking of chains; sharp peaks were observed, because of stiff 

rings in crosslinking agents. They render them closely packed with enhanced 

interchain hydrogen bondings and dipole-dipole interactions. Interlinked polymeric 

chains proved to be rigid supporting the solubility data with improved alignment and 

packing. PA-5 gave rise to less ordered cross-linked structures, steric hindrance being 

the main reason. Adjacent attachment sites on aromatic rings in 1,2-

diaminoanthraquinone resulted in low molecular weight polymers also lessen the 

chance of close packing because of steric hinderance having more void volumes 

hence no remarkable crystal diffraction was detected. Similarly PA-7 with 

cyclohexane moieties made the polymer backbone flexible as compared to those 

based on aromatic rings. Flexibility was still retained making the resin less crystalline 

in nature while PA-2, 3, 4 and 6 showed intermediate crystallinities among the group. 
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Figure 3.31: XRD spectra of PAs Combined with Cross-Linked PAs 

3.5.4. Thermogravimetric Analysis 

The thermal stabilities of polyamides and their cross linked systems were 

investigated and compared by TGA. They were implied for decomposition patterns 

under inert atmosphere i.e., N2 gas over a range of temperatures 25-1000oC. The 

decomposition behavior of polyamides over a temperature range was plotted with 

respective cross-linked counterparts to analyze the variation in the decomposition 

trend as shown in Figure 3.32. A thermogram from PA-1 depicted the regular 

decomposition pattern with maximum degradation around 420oC and the char yield 

lying at 10% of the sample. Interlinking chains improved the stability of the resins 

and showed the same stability up to 200oC followed by different degradation patterns. 

Then maximum decomposition temperature was shown by CL-1c, i.e., 619oC, with 

dianhydrides stability was enhanced while TPC showed lower decomposition 
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temperatures due to less strong packing of the chains. Nevertheless, char yields were 

improved in all the systems from 10 to 40% which clearly suggested their thermal 

stability and robust nature as compared to the parent polyamide. An analogous pattern 

is depicted for PA-2 where the parent macromolecule was highly stable and showed 

decomposition around 505oC. CL-2e showed the maximum stability among the group 

given as 545oC with 40% char yield. The introduction of an aliphatic part in PA-3 and 

PA-4 renders the polyamides less stable as compared to other polyamides as their first 

decomposition could be noticed around 420 and 462oC. Among the two step 

degradation patterns at 579 and 607oC with very low char yields close to zero. The 

two steps degradation was attributed to the breakdown of the aliphatic group in the 

first step while the aromatic and stiffer chain packing at the latter stage. The same 

trend was observed in interlinked polymeric system. The second decomposition step 

was not much pronounced in case of the cross-linked polyamides; regular degradation 

resulted in higher char yields and a more stable, decomposition temperature is varied 

from 569-598oC and 566-580oC with char yields 27-40 and 1-43%. Likewise, 

cyclohexyl moieties made the decomposition patterns two steps, with the aliphatic 

groups decomposing prior to the aromatic rings which were decomposed later. PA-7 

was investigated for its decomposition around 420oC where more than 50% of the 

material was degraded while the rest of decomposition occurred at 865oC with no net 

remaining sample. Cross-linking gave homogeneity and structural regularity to the 

system and regular decomposition was investigated with a maximum degradation of 

the sample occurring at 461-489oC while the stiffness of the chains was confirmed by 

higher char yields, i.e., 21-40%.  PA-5 and PA-6 showed single decomposition at 514 

and 411oC respectively and the cross-linked systems were found to be highly stable as 

decomposition temperatures ranged up to 614 and 663oC for PA-5 and PA-6 

respectively. The char yields were up to 66 and 43%, indicative of their excellent 

thermal stability. Better thermal stability was linked to stiffer aromatic chains with 

close packing and interchain forces of attraction like hydrogen bonding with compact 

alignment of chains. The formation of imide interlinks due to the exploitation of 

dianhydrides as cross-linking agents result systems with the highest decomposition 

temperatures among all due to additional electronegative groups resulting in dipole 

interactions. This result was in agreement with XRD patterns depicting more 

crystallinity. With isophthalyol units, the cross linked moieties were found to be less 

compact and stiff; hence they were intermediates in regard of their thermal properties.  
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Figure 3.32: TGA Curves of PAs Combined with Cross-Linked PAs 

 

3.5.5. Adsorption of Divalent Cations 

Cross-linked polyamides can prove to be an efficient metal adsorbent having polar 

and electronegative groups on the polymer backbone. High crystallinity and excellent 

thermal stability of cross linked resin proved to be better candidates for metal binding. 

The uptake of Pb+2 and Cd+2 were studied for maximum removal of cations from the 

feed solution of varying concentrations. 

3.5.5.1. pH 

The interaction of ionic species with cross-linked polyamides was studied with the 

change of pH of the solutions. The study revealed a sharp change in percent 

adsorption of the adsorbent. In acidic media, due to competition with protons; a 

potential competing ion, less amount of cations was adsorbed while the elevation of 

the pH levels lead to an increased uptake. A maximum uptake was noticed at a pH 

level of 6 (Figure 3.33) which gave rise to an equilibrium concentration followed by 

leveling off. With further increasing pH values, cations were no longer in solution as 

the respective hydroxides were precipitated. Available heavy metal ions in solution 

were efficiently removed with maximum adsorption in the range of 83 and 85% for 

Cd+2 and Pb+2 respectively. This trend could be linked to the possible nucleophilic 

effect of the resin with varying pH values. As basic media furnish more efficient 

nucleophilic centers available for interacting with electrophilic cationic species, a 

maximum adsorption could be observed. 
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Figure 3.33: Effect of pH on Adsorption Capacity of Cross-linked PAs 
 

3.5.5.2. Contact Time 

Cross-linked polyamides were set in contact with solution of metal ions for 

various time intervals and the uptake of the ions was thoroughly studied with different 

time laps. The adsorption was elucidated to be time dependent, the less the time of 

contact, the less was the uptake with a maxima lying at 3h which came out to be 

equilibrium time. At less agitation time, the internuclear forces were not efficiently 

developed for the resultant uptake of cations. Henceforth, a reduced adsorption was 

noticed while on an increased time of contact sufficient interchain forces resulted in 

cation removal from aqueous media. At 3h, a maximum uptake was observed and an 

equilibrium concentration was noted (Figure 3.34).   
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Figure 3.34: Effect of Contact Time on Adsorption Capacity of Cross-linked PAs 
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3.5.5.3. Concentration of Adsorbate 

Varying feed concentrations were deliberately studied for the uptake of cations; a 

plot of % adsorption with increasing concentrations of the adsorbate is given in Figure 

3.35. The adsorption was increased with an increasing amount of adsorbate with 

maxima at 60 ppm while with further elevated amount of the cation concentration, a 

decline was noticed. An increased concentration can only be compensated if enough 

active sites are available. An increased adsorption till 60 ppm can be allied to vacant 

binding sites available. The filling of all such sites did not show a rising trend of 

adsorption, hence % adsorption decreased.   
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Figure 3.35: Effect of Adsorbate Concentration of Cross-linked PAs 

 

3.5.5.4. Amount of Adsorbent 

The increasing amount of adsorbent varied the uptake of metal ions with a 

maxima lying at 0.15g of adsorbent (Figure 3.36). Provided with a constant amount of 

adsorbate, an amount of cations was more interacting with increasing amount of 

polymeric resin. This trend can be elaborated using the concept of adsorption per unit 

adsorbate, which decreased when more resin was employed for the same 

concentration of adsorbate. 
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Figure 3.36: Effect of Amount of Adsorbent of Cross-linked PAs 

 

The maximum adsorption for all the cross-linked polyamides was plotted 

providing all the optimized parameters, i.e., contact time of 3h, pH 6, adsorbent 

dosage of 0.15g and concentration of adsorbate 60 ppm. The maximum uptake was 

observed to be 83% and 85% for Cd+2 and Pb+2 respectively. An almost similar trend 

was observed with all systems. The combined behavior of optimum adsorption values 

of different cross-linked polyamides are given in Figure 3.37. The data depict that 

PA-6 and cross-linked systems with anhydrides show a better uptake as compared to 

other. A higher adsorption is due to available binding sites with improved thermal 

stability adds up a new material to the class of potentially adsorbing resins.  
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Figure 3.37: Maximum Adsorption of Cadmium and Lead Ions at Optimized 

Parameters for Cross-linked PAs  
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3.6. Equilibrium Adsorption Isotherms 

In this study of the adsorption process, the solute adsorbed on the solid surface is 

in a state of dynamic equilibrium with the amount of solute unadsorbed present in 

solution. A plot of solute concentration adsorbed on solid surface, qe as a function of 

solute concentration at the equilibrium in solution state, Ce at constant temperature 

gives an adsorption isotherm [148], which can be explained by means of some 

adsorption models. Two models; Freundlich and Langmuir adsorption approaches 

were used to elucidate the nature of adsorbent-adsorbate interaction.  

For entire set up of polymeric resins, prepared for the uptake of heavy metal 

cations, data was fitted in the respective isotherms to elaborate the better fitting trend. 

Data for polyamidoximes, poly(amide-imide)s, poly(ester-imide)s, cross linked 

polyamidoximes and cross linked polyamides was plotted with respective parameters 

of Freundlich and Langmuir adsorption isotherms. Freundlich and Langmuir 

isotherms were plotted for polyamidoximes and various parameters were calculated as 

shown in Figure 3.38 and 3.39. All the data (Table 3.11) was found well fitted for the 

isotherms as depicted from their R2 values. The correlation factor, R2 values from 

both the adsorption isotherms revealed that data fitted much better in case of 

Langmuir isotherm relative to the other. Henceforth, the Langmuir model of 

monolayer adsorption was favored providing homogeneous active sites on the 

polymeric resins. For polyamidoximes, R2 values lie in the range of 0.80-0.92. They 

also supported the concept of chemical bonding via formation of stable five 

membered metal-amidoxime complexes owing to monolayer uptake of cations and 

homogeneous binding energies. The nature of binding of cations with active sites was 

also defined using various parameters of the isotherms. The intensity of adsorption, n 

from Freundlich and the equilibrium parameter, RL from Langmuir are most important 

among all defined parameters. As the values varied from 0-1, the nature of adsorption 

was revealed to be favorable. The lesser the value of 1/n the stronger are the forces of 

interaction between the adsorbate and the adsorbent. Thus from the parameters of 

adsorption from isotherms, it was proved that monolayers of cations could be built up 

for the uptake which supported the presence of previously proposed single layer of 

amidoxime moieties responsible for binding cationic species. 

Poly(amide-imide)s and poly(ester-imide)s tend to interact with cationic species in 

a similar manner i.e., coordinating via electroactive centers. Plotting the data for both 

systems gave an insight to the nature of the metal ion uptake. The Langmuir 
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adsorption isotherm was followed more efficiently as the value of the correlation 

factor was elucidated closer to a unity in comparison with the Freundlich isotherm 

and the monolayer coordination of cations. Deduced from data given in Tables 3.12 - 

3.15, once the binding sites are occupied, no further piling up can take place.  

Electronegative centers on the polymer backbone were found responsible for the 

cationic attachment resulting in favorable adsorption with fair intensity of adsorption. 

Polyamides after crosslinking in addition to high temperature resistance and 

crystallinity were found to be an efficient adsorbent of cationic species. Various 

binding sites provided on the polymeric resin tend to uptake cations effectively from 

the aqueous solution. During the adsorption study, equilibrium parameters and 

correlation coefficients were calculated using Freundlich and Langmuir adsorption 

equations charted in Table 3.17. Equilibrium data was fitted in both isotherms. From 

the values of correlation factors, the data better fitted for the Langmuir equation than 

Freundlich equation, revealing that the adsorption of cations followed a Langmuir 

isotherm predominantly. It suggested that the reaction between adsorbate and 

adsorbent was the same over a range of concentrations [194].  Nitrogen containing 

groups have been widely accepted to be efficient metal adsorbing sites hence 

polyamides provide enough of active sites to chelate cationic species through the 

coordination or electrostatic interactions [170]. Cross-linking of polyamides offers 

additional electronegative sites via bridging groups leading to more adsorption. 

Isotherm data were better fitted with the Langmuir model as compared to Freundlich 

depicted by the correlation factor R2 suggesting monolayer adsorptions. Tables 3.18, 

3.19 are enlisting isotherm constants for the entire cross linked polyamide system 

illustrated for favorable uptake of cations by decoding the values of n and RL from 

Freundlich and Langmuir adsorption isotherm data. Therefore, homogeneous active 

sites were proposed to be available for the cation uptake which provided vacancy for 

ionic species and no further piling up could take place once the active sites were 

consumed. 

The sorption of lead ions was found to be more favorable as paralleled to 

cadmium, accredited to the greater size and more polarizable nature of Pb+2. The 

SHAB concept justified this relative uptake, the resins proved to be soft bases which 

fairly interacted with the softer Pb+2 ensuing more promising binding with higher 

values of binding capacities at room temperature.  



117 
 

-1.0 -0.5 0.0 0.5 1.0

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

 

 

y = 0.5683x - 0.5502
       R² = 0.8185

 Cd
 Pb

ln
 q

e

ln Ce

y = 0.4799x - 0.3607
      R² = 0.861

PAO-1

 

(a) 

-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0
-1.8

-1.6

-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

y = 1.0786x + 0.6509
      R² = 0.7711

y = 0.4935x - 0.5396
      R² = 0.7925

 

 

 Cd
 Pb

ln
 q

e

ln Ce

PAO-2

 

(b) 

-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
-1.8

-1.6

-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

y = 0.3365x - 1.027
     R² = 0.8822

y = 0.3596x - 1.0291
       R² = 0.995

 

 

 Cd
 Pb

ln
 q

e

ln Ce

PAO-3

 

(c) 

Figure 3.38: Freundlich Adsorption Isotherms, PAO-1 (a), PAO-2 (b), PAO-3 (c) 
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Figure 3.39: Langmuir Adsorption Isotherms, PAO-1 (a), PAO-2 (b), PAO-3 (c) 
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Table 3.11: Freundlich and Langmuir Isotherm Parameters for Cd+2 and 

Pb+2 by PAOs 

  Freundlich Parameters Langmuir Parameters 

Polymer Cation R2 n KF R2 Qo b RL 

 

PAO-1 

Cd 0.81 1.75 1.73 0.92 1.64 0.57 0.079 

Pb 0.90 2.08 1.43 0.86 0.69 1.68 0.028 

 

PAO-2 

Cd 0.77 0.92 1.91 0.82 1.48 1.36 0.03 

Pb 0.79 2.02 1.71 0.80 0.69 3.93 0.012 

 

PAO-3 

Cd 0.95 2.78 2.79 0.99 0.67 1.97 0.02 

Pb 0.88 2.97 2.79 0.89 1.34 1 0.04 

 

Table 3.12: Freundlich Isotherm Parameters for Cd+2 and Pb+2 by PAIs 

 
Polymer 

 
Cation 

Freundlich Parameters 
R2 Kf n 

PAI-1 Cd 0.97 1.61 1.49 
Pb 0.96 10.91 1.59 

PAI-2 Cd 0.91 2.91 3.37 
Pb 0.90 2.90 3.41 

PAI-3 Cd 0.88 1.04 2.19 
Pb 0.98 8.35 1.34 

PAI-4 Cd 0.90 6.90 1.47 
Pb 0.94 63.96 1.34 

PAI-5 Cd 0.83 2.25 1.82 
Pb 0.95 31.21 1.30 

PAI-6 Cd 0.97 4.74 1.16 
Pb 0.99 37.86 1.23 

PAI-7 Cd 0.97 15.0 1.30 
Pb 0.99 60.4 1.56 

PAI-8 Cd 0.90 5.81 1.17 
Pb 0.97 29.52 1.32 

PAI-9 Cd 0.98 1.35 1.71 
Pb 0.96 8.99 2.02 

PAI-10 Cd 0.67 1.35 2.17 
Pb 0.98 16.08 1.37 

PAI-11 Cd 0.94 5.61 1.15 
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Pb 0.97 23.97 1.47 

PAI-12 Cd 0.95 4.71 1.17 
Pb 0.98 25.90 1.50 

PAI-13 Cd 0.99 25.17 1.19 
Pb 0.96 129.52 1.16 

PAI-14 Cd 0.95 15.79 1.03 
Pb 0.98 61.91 1.22 

PAI-15 Cd 0.65 2.08 1.92 
Pb 0.79 2.63 1.20 

PAI-16 Cd 0.95 1.75 1.81 
Pb 0.97 10.73 1.77 

PAI-17 Cd 0.95 1.64 1.44 
Pb 0.94 11.59 1.80 

 

Table 3.13: Langmuir Isotherm Parameters for Cd+2 and Pb+2 by PAIs 

 
Polymer 

 
Cation 

 Langmuir Parameters 
R2 Qo b RL 

PAI-1 
Cd 0.97 8.76 0.054 0.47 
Pb 0.99 1.14 0.057 0.46 

PAI-2 
Cd 0.90 6.20 2.29 0.02 
Pb 0.95 0.97 0.28 0.15 

PAI-3 
Cd 0.86 5.08 0.18 0.21 
Pb 0.99 1.60 0.07 0.41 

PAI-4 
Cd 0.89 5.62 0.01 0.80 
Pb 0.98 0.82 0.01 0.81 

PAI-5 
Cd 0.92 5.51 0.03 0.56 
Pb 0.97 1.01 0.023 0.67 

PAI-6 
Cd 0.99 23.36 0.006 0.87 
Pb 0.99 1.56 0.012 0.80 

PAI-7 
Cd 0.98 6.23 0.005 0.89 
Pb 0.99 0.42 0.019 0.72 

PAI-8 
Cd 0.90 7.46 0.021 0.70 
Pb 0.99 1.20 0.01 0.71 

PAI-9 
Cd 0.98 7.45 0.07 0.41 
Pb 0.97 0.69 0.12 0.28 

PAI-10 
Cd 0.85 5.52 0.06 0.43 
Pb 0.99 1.32 0.03 0.57 
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PAI-11 
Cd 0.94 9.71 0.01 0.75 
Pb 0.97 0.75 0.02 0.69 

PAI-12 
Cd 0.96 87.71 0.001 0.96 
Pb 0.98 0.92 0.02 0.70 

PAI-13 
Cd 0.99 4.61 0.006 0.89 
Pb 0.98 0.85 0.004 0.90 

PAI-14 
Cd 0.92 9.58 0.007 0.87 
Pb 0.99 1.22 0.01 0.78 

PAI-15 
Cd 0.55 14.36 0.11 0.30 
Pb 0.90 3.15 1.01 0.047 

PAI-16 
Cd 0.97 6.19 0.05 0.49 
Pb 0.99 0.79 0.05 0.47 

PAI-17 
Cd 0.98 13.85 0.02 0.63 
Pb 0.98 0.91 0.04 0.50 

 

Table 3.14: Freundlich Isotherm Parameters for Cd+2 and Pb+2 by PEIs 

 

Polymer 

 

Cation 

Freundlich Parameters 

R2 Kf n 

PEI-1 
Cd 0.96 18.18 1.66 

Pb 0.98 19.14 1.44 

PEI-2 
Cd 0.97 31.64 1.17 

Pb 0.99 18.18 1.35 

PEI-3 
Cd 0.96 23.73 1.31 

Pb 0.96 26.08 1.14 

PEI-4 
Cd 0.99 56.12 1.17 

Pb 0.99 51.89 1.14 

PEI-5 
Cd 0.84 98.63 0.96 

Pb 0.98 66.92 0.970 

PEI-6 
Cd 0.97 18.85 1.740 

Pb 0.99 31.39 1.242 

PEI-7 
Cd 0.98 42.84 1.013 

Pb 0.94 34.80 1.05 

PEI-8 
Cd 0.98 63.01 1.02 

Pb 0.89 66.43 0.99 
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PEI-9 
Cd 0.99 45.26 1.14 

Pb 0.95 43.93 1.11 

PEI-10 
Cd 0.97 151.26 0.57 

Pb 0.97 32.29 0.73 

PEI-11 
Cd 0.93 27.24 1.12 

Pb 0.93 24.13 1.18 

 

Table 3.15: Langmuir Isotherm Parameters for Cd+2 and Pb+2 by PEIs 

 

Polymer 

 

Cation 

 Langmuir Parameters 

R2 Qo b RL 

PEI-1 
Cd 0.98 0.96 0.027 0.64 

Pb 0.99 1.33 0.023 0.68 

PEI-2 
Cd 0.96 4.56 0.005 0.90 

Pb 0.99 1.66 0.022 0.69 

PEI-3 
Cd 0.96 1.90 0.014 0.77 

Pb 0.96 28.16 0.001 0.97 

PEI-4 
Cd 0.99 1.94 0.006 0.88 

Pb 0.99 2.44 0.006 0.89 

PEI-5 
Cd 0.89 0.93 0.009 0.84 

Pb 0.98 2.82 0.005 0.905 

PEI-6 
Cd 0.98 0.77 0.032 0.603 

Pb 0.99 2.14 0.01 0.831 

PEI-7 
Cd 0.99 2.49 0.01 0.81 

Pb 0.96 5.42 0.004 0.91 

PEI-8 
Cd 0.98 5.43 0.002 0.95 

Pb 0.93 1.54 0.008 0.85 

PEI-9 
Cd 0.99 3.14 0.005 0.90 

Pb 0.95 16.02 0.001 0.97 

PEI-10 
Cd 0.99 0.43 0.042 0.53 

Pb 0.99 1.43 0.032 0.60 

PEI-11 
Cd 0.99 1.50 0.028 0.63 

Pb 0.99 1.26 0.037 0.57 
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Table 3.16: Freundlich and Langmuir Isotherm Parameters for Cd+2 and 

Pb+2 by Cross-linked PAOs 

 

Polymer 

 

Cations 

Freundlich Parameters Langmuir Parameters 

R2 Kf n R2 Qo b RL 

CL-a Cd 0.96 16.88 1.16 0.96 11.09 0.004 0.92 

Pb 0.96 15.79 1.19 0.97 3.57 0.01 0.77 

CL-b Cd 0.93 16.96 1.07 0.95 7.19 0.006 0.88 

Pb 0.94 12.30 1.20 0.95 7.96 0.007 0.86 

CL-c Cd 0.96 16.94 1.10 0.96 24.27 0.001 0.96 

Pb 0.95 14.43 1.11 0.96 31.25 0.001 0.96 

 

Table 3.17: Freundlich Isotherm Parameters for Cd+2 and Pb+2 by Cross-

linked PAs 

 
Polymer 

 
Cations 

Freundlich Parameters 
R2 Kf n 

CL-1a 
Cd 0.96 16.55 1.14 
Pb 0.95 13.59 1.20 

CL-1b 
Cd 0.90 14.17 1.23 
Pb 0.85 12.92 1.22 

CL-1c 
Cd 0.96 19.0 1.07 
Pb 0.94 15.81 1.09 

CL-1d 
Cd 0.93 28.01 0.92 
Pb 0.90 25.04 0.91 

CL-1e 
Cd 0.94 17.14 1.08 
Pb 0.93 15.45 1.06 

CL-2a 
Cd 0.95 18.42 0.98 
Pb 0.95 15.65 1.01 

CL-2b 
Cd 0.93 18.62 0.87 
Pb 0.89 16.04 0.85 

CL-2c 
Cd 0.96 15.27 1.11 
Pb 0.91 11.91 1.22 

CL-2d 
Cd 0.94 26.7 0.93 
Pb 0.96 24.9 0.91 

CL-2e 
Cd 0.92 21.76 0.98 
Pb 0.92 18.92 0.96 

CL-3a 
Cd 0.96 17.47 1.14 
Pb 0.84 11.16 1.45 

CL-3b 
Cd 0.92 22.28 1.02 
Pb 0.91 20.86 0.97 

CL-3c 
Cd 0.97 25.99 0.98 
Pb 0.93 19.24 1.08 
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CL-3d 
Cd 0.97 24.48 1.03 
Pb 0.97] 21.47 1.04 

CL-3e 
Cd 0.97 33.85 0.94 
Pb 0.94 21.80 1.04 

CL-4a 
Cd 0.96 23.27 1.04 
Pb 0.95 16.55 1.14 

CL-4b 
Cd 0.96 32.58 0.86 
Pb 0.96 31.34 0.81 

CL-4c 
Cd 0.96 40.08 0.84 
Pb 0.98 32.6 0.87 

CL-4d 
Cd 0.96 19.01 1.07 
Pb 0.94 17.89 1.02 

CL-4e 
Cd 0.96 22.16 1.09 
Pb 0.95 19.90 1.07 

CL-5a 
Cd 0.88 18.20 0.99 
Pb 0.87 25.62 0.72 

CL-5b 
Cd 0.93 11.61 1.03 
Pb 0.88 9.53 1.01 

CL-5c 
Cd 0.93 13.06 1.22 
Pb 0.92 13.25 1.11 

CL-5d 
Cd 0.90 22.73 0.86 
Pb 0.85 30.15 0.69 

CL-5e 
Cd 0.94 15.81 1.09 
Pb 0.94 14.4 1.09 

CL-6a 
Cd 0.95 17.41 1.05 
Pb 0.93 15.45 1.06 

CL-6b 
Cd 0.90 14.13 1.05 
Pb 0.87 8.63 1.25 

CL-6c 
Cd 0.93 11.37 1.12 
Pb 0.87 8.63 1.25 

CL-6d 
Cd 0.94 13.09 1.14 
Pb 0.90 11.65 1.05 

CL-6e 
Cd 0.97 29.02 0.90 
Pb 0.95 20.90 1.01 

CL-7a 
Cd 0.96 17.05 1.01 
Pb 0.95 19.50 0.83 

CL-7b 
Cd 0.89 13.82 1.15 
Pb 0.91 14.04 1.08 

CL-7c 
Cd 0.93 16.29 1.12 
Pb 0.96 23.13 0.84 

CL-7d 
Cd 0.89 18.87 1.11 
Pb 0.91 22.00 0.94 

CL-7e 
Cd 0.95 34.52 0.89 
Pb 0.96 29.64 0.87 
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Table 3.18: Langmuir Isotherm Parameters for Cd+2 and Pb+2 by Cross-linked 

PAs 

 

Polymer 

 

Cations 

 Langmuir Parameters 

R2 Qo b RL 

CL-1a 
Cd 0.98 5.64 0.008 0.848 

Pb 0.97 4.50 0.013 0.791 

CL-1b 
Cd 0.93 28.4 0.001 0.966 

Pb 0.91 7.05 0.007 0.871 

CL-1c 
Cd 0.97 8.31 0.005 0.904 

Pb 0.96 5.75 0.008 0.851 

CL-1d 
Cd 0.95 1.48 0.022 0.688 

Pb 0.92 1.29 0.027 0.641 

CL-1e 
Cd 0.96 5.86 0.007 0.862 

Pb 0.96 4.0 0.013 0.793 

CL-2a 
Cd 0.97 2.39 0.019 0.714 

Pb 0.98 3.80 0.014 0.773 

CL-2b 
Cd 0.95 1.28 0.040 0.554 

Pb 0.90 1.04 0.054 0.477 

CL-2c 
Cd 0.98 70.92 0.0007 0.984 

Pb 0.95 476.1 0.0001 0.997 

CL-2d 
Cd 0.95 1.51 0.022 0.686 

Pb 0.96 1.65 0.023 0.682 

CL-2e 
Cd 0.90 1.74 0.022 0.692 

Pb 0.93 1.61 0.027 0.643 

CL-3a 
Cd 0.97 47.8 0.0009 0.981 

Pb 0.94 4.15 0.012 0.793 

CL-3b 
Cd 0.92 2.31 0.015 0.761 

Pb 0.91 1.755 0.023 0.684 

CL-3c 
Cd 0.97 2.985 0.012 0.807 

Pb 0.96 4.87 0.008 0.856 

CL-3d 
Cd 0.98 6.422 0.005 0.899 

Pb 0.98 6.207 0.006 0.884 
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CL-3e 
Cd 0.98 2.03 0.014 0.779 

Pb 0.96 4.043 0.009 0.842 

CL-4a 
Cd 0.97 4.175 0.008 0.852 

Pb 0.97 163.9 0.0002 0.994 

CL-4b 
Cd 0.97 1.28 0.025 0.662 

Pb 0.97 1.08 0.033 0.60 

CL-4c 
Cd 0.97 1.10 0.024 0.66 

Pb 0.98 1.53 0.021 0.69 

CL-4d 
Cd 0.97 8.31 0.005 0.90 

Pb 0.97 3.41 0.014 0.78 

CL-4e 
Cd 0.98 13.2 0.002 0.94 

Pb 0.97 6.09 0.006 0.88 

CL-5a 
Cd 0.91 1.75 0.025 0.66 

Pb 0.89 0.60 0.07 0.41 

CL-5b 
Cd 0.97 3.23 0.022 0.69 

Pb 0.91 2.44 0.035 0.58 

CL-5c 
Cd 0.96 8.70 0.006 0.88 

Pb 0.95 5.53 0.01 0.82 

CL-5d 
Cd 0.93 1.06 0.039 0.56 

Pb 0.87 0.61 0.066 0.42 

CL-5e 
Cd 0.96 5.75 0.008 0.85 

Pb 0.94 5.25 0.01 0.82 

CL-6a 
Cd 0.98 5.20 0.009 0.84 

Pb 0.96 4.006 0.013 0.793 

CL-6b 
Cd 0.94 2.86 0.019 0.717 

Pb 0.88 17.85 0.004 0.914 

CL-6c 
Cd 0.95 7.36 0.009 0.84 

Pb 0.88 17.85 0.004 0.91 

CL-6d 
Cd 0.96 11.87 0.004 0.90 

Pb 0.94 2.35 0.02 0.63 

CL-6e 
Cd 0.98 1.88 0.018 0.72 

Pb 0.98 3.64 0.011 0.81 
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CL-7a 
Cd 0.98 3.97 0.013 0.79 

Pb 0.96 1.12 0.04 0.52 

CL-7b 
Cd 0.92 4.91 0.01 0.82 

Pb 0.92 3.25 0.016 0.74 

CL-7c 
Cd 0.96 7.91 0.005 0.89 

Pb 0.97 1.25 0.03 0.58 

CL-7d 
Cd 0.89 3.65 0.01 0.82 

Pb 0.92 1.35 0.028 0.63 

CL-7e 
Cd 0.96 1.40 0.021 0.70 

Pb 0.97 1.38 0.025 0.66 

 

 

3.7. Relative Uptake of Divalent Cations 

A mixture of divalent cations was subjected for the comparative sorption of the 

respective cation with the adsorbent at similar conditions. The same trend was 

observed with all newly synthesized macromolecules and their cross-linked systems 

showed different binding capacities towards various cations as given in Figure 3.40. 

The maximum uptake was observed with iron cations followed by lead, cadmium and 

copper ions. Iron cations have the highest ionic strength; they can compete with the 

available cations in solution and actively bind to nucleophilic centers. Among the 

chosen heavy metals, lead and cadmium, lead had more affinity towards a chelating 

group which supported the data from individual studies. Hence polyamidoximes 

prove as promising technique for the adsorption of heavy metal ions from waste 

waters. Effluent waters from industries containing substantial dosage of heavy metals 

can be processed using this adsorbent, if the supply system is free of corrosion which 

in turn adds iron to water.   
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Figure 3.40: Relative uptake of Bivalent Cations by a. PAOs, b. PAIs, c. PEIs, d. 

Cross-linked PAOs, e. Cross-linked PAs 

 

3.8. Conclusions 

From this research work a concise depiction emerged for the production of novel 

high performance materials, which are given as: 

• Various productive synthetic routes were discerned for the synthesis of 

polyamidoximes, poly(amide-imide)s, poly(ester-imide)s, cross-linked 

polyamidoximes and polyamides in high yields. 

• All the macromolecules synthesized were subjected to various analyses e.g., 

solubility, crystallinity, molecular weight and thermal behavior. 

• The main objective of the present work was to fabricate different adsorbents 

for the adsorption of heavy metal cations, while focusing their behavior 

towards cadmium and lead cations. 

• Polyamidoximes were functionalized from cyano groups, utilizing aqueous 

ammonium hydroxide with more than 95% yield. 

• Excellent metal ions chelation was observed in case of polyamidoxime as 

adsorbent utilizing claws of the pendant groups on the backbone. 

• Novel trifunctional monomer with imide linkage, 5-(5-(chlorocarbonyl)-1,3-

dioxoisoindolin-2-yl)isophthaloyl dichloride (CCDIIPD), was synthesized 

imparting three dimensional networks in various polymers. 

• A series of aromatic and semi-aromatic poly(amide-imide)s and poly(ester-

imide)s was synthesized and characterized. 
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• A new generation of bridged polyamidoximes has been synthesized with 

improved crystallinity, thermal resistance but compromised solubility. 

• An innovative strategy was applied for the cross-linking of polyamides 

consuming pendant amino groups was also lucrative. This cross-linking with 

rigid aromatic groups used in bridging introduced exceptional thermal 

stability. 

• An approach for designing new potential adsorbents was also successful 

extensively studied by batch processes to optimize various parameters for 

maximum adsorption capacity. 

• The adsorption process was highly dependent on the pH of the medium. In 

acidic solutions, no prominent metal binding was observed while an increasing 

pH increased the metal ion uptake with 6 as the optimized pH value. A basic 

medium is supposed to increase the interaction of the cations with the binding 

sites. Metal hydroxides are precipitated thus making them less available to be 

taken in solution form. 

A succinct review of the important observations engendered from the present 

study may be summarized as the following. 

The basic focus of the present study was to design synthetic adsorbents with 

various functionalities having stronger interactions for the removal of toxic cations. 

Three new monomers were synthesized and characterized using spectral analyses i.e., 

2, 6-bis (4-chloroformylphenoxy) benzonitrile (BCFPBN), 2,6-bis(4-aminophenoxy) 

benzonitrile and 5-(5-(chlorocarbonyl)-1,3-dioxoisoindolin-2-yl) isophthaloyl dichloride 

(CCDIIPD). Another objective was to review the potential of all the synthesized 

macromolecules to be used as adsorbents for various cations.  

Polyamidoximes (PAOs) were synthesized from nitrile containing monomers by 

condensation polymerization. Cyano group were converted to amidoximes by means 

of hydroxylamine in aqueous media. The polymers showed amorphous nature 

depicted from their XRD patterns, while the thermal behavior displayed bulk stability 

in the range of 410-450oC. All polymers were subjected to GPC measurements which 

gave high molecular weight polymeric materials. Poly(amide-imide)s (PEIs) and 

poly(ester-imide)s (PEIs) were synthesized from imide based trifunctional monomers 

subjected to highly entangled and three dimensional polymeric networks. This 

polymer networking showed appreciable chain orientation with good crystallinity. 
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Another series led to the formation of cross-linked PAOs and PAs. Crystallinity was a 

key to confirm the interlinking of neighboring chains. In this venture, XRD patterns 

clearly depicted sharp peaks engendered to chain packing while TGA plots exhibited 

stability at a range of 420-600oC and 392-490oC for PAIs and PEIs respectively. 

Extraordinary char yields, after interlinking established the firmness and stability of 

the polymer systems. Cross-linking of polyamides ensued to a substantial 

improvement in crystallinity engendered to stiffer and firm chains. The results from 

TGA studies showed their superior heat resistance owing to the formation of stiff 

imide and additional amide linkages. Decomposition temperatures were effectively 

improved with elevated char yields with respective to the parent polyamides.  

The adsorption of the toxic heavy metal cations; Cd+2 and Pb+2 was studied by 

batch processes with variable parameters to optimize the conditions with maximum 

adsorption capacities. All the newly synthesized polymers showed maximum 

adsorption capacities at a pH value of 6. The adsorption of cations followed an 

increasing trend with increasing pH and then leveled off at 6. More binding capacities 

can be proposed in basic media but then these ions precipitates as their respective 

hydroxides. An insight to the adsorption behavior for the above mentioned adsorbents 

support them to be potential candidates for their use in aqueous media. The data better 

fitted the Langmuir adsorption isotherm as compared to the Freundlich isotherm 

suggesting monolayer and a favorable adsorption mechanism. 

The outstanding performances of the recently synthesized polymers with 

advanced properties add up a new class of potential adsorbents. Nowadays innovative 

research is based on the removal of noxious heavy metals posing serious health 

hazards. This work will broaden the view of designing polymeric adsorbents with 

chelation as in case of PAOs or coordination of metal ions as with PAIs, PEIs or PAs. 

These polymers with high molecular weights, extraordinary heat resistance, better 

yield and improved crystallinity having close chain packing will surely ascertain their 

validity in the forefront of the upcoming investigations. These genera of materials 

may better replace many of the known adsorbents or ion exchange resins for water 

treatment in addition to having a number of valuable applications on large scale.  

 

 

 



131 
 

3.9.Future Prospects 

The exploration from the present endeavor regarding design, synthesis, 

characterization of polymers and their use as adsorbent towards noxious metal ions 

presents a snapshot for future outstanding materials with their expedient applications.  

• Methods of synthesis are quite controllable for the synthesis of polymers and 

their cross-linked counterparts leading to high molecular weight, thermally 

stable and high performance materials. 

• Polyamidoximes, poly(amide-imide)s, poly(ester-imide)s, cross-linked 

polyamidoximes and polyamides because of their high yield and less solubility 

in common organic solvents make them attractive for the recovery after 

adsorption which is of great interest to polymer scientists and technologists. 

• These polymers are to be studied in further detail regarding the binding 

between adsorbate and adsorbent to add more information in this fascinating 

area owing to their commercial and practical applications.  
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