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Synopsis 

This thesis represents our effort in using principles of coordination chemistry to address 

problems related to heavy metal removal from wastewater. In the present research, emphasis 

was given to understanding amine polymers and increasing their adsorption capacities by 

modifying their current forms or introducing new functional groups to the monomeric units 

to increase site accessibility for better metal adsorption. 

The thesis has been divided into five chapters. A chapter-wise summary of the work is 

given below. 

Chapter 1. 

This chapter contains an up-to-date brief literature review on the toxicity of various 

heavy metals, different methods, materials used for the heavy metal removal, and the 

underlying chemistry.  

Chapter 2. 

This dissertation chapter explores the synthesis, characterization, and application of 

aniline formaldehyde condensate (AFC) polymers. AFC is a polymer with an amine 

functional group. It can exist in either an acid salt or free amine form. AFC Polymers in 

salt form, Poly-1s, and Poly-2s, were synthesized by switching the ratio between isopropanol 

to an aqueous solution in the reaction medium from 3:1 to 1:3. Another Poly-3s was 

prepared in a reduced volume using an intermediate solvent ratio.  All three were 

hydrophilic with a contact angle of 0°. Treatment with a base produced the corresponding 

polymers in a free base form (Poly-1b, Poly-2b, and Poly-3b). Elemental analysis, FTIR, 

and MALDI mass analyses confirmed the formulation of the salt form and free base form 

without significant changes in the chemical identity of the polymers. Contact angle 
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measurements showed that Poly-1b (from Poly-1s) was superhydrophobic (contact angle 

154°), whereas Poly-2b (from Poly-2s) was hydrophilic (contact angle 0°). The reversal in 

hydrophobicity between Poly-1b and Poly-2b indicated a significant change in the 

orientation of the amine group. Figure 2a shows the mechanism of polymer spheroids 

formation in two opposite polarity solvents that resulted in different surface morphology 

(FESEM image) and surface hydrophilicity (contact angle image). The surface area from 

the BET isotherm also showed the difference in surface property of those three versions of 

AFC. 

 
Figure 2a. Scheme of the mechanism of formation of polymer spheres (left); FESEM images of 

the modified AFC polymers (right-top): Poly1s(isopropanol:water 3:1), Poly-2s(isopropanol:water 
1:3); contact angle images of the polymers (right bottom). 

 
We used them to bind chromate from the aqueous solution. It has been found that 

among the base forms of the AFC (i.e., free amine version), the one with amine groups 

orientated towards the surface of the polymer spheres (Poly-2b, synthesized from Poly-2s 

in Figure 2a), showed maximum binding with Cr(VI). The accessibility of the amine groups 
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in the base forms of AFC varied depending on which solvent mixture was being used during 

polymer synthesis. On the other hand, almost all the three forms of AFC showed similar 

Cr(VI) binding among the salt forms. By changing the form of AFC (from free amine to 

protonated quaternary amine), the Cr(VI) adsorption capacity drastically increased to a 

maximum value of ~150 mg/g, which is the highest ever reported for AFC. Figure 2b 

describes how a simple change in solvent ratio results in different orientations of the amine 

group, which increases the resultant AFC polymer's Cr(VI) adsorption capacity. 

 
Figure 2b. Reversal of solvent ratio led to a different mechanism of polymer core formation, 

which in turn affect the surface property, amine site accessibility, and chromate binding. 
 

This work demonstrates that the relationship between surface property and amine site 

accessibility profoundly impacts chromate binding property. 

Chapter 3. 

This chapter focused on two topics, (A) long-term storage effect on the salt versions of 

AFC (which showed the highest ever reported chromate adsorption capacity) in chromate 

adsorption, and (B) application of the salt versions in another toxic heavy metal, Hg(II) 

adsorption. Our idea was to make an easy to synthesize material, which can serve as 

adsorbents for different heavy metals and be stored and used for a long time without losing 

efficiency.  
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We found that due to the release of the acid from the protonated form, the morphology 

and surface area changed drastically over time, making them more similar to the 

corresponding base forms. This effect is prominent in Poly-1s, and Poly-2s synthesized in a 

larger solvent volume than the third polymer, Poly-3s. As a result, the chromate adsorption 

capacity of Poly-1s and Poly-2s decreased with time. Only Poly-3s held its effectivity 

towards chromate adsorption, showed more than 80% removal of chromate from aqueous 

solution.  

In applying the salt forms of the AFC polymers in Hg(II) removal, we found that they 

showed excellent Hg(II) adsorption. All three forms showed more than 95% removal at 50 

mg/g of Hg(II) concentration. The maximum adsorption capacity was ~150 mg/g at ~74% 

removal by Poly-2s, with amine groups on the surface.  

This chapter has shown that the modification during synthesis increased the chromate 

adsorption capacity of the resultant versions of AFC and showed excellent Hg(II) removal 

with high Hg(II) adsorption capacity. The salt versions of AFC can also be stored and used 

for a longer period for chromate adsorption.  

Chapter 4. 

In the last two chapters, we focused on synthetic modification of AFC polymer to 

increase its metal adsorption and effectivity in long-term storage. We wanted to incorporate 

some other metal coordinating donor sites into the polymeric system. This chapter studied 

the Hg(II) complexation behavior with some imidazole, pyridine, and thiophene-derived 

small-molecule ligands before introducing them in the polymeric chain. We synthesized the 

ligands and their Hg(II) complex, characterize them, and studied which donor site shows 

better Hg(II) complexation. The Hg(II) complexes' characterization was performed using 

1H, COSY NMR, ESI mass, elemental analysis, and single-crystal X-ray diffraction studies. 

Figure 4a shows the schematic diagram of the Hg(II) complexes of the imidazole and 
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pyridine-based ligands with the coordination induced shifts obtained from the NMR study 

and the respective complexes’ experimental and stimulated mass spectra. 

 
Figure 4a. Coordination induced shift from 1H NMR experiments of the synthesized Hg(II) 

complexes (top left); ESI mass spectra of Complex-1 (top right); ORTEP diagram of Complex-5 
obtained from the reaction of Hg(II) and thiophene ligand (bottom left); ESI mass spectra of 

Complex-5 (bottom right). 
It has been found that the imidazole-derived ligand showed strong complexation with 

Hg(II) followed by the pyridine-derived ligand. However, the thiophene derived ligand was 

hydrolyzed while reacted with Hg(II), resulting in the formation of bis-complex of the 
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starting amine compound, which was used for the ligand synthesis (crystal structure of this 

amine complex is shown in Figure 4a) and bis-complex of Ag(I) of the thiophene derived 

ligand. This Ag(I) came as an impurity from the Hg(II) salt we used, and the thiophene 

ligand preferred that Ag(I) instead of Hg(II). 

Chapter 5. 

In the second and third chapters, we worked with an aniline-derived polymer, which is 

not environmentally friendly. Therefore, we wanted to use an environment-friendly system 

that can be used for areas where our AFC cannot be used. We hence choose chitosan, a 

biopolymer that has similar free amine groups. We modified chitosan with the same donor 

sites, imidazole, pyridine, and thiophene donor groups, the schematic diagram shown in 

Figure 5a. 

 
Figure 5a. Scheme describing the chitosan ligands.  

 
In Figure 5b, 1H NMR, ESI mass, TGA-DSC, and elemental analysis data of Ch-imi, 

the imidazole modified chitosan are shown. 
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Figure 5b. 1H NMR spectra of modified polymeric chitosan Schiff base, Ch-imi (left top); TGA-
DSC of Ch-imi material (right-top); ESI mass spectra of Ch-imi (left bottom); Elemental analysis 

scheme of Ch-imi (right bottom). 
 

The three modified chitosan materials were used for the removal of mercury from the 

aqueous solution. Effect of solution pH, Hg(II) concentration, isotherm analysis of 

experimental data, the effect of other metal ions on Hg(II) binding, Hg(II) binding kinetics 

were also examined. Figures 5c shows the variation of Hg(II) removal (%) and adsorption 

capacity (mg/g) with solution pH and the isotherm analysis of that experimental data by 

the chitosan polymers. Imidazole derivative of chitosan (Chi-Imi) is significantly more 

effective than the other two. Chi-Imi removes 90-98% of mercury from 50-200 mg/L solution 

in the 2-7 pH range (Chi-imi used was 1 g/L,  maximum uptake 190 mg/g, 10 min). The 

preferential binding of mercury with sulfur-containing donor groups is well known. We were 
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surprised to see that imidazole, common in proteins, is more effective than either pyridine 

or cyclic thioether.  

 

 
Figure 5c. Hg(II) removal by the modified chitosan materials at 50 mg/L concentration (left); 

isotherm fitting of the experimental Hg(II) adsorption data of Ch-imi (right). 
 

Characterization data on the complexes helped us understanding the bonding of mercury 

in the polymer system. By nature, adsorbents have to be insoluble, limiting the 

understanding of chemical bonds between the materials and the mercury as not all 

spectroscopy support characterization in an insoluble form. This method of parallel study 

is simple enough to implement and can lead to more efficient adsorbents in other areas. 

 

 

 
 

  

TH-2909_156152009



Contents | xv 
 

Contents 

Declaration        (i) 

Certificate        (iii) 

Acknowledgments        (v) 

Synopsis        (vii) 

Chapter 1 Introduction: Background & Summary, Literature Survey, 
Objective 
 

       1 

Chapter 2 Site orientation, accessibility, and surface hydrophobicity 
control on AFC polymer to increase hexavalent chromium 
removal performance 
 

       35 

Chapter 3 Long term storage property and Hg(II) adsorption behavior 
of the salt version of the AFC polymers 
 

       89 

Chapter 4 Complexation of thiophene, pyridine, and imidazole derived 
Schiff base ligands with Mercury(II) 
 

       123 

Chapter 5 Effect of functionalization of Chitosan, biological 
macromolecule with thiophene, pyridine, and imidazole 
derived groups on its Hg(II) uptake 

       151 

Findings of the thesis        193 

List of publication        195 

TH-2909_156152009



TH-2909_156152009



 
 

Chapter 1 

Introduction: Background & Summary, 
Literature Survey, Objective 

 
 
 
 

TH-2909_156152009



  
 

  

TH-2909_156152009



Chapter 1 | 3 
 

1.1. Purpose of the present investigation 

The purpose of the work comprising this thesis is a study of amine group 

functionalization on heavy metals binding examined using polymers with amine donor sites. 

Polymeric backbone would act as solid support to remove heavy metals from wastewater, 

and the functionalization at the amine centers would provide better complexation or binding 

with the heavy metals. 

Heavy metals, in anionic or cationic forms, are the dominant contaminants and multiple 

industrial such as leather tanning, electroplating, paint, pigments, dyeing, and textile 

applications led to their wider distribution in the evironment.1–3 They possess severe water 

pollution, threatening the environment and human health. WHO recommended a maximum 

permissible limit of such compounds in wastewater. Therefore, there is an urgent need to 

develop efficient and practical techniques for removing toxic metals from wastewater before 

it gets discharged into the environment and from drinking water. Researchers have focused 

on the selective removal of toxic heavy metal compounds from waste and drinking water 

during the last few years.38-51  

In what follows, we briefly summarize the various aspects of the toxicity of heavy metals, 

various materials used to remove them from wastewater, the mechanism of removing those 

ions, and the underlying chemistry. This will help to set up the background for going into 

our work. 

1.2. Heavy metal toxicity 

Heavy metals are defined chemically based on their atomic weights and specific gravity 

values. The elements from the fourth period of the periodic table having atomic weights 

between 64 and 201 with a specific gravity greater than 5.0 are termed as heavy metals.4 

The word-heavy metal, though, refers to the element having a higher density and toxic even 
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at low concentration. Some heavy metals, e.g., VO4
2-, VO2+, VO2

+, MoO4
2-, MoO2

2+, Mn(II), 

Fe(II/III), Co(III), Cu(II), Zn(II), etc., are essential in trace amounts, but their excessive 

levels can be harmful to living organisms.5 On the other hand, some heavy metals, e.g., 

Cr(VI), Cd(II), Hg(0/I/II), As(III), Pb(II), etc., are non-essential and are toxic, considered 

a significant threat to the environment6. Unlike organic contaminants, these heavy metals 

are stable and persistent contaminants, which cannot be degraded or destroyed and 

accumulate in soil and sediments. Naturally, heavy metals are found in the environment, 

but the anthropogenic sources contaminate the environment highly compared to the natural 

sources leading to serious concerns. These led to several catastrophes, e.g., Minamata 

disaster in Japan due to mercury, Itai-Itai in Japan due to cadmium, Sandoz factory leakage 

of mercury in Switzerland etc. Heavy metals in wastewater are a major environmental 

problem as it is challenging to remove them from the water.  

Natural sources of these heavy metals include volcanic activity, forest fires, metamorphic 

rocks and salts, fossil fuels, etc. However, the extent of such natural release of heavy metals 

is harmless to the environment. The anthropogenic sources sometimes alter heavy metals' 

geological and biological distribution by altering the chemical forms of the heavy metals 

being released into the environment. This kind of alteration affects heavy metal's toxicity, 

making them bioaccumulate in plants and animals7. Among the various heavy metals, 

mercury(II), lead(II), chromium(VI) has much toxicity higher compared to other heavy 

metals. As they have bioaccumulative properties that increase along the food chain, their 

toxicity is more pronounced in the animals at higher levels of the food chain. The United 

States Environmental Protection Agency and the International Agency for Research on 

Cancer (IARC) have classified these metals as probable human carcinogens based on 

experimental studies. Some of the heavy metals, their sources, and their toxic effects are 

summarized in Table 1.1.  
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Table 1.1. Source common of heavy metal ions and their toxic effect on human 

Heavy metal ion Source Toxic response Ref. 

Chromium (Cr) 

Oxidation states in Nature: 

Cr(III), Cr(VI); 

Ferrochromite (FeCr2O4) 

and crocoite (PbCrO4) 

 

Natural: Weathering of rock, 

microbial colonization, volcanic 

eruption 

Anthropogenic: Electroplating, 

leather, and tanning, textile, 

pigments, metalliferous mining, 

agricultural materials fertilizers 

Ailments in humans:  

Genotoxic, epigastric pain, kidney and liver damage, 

renal failure, intravascular hemolysis, alopecia 

Effect at the cellular level: Carcinogenic and 

mutagenic 

Uptake mechanism: mimic the SO4
2– and PO4

3– ions 

and uptake via Sulfate/phosphate anionic 

transporters. 

Mechanism of toxicity: Redox cycling 

8–12,13  

    

Mercury (Hg) 

Oxidation states in nature: 

Hg(0), Hg(I), Hg(II); 

cinnabar (HgS), corderoite 

(Hg3S2Cl2), and livingstonite 

(HgSb4S8) 

Natural: Weathering of rock, 

volcanic eruption 

Anthropogenic: Mining, 

combustion of fossil fuels, oil 

refinery, battery 

manufacturing, electrical 

equipment, smelters, chlorine, 

Ailments in humans:  

Embryocidal, cytochemical and histopathological 

effects, congenital disabilities and miscarriages, 

allergic reactions, skin rashes, memory loss 

Effect at cellular level: Neurotoxic 

14–18,13 
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and chloroalkali manufacturing 

processes 

Uptake mechanism: mimic the Mn2+ and Zn2+ ions 

and uptake via Specific transport proteins (MerP 

and MerT) but still not well understood. 

Mechanism of toxicity: Redox-inactive reaction 

    

Cadmium (Cd) 

Oxidation states in nature: 

Cd(II); Greenockite (CdS), 

niedermayrite 

(Cu4Cd(SO4)2(OH)6·4H2O), 

otavite (CdCO3), 

and cadmoselite (CdSe) 

Natural: sea salt spray, 

volcanic activities, erosion 

Anthropogenic: Electroplating, 

batteries, smelting, pigments, 

iron and steel industry 

Ailments in humans: Central nervous system 

damage, bone defects (osteomalacia), lung cancer, 

inhibited reproduction, lung emphysema, inhibits 

calcium control in a biological system 

Effect at cellular level: Carcinogenic 

Uptake mechanism: mimic the Ca2+, Zn2+, and other 

divalent cations and uptake via Essential divalent 

metal transporters (e.g., Fe2+, Ca2+, and Zn2+ 

channels) and a carrier protein (divalent cation 

transporter 1 (DCT1)). 

Mechanism of toxicity: Redox-inactive reaction 

13,19–24 

    

Lead (Pb) 

Oxidation states in nature: 

Pb(II), Pb(IV); galena 

Natural: Weathering of rock, 

volcanic eruption 

Ailments in humans: Effects the synthesis of 

hemoglobin, disruption of nervous systems and 

13,25–29 
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(PbS), crocoite (PbCrO4), 

anglesite (PbSO4), 

pyromorphite (Pb5(PO4)3Cl), 

coronadite (PbMn8O16), and 

cerussite (PbCO3) 

Anthropogenic: Battery, paper 

and pulp, paints and pigments, 

mining, electroplating, 

metallurgical industries 

damage of the brain and reproductive system, 

paralysis of muscles 

 

Effect at cellular level: Neurotoxic 

Uptake mechanism: mimic the Ca2+, Zn2+, and other 

divalent cations and uptake via Essential divalent 

metal transporters (e.g., Fe2+, Ca2+, and Zn2+ 

channels) and a carrier protein (divalent cation 

transporter 1 (DCT1)). 

Mechanism of toxicity: Redox-inactive reaction 

    

Arsenic (As) 

Oxidation states in nature: 

As(III), As(V); arsenopyrite 

(FeAsS), cobaltite (CoAsS), 

niccolite (NiAs), realgar 

(AsS), orpiment (As2S3), and 

arsenolite (As2O3) 

Natural: Weathering of rock, 

volcanic eruption 

Anthropogenic: 

Usage of fossil fuels, fertilizers, 

mining, semiconductors 

 

Ailments in humans: Arsenicosis,  cirrhotic portal 

hypertension, hepatic angiosarcoma, cortical necrosis,  

Effect at cellular level: Carcinogenic and neurotoxic 

Uptake mechanism: mimic the PO4
3– for As(V) and 

uptake via As(III) through the glycerol and As(V) 

through phosphate transport 

Mechanism of toxicity: Redox-inactive reaction 

13,30–36,37 
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The information obtained from the above discussion of heavy metal toxicity can be 

summarized as follows: 

(a) Most of the heavy metals are carcinogenic and neurotoxic threatening human health. 

(b) The anthropogenic industrial works discharge significant amount of various heavy 

metals into the environment. 

Thus, there is an urgent need to develop effective and efficient techniques for reducing 

heavy metal contamination of wastewater. 

 

1.3. Heavy metal removal techniques 

In the previous section, we described various sources and toxic effects of heavy metals 

released by different industries into the wastewater, which is present in some soluble form. 

Water pH, oxidation states of the metal, the redox environment of the system, etc., control 

the solubility of those heavy metals., Different techniques have been utilized to remove 

them from the wastewater. Screening, settling, and filtration like simple physical separation 

techniques are inadequate to separate these metal ions. Methods like chemical precipitation, 

ion exchange, membrane filtration, electrochemical method, adsorption, etc., are the most 

available techniques. These methods are broadly categorized into three: physical, chemical, 

and biological methods. Each of these methods has its advantages and limitations. Table 

1.2 and Figure 1.1 summarize a listing of the removal methods and their known properties.  
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Table 1.2. Various heavy metal removal techniques: their advantages, disadvantages 

Removal 

methods 

Method technique Advantages Disadvantages Heavy 

metals 

References 

Chemical 

precipitation 

By changing the physical 

state of the dissolved 

heavy metals by adding 

chemicals. Common 

precipitants include 

hydroxide, sulfide, 

carbonate.  

Cost-effective Separation issue in each 

filtration or sedimentation 

process. This process 

requires many chemicals to 

reduce the heavy metals, a 

large amount of sludge 

generation, and sludge 

disposal cost. 

Ni(II), 

Pb(II), 

Cr(VI), 

Cd(II) 

38 

      

Coagulation and 

flocculation 

Destabilize the colloidal 

heavy metals by using a 

chemical coagulant and 

results in sedimentation.  

Cost-effective, dewatering 

qualities 

Generation of sludge, 

operational cost due to a 

large amount of chemical 

utilization 

Cu(II), 

Pb(II), 

Cr(VI), 

As(II) 

39 

      

Membrane 

filtration 

Ultrafiltration, 

nanofiltration, reverse 

osmosis 

High removal efficiency, low 

space requirement 

Complexity in the process, 

higher cost, membrane 

Cu(II), 

Fe(II), 

Cd(II) 

40 
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fouling, and lower permeate 

flux 

      

Electrochemical 

method 

Recovery of the heavy 

metals in the elemental 

metallic state by using 

the cathodic and anodic 

reactions in the 

electrochemical cell 

Efficient for the removal of 

essential metal ions, low 

chemical usage 

Electrochemical method 

requires higher initial 

investments, costly power 

supply 

Cd(II), 

Cu(II), 

Hg(II), 

Ni(II), 

Pb(II), 

Zn(II) 

41,42 

      

Ion exchange Ion exchange between a 

solution and an ion 

exchanger, an insoluble 

solid or gel 

High efficiency, fast process, 

synthetic resins are the most 

common 

Removes only limited metal 

ions, operational cost is high, 

secondary pollution from 

regeneration 

Cu(II), 

Zn(II), 

Cd(II), 

Pb(II), 

As(III), 

As(V) 

43 

      

Bioremediation Bioremediation is a 

process where the 

biological systems, 

Beneficial for removing 

heavy metals 

Most of the biomasses can 

remove heavy metals from 

the wase water, but they 

Cd(II), 

Ni(II), 

Zn(II) 

44,45 
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plants, and 

microorganisms are used 

to remove toxic 

pollutants from the 

aquatic environment 

cannot act as alternative 

materials in actual industrial 

wastewater treatment 

      

Adsorption Activated carbon, carbon 

nanotubes (CNT), bio 

adsorbents, synthetic 

absorbents, etc.  

Adsorption method is 

currently perceived as the 

most economical, efficient, 

and selective treatment 

method for removing heavy 

metals from wastewater. 

Easy operation, less sludge 

production, utilization of 

low-cost adsorbents 

Activated carbon-high price, 

also efficiency varies 

depending on the source, 

depends on the adsorbent 

type and adsorbent require 

regeneration 

Cd(II), 

Cu(II), 

Ni(II), 

Zn(II), 

Cr(VI), 

Hg(II) 

46–51 
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Figure 1.1. Flowchart showing various heavy metal removal methods. 
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The summary shows that there is still an imperative need to revise effective, efficient, 

economic and environmentally safe strategies that can minimize the heavy metal ion 

concentration from toxic to safe limits in the environment. Amongst all the removal methods 

adsorption process is the most widely used in wastewater treatment due to its simplicity 

and cost-effectiveness. However, in recent years various types of material have been used as 

an adsorbent in removing toxic heavy metals from several industrial effluents. 

1.4. Heavy metal removal by adsorption technique 

Adsorption is accumulation of molecular species onto the surface. Molecules that have 

been adsorbed on the surface are referred to as adsorbates and the surface to which they 

are adsorbed as adsorbents. Adsorption differs from absorption in which the absorbate mixes 

with the absorbent. Adsorption is a surface phenomenon, while absorption involves the 

whole volume of the material. The adsorption process can occur at the interface between 

any two phases, such as liquid-liquid, gas-liquid, gas-solid, or liquid-solid interfaces. In the 

case of liquid-solid interfaces, three types of adsorptions can be possible: (a) physical 

adsorption, which involves Vander Waal’s attraction, (b) chemical adsorption due to the 

formation of a chemical bond, and (c) exchange adsorption where electrical attraction occurs 

between the adsorbates and adsorbents. Most of the adsorption phenomena are a 

combination of the three forms of adsorption. The adsorption process is efficient and most 

economical for the heavy metal removal from the effluent. In the adsorption process, 

adsorbents can be regenerated by the desorption process, and the regenerated adsorbent 

can be reused for several purposes. Adsorption technique is a simple, flexible method that 

does not produce toxic pollutants, and where the separation of heavy metals is also simple. 

Surface area, porosity, functional groups determine the efficiency of an adsorbent. A 
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selective list of different types of adsorbents used for removing various heavy metals is 

summarized in Table 1.3. 

Table 1.3. Various adsorbents used for heavy metal removal 

Adsorbents Heavy 
metal 

Adsorption 
capacity 

Functional group Reference 

Activated Carbon     
Fly ash Cd(II) 1 Metal oxides 52 
Coconut shell Pb(II) 26 Carboxylates 53 
Coal Furfural Hg(II) 92-174 - 54 
Coconut Commercial 
FS-100 

Cr(VI) 74 - 55 

Hevea Brasilinesis Cr(VI) 44 Activated carbon 56 
Tree fern Cu(II) 12 - 57 
Peanut husk Cd(II), Pb(II) 51, 114 Carboxyl, phenolic 

hydroxyl 
58 

Herbaceous peat Cu(II) 5 Lignin, cellulose, and 
fulvic and humic acid 

59 

Grafted silica Pb(II), Cu(II) 38, 16 N-[3-
(trimethoxysilyl)propyl]-
ethylenediamine 

60 

Cellulose grafted 
copolymers 

Cu(II), Cd(II) 13, 13 polyacrylonitrile and 
poly(acrylic acid) 

61 

     
Bio-adsorbents     
Papaya wood Cd(II), 

Cu(II), Zn(II) 
17, 20, 14 Cellulose, protein, lignin 62 

Marine algae Cd(II) 12 Carboxylic 63 
Maize bran Pb(II) 98 Metal oxides 64 
Biomass of Rhizopus 
arrhizus 

Cr(VI) 24 Amine, hydroxyl 65 
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Ulva Lactuca Hg(II) 149  66 
Grape stalks Cu(II) 10 Lignin 67 
     
Functional 
polymers 

    

Herbicide 2,4-
dichlorophenoxylicac
etic acid 

Cu(II), Ni(II), 
Zn(II), Cd(II) 

27, 19, 18, 16 Carboxylic acid 68 

Commercial silica 
grafted with an 
ethylediamine 
derivative, N-[3-
(trimethoxysilyl) 
propyl-
ethylenediamine] 

Cu(II), Pb(II) 17, 38 amine 60 

Poly(glycidylmethacr
ylate-co-
methylmethacrylate) 

Cr(VI) 2-23 acrylate 69 

Aminated 
polyacrylamides and 
divinylbenzene 

Co(II), Ni(II), 
Cu(II), Zn(II), 
Hg(II) 

47, 38, 173, 
130, 797 

amine 70 

 
The information obtained from the above discussion is that adsorbents can be used for 

the purpose of heavy metal removal, though effectivity and specificity vary with different 

adsorbents. A flowchart diagram of the above discussion is given in Figure 1.2. 
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Figure 1.2. Flowchart showing the summary of various adsorbents used to bind heavy metals. 

TH-2909_156152009



Chapter 1 | 17 
 

 

1.5. Functionalized materials as adsorbents for 

heavy metal removal: Usefulness of the amine 
functional group 

Section 1.2 to 1.4 gave an overview scenario of the toxicity of different heavy metals 

and various methods used for their removal. The adsorption method was found to be the 

economically and technically most feasible method. The effectiveness of the adsorption 

process for the removal of pollutants depends on the adsorbent used.57,59-62,67,68,70 Polymers 

containing several functional groups such as amines, carboxylate, ether, hydroxyl, sulfate, 

phenolic, cyanide, chloride, acetate, etc., have been used to remove a metal ion.53,58,61-65,69 

However, many of the reported functionalized polymers have complex synthesis procedures 

and are cost-ineffective. Therefore, developing a low-cost, functional polymer with moderate 

to high metal removal, easy synthesis procedure, modifications could be easy, rapid 

adsorption kinetics, and reusability is necessary. 

Amine functional groups are of utmost importance in the field of industrial applications 

due to their high reactivity. It is a crucial starting point to many reactions. Amine-

functionalized compounds have their application in agrochemical, pest control, 

pharmaceutical, dye production, food, even in the polymer industry.71 They are crucial as 

monomers in various polymer syntheses, e.g., polyamides, polyimides, polyureas, etc. Many 

reports exist on using amine groups in various forms, e.g., polymeric amines, amines grafted 

on silica, amine on the surface of reduced graphene oxide, amine-functionalized cellulose, 

tertiary amine salts, metal-organic framework containing branched amines, modified 

chitosan, etc., for heavy metals removal. Very few reports are there on the properties that 

control the selection and binding of heavy metals in designing those materials. A brief 
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summary of the various amine-based functional polymeric materials used for heavy metal 

removal is presented in Table 1.4 with some of their chemical structures in Figure 1.3. 

 
Table 1.4. Synthetic amine polymers in metal removal 

Adsorbents Metals Uptake (mg/g)/ 

removal (%) 

Ref. 

- Aminopropyl (H2N–(CH2)3–), 

[2aminoethylamino]-propyl (H2N–(CH2)2–

NH–(CH2)3–) and [(2-aminoethylamino)-

ethylamino]-propyl (H2N–(CH2)2–NH–

(CH2)2–NH–(CH2)3– grafted silica 

materials 

Cu(II), Ni(II), 

Pb(II), Cd(II), 

and Zn(II) 

20-40, 

30-60, 

30-50, 

30-75, 

90-98 

72 

- Polyvinyl amine Co(II), Cu(II), 

Ni(II), Pb(II), 

Fe(II), Cd(II), 

Zn(II), Mn(II) 

60%, 97%, 20%, 30%, 

99%, 99%, 40%  

73 

- 1,5-Diaminonaphthalene and 1,4-

diaminoanthraquinone on the surface of 

reduced graphite oxide (RGO). 

Pb(II) 0.06 mg/g, 92%; 

0.05 mg/g, 76% 

74 

- Poly(amidoamine) [PAMAM] particles Cu(II) - 75 
- Polyacrylamide/Sodium Montmorillonite 

(PAM/Na-MMT) Nanocomposites 

Co(II), Ni(II) 98%; 

99%  

76 

- Poly(aniline-co-

mphenylenediamine)@Fe3O4 

Nanocomposite 

Pb(II), Cd(II), 

Co(II) 

92% 77 

- Amine-functionalized cellulose with 

abundant amino and carboxyl groups 

Cd(II), Pb(II) 218, 139 78 
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- Graphene oxide/polyamidoamine 

dendrimers (GO/PAMAMs) 

Pb(II), Cd(II), 

Cu(II), Mn(II) 

~250, 75, 50, 

20-25 

79 

- Ethylene Diamine Core 

Poly(amidoamine) Dendrimers 

Cu(II)  80 

- Modified Lignin Cu(II), Zn(II), 

Cd(II), Pb(II) 

20, 11.3, 7.7, 17.5  81 

- Micro-hydrogel particles consisting of 

hyperbranched polyamidoamine 

(HPAMAM) 

Cd(II), Cu(II), 

Pb(II), Ni(II), 

Zn(II), Co(II) 

170, 270, ~150, <150  82 

- Cellulose-Based Solid Amine Adsorbent Cr(VI) 327.72 83 
- Amphoteric Sodium Tertiary Amine 

Sulfonate Starches 

P(II), Cu(II), and 

Zn(II) 

0.050 meq/g 84 

- Metal–Organic 

Framework/Polydopamine Composite 

Pb(II), Hg(II) 394, 1634 85 

- Aminoethanethiol-Grafted Porous 

Organic Polymer for 

Hg(II) 181-232 86 

- Porous Polymer Networks (SeO4)2− and 

(SeO3)2−, Hg(II) 

124 (SeO3
2-) 87 

- Chitosan/Gelatin Hydrogel Pb(II), Cd(II), 

Hg(II), and 

Cr(III) 

 88 

- Amine-Rich Ordered Mesoporous 

Phenolic Resin 

Cr(VI)  89 
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Figure 1.3. Some examples of functionalized amine-based polymer materials used for heavy metal binding. 
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1.6. Summary 

The literature survey and discussions in the previous sections reveal the following facts: 

(i) Heavy metals are toxic, and many anthropogenic industrial works have been releasing 

these metals into the environment. 

(ii) Among the various removal techniques available for heavy metal removal, adsorption 

was found to be the economically and technically most feasible method. 

(iii) The amine-based adsorbent materials have multipurpose applications in heavy 

metal removal. They are potent adsorbents for heavy metals like Cr(VI) and Hg(II). 

The lack of literature has been identified as follows: 

 Many researchers synthesized amine base polymer such as polyacrylonitriles, porous 

polymeric networks, amine grafted organic polymer, polyacrylamides, polyethyleneimine, 

etc. and successfully employed for the removal of heavy metal ions from aqueous solution. 

However, the synthesis procedures of many of these functionalized polymers are complex 

and involve high costs. Thus, there is a need to synthesize low-cost functionalized polymer 

material with an easy synthesis procedure and acquire the properties of rapid metal removal 

kinetics, moderate to high metal removal efficiency, and stability for long-term use. 

1.7. Scope of the present work 

The information in the previous sections provides a basis to appreciate the scope and 

limitations of the type of material and heavy metal chosen in the present work. The usage 

of new material to bind heavy metals successfully from wastewater is essential. It deserves 

attention, but the ultimate challenge lies in understanding the underlying chemistry, and 

developing new methods or functionalizing those potent materials is of greater importance 

to the chemist.  
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Our group's past research work used amine-based polymer, aniline formaldehyde 

condensate (AFC) to remove heavy metals, dyes from an aqueous solution.90–92 Our work 

showed solvent mixture control morphology of that polymer,90, but the relationship between 

morphology, polymer forms, and site accessibility with metal removal remains unexplored.  

Scheme 1.1 shows how one can utilize amine functionalization of a system with a 

polymeric backbone (green sphere) in multiple ways. In this thesis work, I became interested 

in using an amine polymer and increasing its adsorption capacities primarily because of two 

reasons. First, the amine functional group is a potential ligand that coordinates many heavy 

metals’ ions. Secondly, these ligands give us a unique opportunity to functionalize them, 

introducing new donor groups for better metal coordination.  

There are two ways to study any environmental process. One is to collect natural 

samples, analyze the data and correlate several system parameters with one another. The 

second method is to study model systems in controlled laboratory experiments. For this 

thesis work, the latter approach has been chosen. 

 
Scheme 1.1. Functionalization of free amine groups of a polymer. 
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Based on the above facts, the objectives of the thesis have been defined as follows. 

 

x Synthesis of AFC polymer controlling the accessibility of the amine sites and surface 

property to increase its chromate adsorption capacity. (Chapter 2). 

x Leaching and long-term storage properties and exploring another heavy metal, Hg(II) 

removal by these AFC polymers. (Chapter 3). 

x Functionalization of amine with different donor groups to explore its behavior on 

heavy metal complexation (Chapter 4) and apply them in a polymeric system to 

study the effect in metal removal (Chapter 5).  
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2.1. Introduction 

Simple mixing of aniline, acid, and formaldehyde readily forms a sticky polymer known 

as Aniline-Formaldehyde Condensate (AFC).1,2 The reaction has been known for years. 

However, besides being used as a classroom demonstration of polymer synthesis or some 

limited use in the glue industry, it served no useful purpose until recently.3–5 On the other 

hand, Bakelite, synthesized by an almost identical reaction using phenol instead of aniline, 

and polyaniline, synthesized using oxidizer instead of formaldehyde, are synthesized using 

oxidizer instead of formaldehyde well studied and has several applications.6,7  

The problem of AFC is multifold. The formation is highly exothermic, resulting in a 

dark solid rubbery mass with a quick rise in temperature above 40 ℃. Physical and chemical 

properties vary widely depending on the ratio of the ingredients and reaction temperature.1,2 

Despite these limitations, the availability of the amine functional group, which is amenable 

to further functionalization through simple organic reactions, is quite attractive for its 

potential use in multiple areas. However, the bottleneck in achieving these is controlling the 

reaction to form a chemically and physically uniform polymer where maximum sites are 

accessible, and the process is well understood.  

AFC in different forms showed Cr(VI) removal. Chromium compounds are toxic 

pollutant with severe health damages found everywhere in the environment because of 

various industries, which include leather tanning, electroplating, paint, and pigments, 

dyeing, textile, etc.8–10 Chromium ions are of mainly two types, one is trivalent Cr(III), and 

the other one is hexavalent Cr(VI). The toxicity of chromium compounds depends on both 

their valency and bioavailability. Trivalent Cr(III) and hexavalent Cr(VI) show different 

chemical and biological activities.11–13 Cr(III) is the most stable oxidation state of chromium, 

and it can bind with nucleic acids, proteins at biological pH. However, they are impermeable 

to biological membranes under physiological conditions. On the other hand, Cr(VI) exists 
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as strong oxidizing chromate and dichromate ions. The chromate ion, CrO4
− and dichromate 

ion, Cr2O7
2−, remain in equilibrium depending on the solution pH and concentration of Cr. 

The chromate ion, CrO4
− form predominates under pH 6.5 and pCr value of 1.5.14,15, which 

can easily cross the biological membrane and get reduced to Cr(III). Trivalent Cr(III) ions 

have some biological roles, whereas Cr(VI) ions are hazardous.16–18 Cr(VI) is five hundred 

times more toxic and carcinogenic than Cr(III), and it causes skin irritations, lung cancer, 

liver, kidney damage.11–13 Therefore, it is essential to remove this toxic metal from 

wastewater before it gets discharged into the environment and from drinking water. During 

the last few years, many types of research have been done focusing on the selective removal 

of Cr(VI) from waste and drinking water. Several methods, including ion exchange, chemical 

precipitation, filtration, adsorption, and electrodeposition, have been developed for Cr(VI) 

removal, but adsorption remains the preferred method.8,18,19 

In the recent past, our group successfully used AFC polymer in different forms as a 

Cr(VI)/chromate adsorbent.3,5,20 The work also showed that the solvent mixture in the 

reaction medium altered the morphology of the polymer.2 Despite these applications, 

multiple aspects of the polymer synthesis, control over its morphology, physical properties, 

and site accessibility were still in infancy for further applications.  

AFC polymer with an amine functional group can exist in either an acid salt or free 

amine form. In this chapter, we synthesized AFC polymer in salt form, Poly-1s, and Poly-

2s, by switching the ratio between isopropanol to an aqueous solution in the reaction 

medium from 3:1 to 1:3. Another version of AFC in salt form, Poly-3s, was prepared in a 

reduced volume using an intermediate solvent ratio. Treatment with a base produced the 

corresponding polymers in a free base form (Poly-1b from Poly-1s, Poly-2b from Poly-2s, 

and Poly-3b from Poly-3s). We characterized them using multiple analytical and 

spectroscopic tools and studied their chromate removal from aqueous solutions. Reversing 
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the isopropanol to water ratio reversed the orientation of the amine groups, which 

significantly altered their physical properties. This work demonstrates that the relationship 

between surface property and site accessibility profoundly impacts chromate binding 

property.  

2.2. Experimental section 

2.2.1. Solvents and reagents 

Commercial grade aniline from Merck India was used for polymer synthesis. Aniline was 

purified by distilling over KOH pellets at 180 ℃. Isopropanol and formaldehyde (37% w/v) 

from Merck India were used as received. 2,5-Dihydroxybenzoic acid (2,5-DHB) and 

trifluoroacetic acid (TFA) were purchased from Sigma Aldrich. Other reagents were 

obtained from commercial sources and used without further purification unless otherwise 

stated. Water purified by a Merck Direct Q8 ultrapure water purification system was used 

to prepare all solutions and reactions. Whatman® grade 1 qualitative filter paper was used 

for filtration during the adsorption experiments.  

2.2.2. Measurements 

The FTIR spectra were recorded on a Perkin-Elmer Spectrum one FT-IR 

spectrophotometer with KBr discs in the range 4000-400 cm-1. Elemental analyses were 

performed using a EuroEA Elemental Analyzer at Biotech Park Guwahati. Particle size was 

analyzed using a Malvern Panalytical Zetasizer Nano ZS90 dynamic light scattering (DLS) 

analyzer. Thermogravimetric analysis of the compounds was performed using a Netzsch 

STA449F3A00 TG analyzer with a heating rate of 10 ℃/min under an Ar atmosphere using 

a 5-10 mg sample size per run. The Matrix-Assisted Laser Desorption/Ionization mass 

spectra of the insoluble polymers were obtained using a BRUKER Model: AUTOFLEX 

SPEED MALDI-TOF spectrometer. To measure the MALDI mass, samples (2-3 mg) were 
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added to 2 mL of the 2,5-DHB matrix. The matrix was prepared by dissolving 1 mg/mL 

2,5-DHB in a solvent mixture containing 30:70 [v/v] acetonitrile and 0.1% TFA in water. 

0.5 µL of the matrix-polymer mixture was deposited onto the MALDI target and allowed 

to dry before analysis. The surface morphologies of the polymers were studied using Zeiss 

Sigma and Zeiss Gemini Field emission scanning electron microscope (FESEM) instruments, 

and the polymer samples were coated with gold vapor twice before measurement to reduce 

charging. The dispersed polymer samples in ethanol were dropped, cast on a silver foil to 

obtain a thin layer of the polymer surface, and air-dried in a desiccator over silica. Before 

analysis, the samples were mounted with carbon tape on FESEM stabs. Gas adsorption 

experiments were performed on a Quantachrome Autosorb-IQ MP instrument to determine 

the surface area of the samples. The samples were degassed at 50 ℃ before the experiment. 

The total chromium concentration was measured using a Varian model 55B atomic 

absorption spectrometer (AAS) using an air-acetylene flame at a wavelength of 429 nm with 

a slit width of 0.5 nm. The calibration graph was first determined, and then the chromium 

concentration of the unknown was measured. The calibration curve was linear, with a 

correlation coefficient of 0.99. All pH measurements were performed using Eutech 

instruments’ EcoScan pH 6 pH-meter. Contact angle measurements were performed using 

a Kruss Drop Shape Analyser-DSA25 instrument. Solid-state X-Band EPR spectra were 

recorded using a Jeol JES-FA series spectrometer fitted with a quartz dewar for 

measurements at room temperature. The spectra were calibrated using an internal 

manganese (Mn) marker. The solution temperatures were measured using a JSGW Mercury 

chemical thermometer.  
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Scheme 2.1. Polymer synthesis of salt and base forms. 
  

2.2.3. Synthesis and characterization  

2.2.3.1. Poly-1s. A solution of concentrated HCl (9.66 mL, 96.6 mmol) was added 

dropwise to distilled aniline (9 g, 96.6 mmol). Isopropanol (120 mL) and water (14.66 mL) 

were added to this while stirring and cooled in contact with the ice water mixture (3 ℃). 

The solution was clear at this stage. The temperature of the solution was reduced to 7 ℃ 

within a few minutes. Formaldehyde (15.68 mL, 193.2 mmol), similarly cooled, was added 

all at once, and the resulting solution was shaken vigorously to form a uniform solution 

(Figure 2.1). After approximately 3 min, the solution temperature started rising along with 

the appearance of cloudiness. The temperature maxima reached about 10 ℃. At this stage, 

the whole solution appeared to be a frozen lump of a light orange solid. The mixture was 

kept on ice water for approximately 2 h. After 2 h, the mixture was kept at room 

temperature for 4 h. The lumps could be easily broken into a slurry with a mortar pastel. 

100 mL of 1N HCl was added to the polymer in a beaker and stirred for 3 h. Stirring was 

used to ensure the solubility of all the acid-soluble low-molecular-weight polymers. The 
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resulting slurry was filtered through a Büchner funnel to remove the soluble fraction. The 

polymer was washed first with isopropanol followed by distilled water until the pH of the 

filtrate was neutral. Isopropanol (50 mL) was added and filtered using a Büchner funnel. 

The yellow-orange filtrate may have been due to the low molecular weight soluble form of 

the polymer. The solid was washed with isopropanol until the filtrate became nearly 

colorless. Finally, it was dried in a vacuum desiccator with a silica gel desiccant for 10 days. 

The dried polymer was a fine orange powder. It is easily dispersible in water or ethanol 

upon ultrasonication for a few minutes. The total volume of the solution, the ratio of water 

to isopropanol, and the aniline, formaldehyde, and HCl ratios were 169 mL, 1:3, and 1:2:1, 

respectively (Table 2.1). The yield of the product was found to be 26 g. FTIR (KBr, cm-1) 

3397(s), 3017(m), 2850(m), 1662(s), 1613(s), 1517(s), and 821(m). Ana. calculated for 

(C7H7N•HCl)n: C, 59.38; H, 5.69; N, 9.89. Found C, 59.19; H, 5.63; N, 9.52. 

2.2.3.2. Poly-1b. Poly-1s (2 g) synthesized above was placed in a round bottom flask 

and stirred with 20 ml of 1N NaOH for about 2 h.  The orange color of Poly-1s immediately 

turned into a light brown slurry. It was filtered using filter paper. The slurry was washed 

with water to remove traces of NaOH and NaCl until the filtrate was neutral to the pH 

paper. The bulk of the adhered water was removed by soaking in a dry filter paper. It was 

kept in a vacuum desiccator over anhydrous calcium chloride for two days. The yield of the 

solid was 1.9 g. FTIR (KBr, cm-1) 3401(s), 2896(m) 1660(s), 1611(s), 1514(s), and 833(m). 

Ana. calculated for (C7H7N)n: C, 79.97; H, 6.71; N, 13.32. Found C, 76.92; H, 6.41; N, 12.57. 

2.2.3.3. Poly-2s. A solution of concentrated HCl (9.66 mL, 96.6 mmol) was added 

dropwise to distilled aniline (9 g, 96.6 mmol). Isopropanol (40 mL) and water (94.66 mL) 

were added while stirring and cooled in contact with the ice water mixture (3 ℃). The 

solution was clear at this stage. The temperature of the solution was reduced to 7 ℃ within  
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Figure 2.1. Different stages of polymer formation. Poly-1s has more isopropanol, while Poly-2s 

has more water. 
 

a few minutes. Formaldehyde (15.68 mL, 193.2 mmol), similarly cooled, was added all at 

once, and the resulting solution was shaken vigorously to form a uniform solution. Within 

1 min, the solution temperature started rising along with the appearance of cloudiness 

(Figure 2.1). The temperature maxima reached approximately 10 ℃ in less than 3 min. The 

whole solution became a lump of the orange gel after about 7 min. The mixture was kept 

in ice water for about 2 h. After 2 h, the mixture was kept at room temperature for 4 h. 

Unlike polymer Poly-1s, this polymer was more gelatinous. 1N HCl was added to the 

polymer in a beaker and stirred for 3 h. This was to ensure that all the acid-soluble low-

molecular-weight polymers came into the solution. It was then filtered through a Büchner 

funnel and washed with water (50 mL) until the filtrate reached a neutral pH. The solid 
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was finally dried over anhydrous calcium carbonate for 7 days. The whole material became 

dried pieces of solid polymer, and it was difficult to form a powder. The lumps were coarsely 

ground before further use. The color was orange with darker patches. The total volume of 

the solution, water: isopropanol ratio, and aniline: formaldehyde: HCl ratios were 169 mL, 

3:1, and 1:2:1, respectively. Compared to Poly-1s, the solvent ratio was reversed in this 

case. The yield of the solid was 23 g. FTIR (KBr, cm-1) 3392(s), 2854(m) 1659(s), 1594(s), 

1510(s), and 823(m). Ana. calculated for (C7H7N•HCl)n: C, 59.38; H, 5.69; N, 9.89. Found 

C, 61.99; H, 5.98; N, 9.53. 

2.2.3.4. Poly-2b. It was synthesized using the same procedure as Poly-1b using Poly-

2s instead of Poly-1s. The yield of the base treated polymer was 1.63 g. FTIR (KBr, cm-1) 

3401(s), 2873(m) 1664(s), 1593(s), 1515(s), 809(m). Ana. calculated for (C7H7N)n: C, 79.97; 

H, 6.71; N, 13.32. Found C, 77.56; H, 6.24; N, 12.18. 

2.2.3.5. Poly-3s. Concentrated HCl (7 mL, 70.0 mmol) was added to a mixture of 

aniline (9 g, 96.6 mmol) and 15 mL isopropanol and cooled in an ice bath. Another solution 

of 37% w/v formaldehyde (15 mL, 184.8 mmol) in 15 mL isopropanol was cooled in an ice 

bath. This solution was added to the precooled aniline-acid solution under vigorous stirring 

to obtain a uniform homogeneous solution. The temperature was maintained at 0-5 ℃ for 

25 min and allowed to warm to room temperature overnight. The solid lumps were first 

broken using mortar-pastel, and 100-150 mL of 1N HCl was added to the polymer in a 

beaker and stirred for 3 h to ensure that all the acid-soluble low-molecular-weight polymer 

came to the solution, and then filtered through a Büchner funnel. The solid polymer was 

washed with distilled water until the pH of the filtrate was neutralized. The polymer was 

then dried in a vacuum desiccator for over four days. The yield of the product was 16.5 g. 

FTIR (KBr, cm-1) 3414(s), 1659(s), 1597(s), 1509(s), and 821(m). Ana. calculated for 

(C7H7N•HCl)n: C, 59.38; H, 5.69; N, 9.89. Found C, 57.88; H, 5.37; N, 9.25. 
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2.2.3.6. Poly-3b. Poly-3b was synthesized using the same procedure as Poly-1b using 

Poly-3s instead of Poly-1s. The synthesis of Poly-3b is a modified procedure for the micron-

sized polymer reported earlier [18]. Poly-3b is a more thoroughly base treated version of a 

previously reported polymer. The yield of the solid was 1.7 g. FTIR (KBr, cm-1) 3415(s), 

2923, 2855(m) 1661(s), 1614(s), 1517(s), and 812(m). Ana. calculated for (C7H7N)n: C, 

79.97; H, 6.71; N, 13.32. Found C, 76.37; H, 6.27; N, 12.50. 

2.2.4. Adsorption experiments 

We synthesized three amine-based polymers of similar chemical compositions using 

different solvent ratios. Accessibilities of the amine groups were studied by performing 

chromate adsorption of these polymers as we already knew that one particular form of the 

polymer binds with chromate. All experiments were carried out at a fixed initial pH of 4, 

and the chromium concentration was varied from 10 mg/L to 100 mg/L. A stock solution 

of chromium (1000 mg/L) was prepared.  The required solutions were prepared from that 

stock 1000 mg/L solution by diluting it to the required solution. The amount of adsorbent 

used was 4 to 0.5 g/L. In each experiment, adsorbents with chromate solutions were placed 

in a specimen tube. The pH of the solution was checked, and if required, the pH was adjusted 

to 4. It was then shaken in an orbital shaker and filtered through Whatman filter paper. 

The pH of the filtrate was checked, and the chromium concentration of the filtrate was 

measured using AAS.  

The adsorbed chromium amount (qe) was determined using the following equation, 

 

 qt=
(Co-Ct)

m V (2.1) 
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Where qt in mg is the amount of chromium adsorbed per g of adsorbent (mg/g), C0 and 

Ct are the initial (time is zero), and at time t, the concentration of chromium in solution 

and m is the mass of the adsorbent used.  

The removal percentage was calculated from the following equation (2.2). 

 Removal(%)=
(Co-Ct)

Co
×100 (2.2) 

 

2.3. Results and discussion 

2.3.1. Syntheses 

All the polymers were synthesized following a similar general procedure. First, an acidic 

alcoholic solution of aniline was cooled in an ice bath. The temperature was maintained 

from 0 ℃ to 5 ℃. Similarly, formaldehyde was cooled. They were mixed, stirred well with 

a glass rod, and kept in the ice bath for a moment so that polymerization occurs slowly. 

(Table 2.1) Previously, we observed that adding t-butanol or isopropanol to the reaction 

mixture formed spherical shaped AFC.2,20 Our working hypothesis was that anilinium salts 

in binary solvent mixtures form emulsions or reverse micelles that act as nucleation centers 

for the spherical growth of polymers.2,20–23 In this study, three different conditions are 

selected.  In the first two cases, we reversed the solvent ratio to change the conditions 

suitable for micelles from reverse micelles, keeping the volume constant (Table 2.1). 

The volume used was large enough to allow unrestricted growth of the AFC. In the third 

case, the solvent ratio is intermediate, and the volume is 1/3 of the first two. Accordingly, 

all three Poly-1s, Poly-2s, and Poly-3s were synthesized following a similar procedure with 

different solvent mixtures and volume ratios (Table 2.1). Between Poly-1s and Poly-2s, the 

ratio of isopropanol to the aqueous solution was reversed from 3:1 to 1:3 without changing 

the volume. Poly-3s were prepared at a much smaller volume with a solvent ratio of 1:1. 
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During the synthesis, acidic alcoholic solutions of aniline and formaldehyde were cooled 

separately in an ice bath. The temperature was maintained between 0 ℃ and 5 ℃. They 

were mixed, homogenized, and kept in an ice bath. The solution gradually transformed from 

transparent to cloudy within minutes, eventually becoming a completely immobile yellow-

orange solid within 30 min (Figure 2.1). The amines in the isolated polymer were HCl salts 

because of the high concentration of acid used in the reaction (Table 2.1).  

 

Table 2.1. Reagent and solvent ratios used during the synthesis of the polymers 

Conditions Poly-1s Poly-2s Poly-3s 
Aniline 9 g  9 g  9 g  

37% w/v HCHO in 
water 

15.7 mL  15.7 mL  15 mL  

Concentrated HCl 9.7 mL  9.7  7 mL  
Mole ratio of 

Aniline:HCHO:HCl 
1:2:1 1:2:1 1:2:1.7 

Isopropanol 120 mL 40 mL 30 mL 
Aqueous medium 

(HCl+HCHO+water) 
40.0 mL 120.0 mL 21 mL 

Isopropanol:aqueous 
solution 

3:1 1:3 1.4:1 

Total volume 169 mL 169 mL 61 mL 
Corresponding base forms, Poly-1b, Poly-2b, and Poly-3b, were synthesized by treating with 

NaOH. 

  
Treating all three with a base removes the acid and converts the amines to free base 

form (Scheme 2.1). At a higher volume, the polymer growth is less restricted. As a result, 

Poly-1s and Poly-2s were loosely held solids, while Poly-3s was a chunky cake that had to 

be cut into pieces. 
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2.3.2. FTIR spectroscopy 

The FTIR spectra are shown in Figure 2.2 and Figure 2.3. The vibrational stretches are 

sharp and similar to the AFC polymers reported by Koner et al. synthesized in a mixture 

of solvents.2 This is unlike the broad spectrum of AFC when synthesized without an organic 

solvent.3 Spectral assignments were compared with 2,6 dimethylaniline and aniline spectra 

because of their structural similarity with repeating polymer units.24 

Due to H-bonding and moisture, primary amine stretches were not observed because of 

the broad absorption with a peak maximum at ~3400 cm-1. Other characteristic peaks were 

2800-3000 cm-1 (C-H stretching), ~1590-1660 cm-1 (very strong, N-H bending of either amine 

or ammonium), ~1510 cm-1 (Strong, C-C stretching), ~1178 cm-1 (C-N stretch), and ~810 

cm-1 (out of plane aromatic C-H stretching).24,25 Compared to the ~1600 cm-1 stretch, the 

~1660 cm-1 peak intensity decreases in the base form of the polymer, indicating its origin as 

N-H bending from the ammonium (-NH3
+) form.25 It is also the region where C=N stretches 

can occur due to possible imine formation between the amine group of the polymer and 

formaldehyde.20,25 The 1660 cm-1 peak may have contributed to both imine C=N and N-H 

bending. The FTIR spectra of all the salt and base forms were very similar, confirming their 

chemical similarity.   

The FTIR spectra of different batches were compared to check the consistency in 

synthesis and the differences between the acid and base forms. 
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Figure 2.2. FTIR spectra of the polymers Poly-1s, Poly-1b, Poly-2s, and Poly-2b. 
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Figure. 2.3. FTIR spectra of the polymers Poly-3s, and Poly-3b. 

 

2.3.3. Thermogravimetric analysis (TGA) 

The thermal stabilities were evaluated using TGA. TGA was carried out from 25 ℃ to 

300 ℃ at a heating rate of 5°-10 ℃/min. The powdered samples were pre-dried in a vacuum 

desiccator over anhydrous calcium carbonate at room temperature for several days until a 

constant weight was reached, were subjected to TGA analysis. The TGA results are shown 

in Figure 2.4. The salt forms of the polymers showed substantial weight loss between 25 ℃ 

and 100 ℃. The weight losses in this range were 60%, 33%, and 20% for Poly-1s, Poly-2s, 

and Poly-3s, respectively. A significant portion of the weight loss is likely to be the loss of 

HCl from (C7H7N•HCl)n to (C7H7N)n (calculated as wt. loss ~25%) along with some solvent 

or water trapped within the polymer. It is not possible to determine the individual 

contributions from weight loss alone. Compared to this, the base forms of the polymers, 

Poly-2b and Poly-3b showed only 2%-3% weight loss between 25 ℃ and 130 ℃, indicating 

TH-2909_156152009



Chapter 2 | 51 
 

 
 

minimal trapped solvent or moisture. Poly-1b showed ~10% weight loss in that temperature 

range, indicating more trapped solvent.  

 

 

Figure 2.4. TGA plots of the polymers. 
 

 

 

2.3.4. Elemental analysis 

Elemental analysis was performed to determine the chemical composition of the 

polymers. The absolute percentage values of the elemental analysis of polymers are difficult 
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to match with a particular formula; hence we focused on the C:N and C:H:N molar ratio.2,20 

The elemental % and elemental mol ratios of salt or base forms varied within a narrow 

range. The values were close to the calculated values of the respective forms (Table 2.2). 

Table 2.2. Elemental analysis of the polymers 

Polymers  C  H  N  C:H:N ratio 

Poly-1b  76.92  6.41  12.57  7.1:7.1:1 

Poly-2b  77.56  6.24  12.18  7.4:7.1:1 

Poly-3b  76.37  6.27  12.50  7.1:7:1 

Calcd. (C7H7N)n for base forms  79.97  6.71  13.32  7:7:1 

Poly-1s  59.19  5.63  9.52  7.2:8.2:1 

Poly-2s  61.99  5.98  9.53  7.6:8.8:1 

Poly-3s  57.88  5.37  9.25  7.3:8.1:1 

Calcd. (C7H7N•HCl)n for salt forms  59.38  5.69  9.89  7:8:1 

 

The variation within a particular form could be from minute quantities of trapped 

solvent and moisture even after prolonged drying in a vacuum desiccator. We have noticed 

that Poly-2 in both forms contains more carbon content than the others, but values are still 

reasonable for a polymer with trapped solvents. The C:H:N ratios of the salt forms match 

closely with the calculated ratio containing HCl. Hence, the weight loss in TGA analysis of 

the salt forms was more likely due to the loss of HCl. The analysis results support the 

repeating formula (C7H7N)n for the base forms and (C7H7N•HCl)n in salt form (Scheme 

2.1). 
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2.3.5. Maldi-TOF mass spectral analysis.  

The masses of the polymers, Poly-1s, Poly-2s, and Poly-3s were recorded using the 

positive mode of the matrix-assisted laser desorption (MALDI). These were scanned up to 

2000 mass unit; however, mass peaks with significant intensity were observed up to only 

1000 mass unit. The spectrum of Poly-1s showed several series of oligomers (Figure 2.5, 

Table 2.3). 

 

 
Figure 2.5. MALDI-TOF spectra for the positive ions of Poly-1s. The inset figure of the 
calculated and experimental isotopic pattern shows that the peaks around 550.27 are a 

combination of Structure IV (blue) and Structure V (orange). Other structures and a complete 
analysis table are in the supplementary material. 
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We identified a total of six interrelated series of oligomers in the MALDI mass spectrum 

of Poly-1s. 'm, the repeating unit of the polymer, was found to be 105, which is equivalent 

to the o-methylene aniline unit (C7H7N, calcd 105.13). In Figure 2.6, we have presented a 

set of oligomers’ series identified in the MALDI mass spectrum, and in Table 2.3, the series 

with calculated/expected mass values which comes close to the mass values observed in the 

MALDI-Mass. The structures of the series of oligomers (Figure 2.6) are based on the 

products proposed from the mechanism of the formaldehyde aniline polymerization reaction 

(Figure 2.7) and the fragmentation during the ionization process (Figure 2.8).26 Apart from 

molecular ion peaks, it showed a sequential fragmentation pattern with successive loss of 

105.13 mass unit, corresponding to a loss of o-methylene aniline unit. The fragmentation 

pattern shown in the inset of Figure 2.5 is of the oligomer molecular ion (n=2) peak for 

monocationic form at 550.27 (calcd . for [M+H]+) of structure V, which is the protonated 

salt form of AFC polymer. Isotopic pattern analysis did not reveal multiply charged species. 

One possible reason could be that only monocationic oligomers were solubilized in the 

prepared samples (trifluoroacetic acid, Section 2.2.2). 

 

 
Figure 2.6. Structures of the oligomers identified in MALDI mass spectra. 
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Table 2.3. Calculated and experimentally found mass values in MALDI mass spectra of 
polymers. 

n Structure I   Structure II   
 Formula Mass calcd. Mass expt. Formula Mass calcd. Mass expt. 
0 C22H27ClN3O2 400.18 399.987 C21H25ClN3O 370.17 369.932 
1 C29H34ClN4O2 505.24 505.206 C28H32ClN4O 475.23 475.148 
2 C36H41ClN5O2 610.29 610.434 C35H39ClN5O 580.28 580.381 
3 C43H48ClN6O2 715.35 715.695 * C42H46ClN6O 685.34 685.621 
4 C50H55ClN7O2 820.41 819.890 * C49H53ClN7O 790.40 790.876 
5 C57H62ClN8O2 925.47 925.264 * C56H60ClN8O 895.46 895.795 * 
6 C64H69ClN9O2 1030.53 1030.165 * C63H67ClN9O 1000.52 1000.087 * 
       
n Structure III   Structure IV   
 Formula Mass calcd. Mass expt. Formula Mass calcd. Mass expt. 
0 C21H23ClN3O 368.15 368.940 C27H28ClN4 443.20 443.090 
1 C28H30ClN4O 473.21 473.151 C34H35ClN5 548.26 548.308 
2 C35H37ClN5O 578.27 578.371 C41H42ClN6 653.32 653.539 
3 C42H44ClN6O 683.33 683.611 C48H49ClN7 758.37 758.801 
4 C49H51ClN7O 788.38 788.867 C55H56ClN8 863.43 863.830 * 
5 C56H58ClN8O 893.44 892.837 * C62H63ClN9 968.49 968.013 * 
6 C63H65ClN9O 998.50 997.946 * C69H70ClN10 1073.55 1073.297 * 
       
n Structure V   Structure VI   
 Formula Mass calcd. Mass expt. Formula Mass calcd. Mass expt. 
0 C20H23ClN3 340.16 339.875 C21H25ClN3 354.17 353.914 
1 C27H30ClN4 445.22 445.094 C28H32ClN4 459.23 459.125 
2 C34H37ClN5 550.27 550.314 C35H39ClN5 564.29 564.346 
3 C41H44ClN6 655.33 655.554 C42H46ClN6 669.35 669.585 
4 C48H51ClN7 760.39 760.798 C49H53ClN7 774.41 774.830 
5 C55H58ClN8 865.45 865.690 * C56H60ClN8 879.46 879.798 * 
6 C62H65ClN9 970.51 969.827 * C63H67ClN9 984.52 983.728 * 
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Figure 2.7. A plausible mechanism of AFC polymerization. * para position attack is also 

possible—mechanism scheme based on Ref 27 and Ref 28. 
 

Aminobenzylalcohol was identified as the first intermediate formed in the reaction. It 

may be formed due to the attack of formaldehyde at the ortho position of an aniline 

molecule. Aminobenzyl cation formed in the presence of acid reacts further either at the 

ortho (which is shown in Figure 2.7) or para position of an aniline molecule leading to 

polymer chain formation (Structure V). The polymer chain reaction may stop at the 

aminobenzylalcohol stage, giving rise to the structure I formation detected in the MALDI 

spectrum. Partial formation of aminobenzylalcohol gave structure II. Oxidation of the 

alcohol side chain gave structure III. Aldehyde side-chain reacts with aniline to form imine 

in structure IV. The imine bond in structure IV under MALDI mass condition might break 

and be reduced to give the corresponding alkane side chain (structure VI). The MALDI 

spectra of Poly-2s and Poly-3s are given in Figure 2.9. The spectra were very similar with 

identical fragmentation. 
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Figure 2.8. Possible ways of fragmentation and conversion have taken place under the MALDI 

mass condition. 
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Figure 2.9. MALDI-TOF spectra for the positive ions of Poly-2s and Poly-3s. 

Note. Assigned structures are based on the plausible mechanism in Figure 2.7. All the structures 
are in Figure 2.6, and assignments are in Table 2.3. The origin of the structures through 
fragmentation and transformations are in Figure 2.8. 
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From the similar fragmentation pattern with repeating unit, 'm of 105, we conclude 

that Poly-1s, Poly-2s, and Poly-3s are chemically similar polymers of the o-methylene aniline 

repeating unit (C7H7N, calcd as 105.13). The Structure V oligomers were similar to the 

fragmentation pattern of an AFC synthesized in t-butanol exclusively.2 

We did not record the base forms' mass spectra, which are expected to yield similar 

results as they were prepared from their respective salt forms. Also, samples were prepared 

in a TFA mixture which eventually converted the base forms into salt forms.  

 

2.3.6. Field emission scanning electron microscopy 

Field emission scanning electron microscopy (FESEM) imaging of Poly-1b and Poly-3b 

showed polymers as spheres with diameters of 1–2 µm attached as clusters (Figure 2.10). 

Additionally, Poly-1b spheres have a fibrous surface that is missing in Poly-3b. Both were 

synthesized in an isopropanol and water mixture where the isopropanol quantity was greater 

than that of water (Table 2.1). Poly-2b, prepared in water: isopropanol ratio of 3:1 is a 

cluster of fine particles (Figure 2.10). A possibility of the fibrous surface of Poly-1b could 

be the deposition of low molecular weight polymers on the surface. Their shapes were not 

resolved in the images. Sphere formation was observed only in the isopropanol or t-butanol 

rich solution.2,20 The difference between Poly-3b and Poly-1b is that the total volume used 

is more than doubled in Poly-1b. This allowed it to grow uninhibited, leading to a fibrous 

surface with the depletion of reagents over time.  There was hardly any difference between 

the salt forms and the free base forms (Figure 2.10). 

Unlike the free base form, the salt forms showed severe materials charging under an 

electron microscope. Images of salt forms were not as clear as the base forms, despite 

numerous attempts at different machines due to the charging of the samples. From the 

images, we concluded that the isopropanol-rich medium promoted spherical formation. 
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Figure 2.10. Field emission scanning electron microscope images of the polymers; salt forms, base 
forms, and base form under higher magnification. 

 

Previously, we observed a similar formation in the case of t-butanol.2 Salts in t-butanol 

water mixtures are known to form a ring-like structure where polar salts are distributed 

along with the hydrophobic/hydrophilic interface.29 Template-free synthesis of polyaniline 

nanospheres has been reported upon adding salicylic acid to an Aniline-HCL mixture.22 We 

believe that in the isopropanol-rich medium, the ionic aniline-HCl salt might have formed 

a reverse micelle type arrangement that acts as a seed on which the polymer growth occurs 

(Scheme 2.2). The spherical formation did not occur in the water-rich medium for Poly-2s. 

Polymer formation requires a cationic intermediate to approach another aniline cation in 

the ortho or para position (Figure 2.7).  In the confined situation of a spherical water pool, 
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anionic chloride may have facilitated this. However, in the water medium, the chlorides 

were dispersed, which may have prevented spherical formation. Incidentally, the preparation 

of AFC in water results in an amorphous sticky solid or powder.1–3,5 

 

Scheme 2.2. Proposed mechanism of formation of the polymer spheres. Sphere radius in different 
steps not drawn to scale. 

2.3.7. Dynamic light scattering 

In the previous section, we hypothesized that micellar or reverse micellar organization 

occurs in a mixture of solvents. To prove this, we used dynamic light scattering (DLS) 
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measurements on solutions of aniline, HCl, and an isopropanol/ water mixture. We 

maintained the ratio precisely as used in the synthesis of the polymers before the addition 

of formaldehyde (Figure 2.11). The aggregate/micellar formation was measured using a 

632.8 nm He-Ne laser using a Zetasizer instrument at 298 K. The sample for measurement 

was prefiltered to remove any preexisting particles. 

 

 

Figure 2.11. DLS plots of the intensity-wise distribution of particles/aggregates formed in the 
anilinium solution in a mixture of solvents during the preparation of (a) Poly-1s, (b) Poly-2s, and 

(c) Poly-3s before the addition of formaldehyde. 
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All three solutions showed aggregate/micelle/reverse micelle formation with a relatively 

narrow size distribution (Figure 2.11). Micelles or reverse micelles cannot be distinguished 

using DLS. The average aggregate size diameters obtained from DLS measurements were 

723.0 nm, 219.3 nm, and 335.9 nm for preparative solutions without formaldehyde of Poly-

1s, Poly-2s, and Poly-3s, respectively. Barring the differences in diameter, all had aggregates 

irrespective of the quantity of isopropanol, but the average particle size increased with 

higher concentrations of isopropanol (Figure 2.10).  This observation confirms the formation 

of micellar or reverse micellar formation, as shown in Scheme 2.2. 

 

2.3.8. Contact angle measurements 

Reversal of solvent ratio should change the orientation of the polar amine groups in the 

polymers (Scheme 2.2). The surface properties, namely hydrophobicity, and hydrophilicity 

were measured by measuring the contact angles. The air-water contact angles were 

measured using a Kruss Drop Shape analyzer fitted with an optical and computer system. 

In powder form, Poly-1b showed superhydrophobicity with an air-water advancing contact 

angle (θAdv) of 154°, and Poly-3b showed moderate hydrophobicity with θAdv of 114°. Poly-

2b was hydrophilic, and θAdv was 0° (Figure 2.12). The substantial hydrophobic property of 

Poly-1b and the hydrophilic property of Poly-2b support their respective aromatic and polar 

surface (Scheme 2.2). Poly-2b has intermediate property reflecting the intermediate 

condition used in the synthesis (Table 2.1).  When these powders were pressed into pellets, 

θAdv changed significantly. θAdv of the pressed forms were 79°, 0°, and 85° for Poly-1b, Poly-

2b, and Poly-3b, respectively. In pressed form, the shift of Poly-1b and Poly-3b towards a 

more hydrophilic contact angle is likely to be due to the exposure of the inner surface. The 

shift of contact angle of Poly-2b from 114° to 85° means the difference between interior and 

the exterior surface is less. The salt forms of all three polymers are hydrophilic in powder 
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form with a contact angle of ~0° (Figure 2.12). This means that salt forms are more porous 

and protonated -NH3Cl� groups are accessible from the surface. Removing HCl and forming 

-NH2 somewhat closes the pores on spherical Poly-1b and Poly-3b, making the polar surface  

 

Figure 2.12. Advancing contact angle images of a water droplet on the polymer surface. 

 
less accessible unless pressed into a pellet. Comparing both salt and free base forms, we 

found that Poly-1b and Poly-3b are spheres with more hydrophobic (aromatic rings) groups 

on the outer surface, and hydrophilic amine or ammoniums are inside (Scheme 2.2). Poly-

2b has smaller particles with most of the amines on the surface, making it hydrophilic 

irrespective of the form.  

 

2.3.9. Surface area measurements 

The specific surface areas of the polymers were measured using the standard nitrogen 

adsorption technique, the BET method. The isotherm patterns of all six polymers were  
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Figure 2.13. BET isotherm of the polymer base forms (a) Poly-1b, (c) Poly-2b, (e) Poly-3b and 
salt forms (b) Poly-1s, (d) Poly-2s, (f) Poly-3s. 

 
similar (Figure 2.13). The adsorption isotherms showed a complex hysteresis loop 

without showing any limiting adsorption at high P/Po, similar to the H3 type.30,31 This 
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behavior can usually be caused by the existence of non-rigid aggregates or assemblages of 

slit-shaped pores. 

In principle, it should not be expected to provide a reliable assessment of either the pore 

size distribution or the total pore volume.30,31 The pore diameter varied between a narrow 

range of 13–30 nm (Table 2.4). Thus, all are mesoporous solids (2-50 nm).30,31 Adsorption 

on mesoporous solids proceeds via multilayer formation and capillary condensation. This 

type of isotherm at the initial stage appeared similar to that of mesoporous solids, and with 

increasing pressure, it rose steeply due to capillary condensation in the mesopores. Capillary 

condensation and capillary evaporation might not occur at the same pressure, owing to 

which such hysteresis loops appeared. The calculated surface areas are presented in Table 

2.4. 

Table 2.4. BET isotherm results 

Surface areas are calculated from multipoint BET data. 

 
The surface area of both Poly-1 and Poly-2 in either form is higher than that of Poly-

3b and the previously reported version.20 This might be because their synthesis was 

performed at a higher volume (Table 2.1). Poly-3s/b synthesized in 1/3 volume had the 

 Free amine forms Salt forms 

Parameters Poly-1b Poly-2b Poly-3b Poly-1s Poly-2s Poly-3s 

Surface Area (m2/g) 21.779 72.268 6.027 29.130 93.390 21.079 

Pore diameter (nm) 27.78 29.52 13.56 14.66 15.37 13.38 

Total pore volume  
(cc/g)(dia. < XXX 

nm) 

0.151 

(165.9) 

0.537 

(161.7) 

0.020 

(370.1) 

0.107 

(743.6) 

0.359 

(210.2) 

0.070 

(456.5) 

at P/Po 0.98827 0.98796 0.99704 0.99742 0.99080 0.99579 
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lowest surface area. Poly-2s/b with smaller particles (Figure 2.10) had the highest surface 

area. The salt forms had a slightly higher surface area than the corresponding base forms. 

Salt forms had additional HCl, which might be the reason for the larger surface area.  

 

2.3.10. Effect of initial Cr(VI) concentration and adsorbent dose 

The accessibility of the binding sites in these amine-containing polymers was studied 

based on their chromate binding capacities. In previous studies, this type of polymer showed 

maximum removal of chromate between 3-4 pH.20 All the investigations presented here were 

performed at a fixed initial pH of 4.2,5,20 In each experiment, 15 mL (for a dose of 4 g/L and 

1 g/L) or 30 mL (0.5 g/L) solution of chromate (prepared with pH adjusted Millipore 

deionized water) and 0.060 g (for a dose of 4 g/L) or 0.015 g (for a dose of 1 g/L and 0.5 

g/L) were used in specimen tubes. The adsorbent experiments were carried out at initial 

chromate concentrations of 10, 20, 50, and 100 mg/L. The pH of the salt forms of the 

polymer was found to change with time to pH 3.1- 3.5 due to hydrolysis of acidic anilinium 

salt. 

On the other hand, the base forms of polymers change to pH 5-5.5, owing to the 

absorption of protons to form anilinium ions. In each case, three independent sets of 

experiments were performed. Standard deviations were calculated based on three sets, and 

the data were plotted with standard deviations. All experiments were performed in an 

orbital shaker at 300 rpm for 3 h.  

The hydrophilic Poly-2b removed 56% of the 10 mg/L chromates among the base forms 

when the adsorbent dose was 4 g/L (Figure 2.14). At higher chromate concentrations, the 

removal percentage fell sharply to 27% (Table 2.5). The chromate removal of 

superhydrophobic Poly-1b and hydrophobic Poly-3b varied between 16% and 23 % over the 

entire range. In general, all the polymers in their base form are weak chromate absorbents. 

TH-2909_156152009



68 | Chapter 2  
 

 

Chemically, these three are the same (Thermogravimetric analysis (TGA), Maldi-TOF mass 

spectral analysis). Hence the difference in removal must be due to the hydrophobicity. The  

 

 
Figure 2.14. Comparison of chromate removal and adsorption capacity by base (a, c) and salt 

(b, d) forms of the polymers at different initial concentrations with a dose of 4-0.5 g/L. 

 
higher the hydrophobicity, the weaker is the adsorbent. In contrast, all the polymers in 

their acid forms at the same dose showed 80%-98% removal over the entire range of 

chromate concentrations of 10-100 mg/L (Figure 2.14 and Table 2.5, 2.6). This also indicates 

that their adsorption capacity was not saturated at the 4 g/L dose. To view the differences 

between the individual polymers, we reduced the dose to 1 g/L and 0.5 g/L. At a low 
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adsorbent dose of 0.5 g/L, the differences between the polymers above 20 mg/L of chromate 

are narrow. This is especially observable in the adsorption capacity vs. initial chromate 

concentration plot (Figure 2.14). The adsorption capacity increases with a lower dose as 

expected, but the capacities of all three polymers remain quite close (Table 2.7, 2.8). All 

three salt forms are hydrophilic, chemically similar and have virtually similar adsorption 

properties irrespective of the orientation of the functional amine groups. All have much 

higher removal and adsorption capacity than their respective base forms. We conclude that 

both the interior and exterior surfaces are almost equally accessible to chromate in acid 

form.  

From a practical utility point, salt forms showed very high removal (95%-98%) over the 

entire range of initial chromate concentrations (10-100 mg/L) at 4 g/L (Figure 2.14b). 

When the adsorbent dose was reduced to 1g/L, the removal was still practical between 80% 

and 93%. At 0.5 g/L, the removal properties of Poly-2s and Poly-2b were above 70%. The 

maximum adsorption capacity of Poly-2s and Poly-2b at 0.5 mg/L dose lies between 140-

149 mg/g for removal between 70%-75% (Table 2.8). It not only overtook our previous 

results but was better than the commercially available ion exchanger Amberlite IRA-400 

and other reported materials (Table 2.9). 

 

Table 2.5. Comparison of chromate uptake (mg/g) and removal capacity (%) of the base form of 
the polymers at a dose of 4 g/L 

Initial 
Conc. 

 Poly-1b Poly-2b Poly-3b Polymer 
from ref [20] 

10 ppm Uptake, mg/g 0.65 (±0.40) 1.42 (±0.26) 0.21 (±0.09) 5.32 (±0.04) 
 Removal % 25.75 (±16.55) 56.07 (±11.78) 8.34 (±3.69) 97.60 (±0.60) 
      

20 ppm Uptake, mg/g 0.70 (±0.40) 1.70 (±0.62) 0.95 (±0.28) 4.31 (±0.61) 
 Removal % 14.34 (±7.47) 35.84 (±9.37) 18.97 (±5.53) 94.33 (±0.63) 
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50ppm Uptake, mg/g 0.93 (±0.66) 3.25 (±0.33) 1.97 (±1.17) 11.18 (±1.02) 
 Removal % 8.39 (±6.38) 27.87 (±5.43) 15.13 (±8.99) 94.23 (±0.81) 
      

100 ppm Uptake, mg/g 3.87 (±1.26) 6.62 (±0.62) 5.61 (±0.80) 23.73 (±3.40) 
 Removal % 16.33 (±8.23) 26.87 (±7.21) 22.46 (±3.22) 92.61 (±0.88) 

 

Table 2.6. Chromate removal (%) and uptake (mg/g) of the salt form of the polymers in 
different initial concentrations at a dose of 4 g/L 

Initial Concentration  Poly-1s  Poly-2s Poly-3s  
10 ppm Uptake, mg/g 2.59 (±0.00)  2.56 (±0.01) 2.59 (±0.01)  

 Removal % 97.81 (±0.17)  96.76 (±0.37) 97.81 (±0.19)  
       

20 ppm Uptake, mg/g 5.13 (±0.19)  5.10 (±0.15) 5.15 (±0.24)  
 Removal % 97.48 (±0.09)  97.95 (±0.14) 97.05 (±0.05)  
       

50ppm Uptake, mg/g 11.83 (±0.05)  12.52 (±0.02) 12.43 (±0.03)  
 Removal % 94.75 (±0.41)  97.54 (±0.18) 96.80 (±0.26)  
       

100 ppm Uptake, mg/g 23.45 (±0.02)  29.26 (±0.07) 29.23 (±0.02)  
 Removal % 94.96 (±0.05)  95.43 (±0.22) 95.30 (±0.06)  

 

Table 2.7. Chromate removal (%) and uptake (mg/g) of the salt form of the polymers in 
different initial concentrations at a dose of 1 g/L 

Initial Concentration  Poly-1s  Poly-2s Poly-3s  
10 ppm Uptake, mg/g 8.75 (±0.1)  7.92 (±0.15) 8.3 (±0.31)  

 Removal % 88.76 (±1.06)  80.37 (±1.52) 84.17 (±3.14)  
       

20 ppm Uptake, mg/g 17.36 (±0.06)  15.75 (±0.27) 16.77 (±0.23)  
 Removal % 90.61 (±0.3)  82.21 (±1.43) 87.54 (±1.2)  
       

50ppm Uptake, mg/g 45.11 (±0.15)  41.58 (±0.32) 43.97 (±0.49)  
 Removal % 93.84 (±0.31)  86.5 (±0.67) 91.47 (±1.03)  
       

100 ppm Uptake, mg/g 91.98 (±0.87)  87.36 (±0.45) 91.68 (±2.01)  
 Removal % 93.37 (±0.88)  88.68 (±0.46) 93.07 (±2.04)  
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Table 2.8. Chromate removal (%) and uptake (mg/g) of the salt form of the polymers in 
different initial concentrations at a dose of 0.5 g/L 

Initial Concentration  Poly-1s Poly-2s Poly-3s 
10 ppm Uptake, 

mg/g 
18.38 (±0.22) 17.03 (±0.13) 17.72 (±0.26) 

 Removal % 93.6 (±1.12) 86.71 (±0.64) 90.23 (±1.31) 
     

20 ppm Uptake, 
mg/g 

33.32 (±0.04) 31.5 (±0.14) 32.77 (±0.27) 

 Removal % 93 (±0.11) 87.92 (±0.38) 91.46 (±0.76) 
     

50ppm Uptake, 
mg/g 

83.83 (±3.31) 84.24 (±1.29) 84.86 (±0.94) 

 Removal % 86.49 (±3.42) 86.91 (±1.33) 87.56 (±0.97) 
     

100 ppm Uptake, 
mg/g 

131.21 (±1.4) 140.33 (±4.13) 149.54 (±3.12) 

 Removal % 66.08 (±0.71) 70.67 (±2.08) 75.31 (±1.57) 

  
  Table 2.9. Comparison of adsorption capacities with other adsorbents 

Adsorbent Initial 
concentration 
(mg/L) 

Dose 
(g/L) 

Adsorption 
capacity 
(mg/g) 

Removal 
(%) 

Reference 

AFC on silica gel 10 8 0.62 43 3 
Micron size AFC 10 2 4.50 80 20  
Polyaniline on Jute 10 2 3.52 72 32 
Cellulose-based anion 
exchanger 

10 2 4.99 99 33 

Amberlite IRA-400 10 6 3 60 19 
Chitosan-graphene oxide 
nanocomposite 

10 5 1.96 98 34 

Poly-1s 10 4 2.59 98 This work 
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Poly-2s 10 4 2.56 97 This work 
Poly-3s 10 4 5.59 98 This work 
Poly-1s 10 0.5 18.38 94 This work 
Poly-2s 10 0.5 17.03 87 This work 
Poly-3s 10 0.5 17.72 90 This work 
AFC on silica gel 50-200 8 60-65 60 3 
Tamarind hull 50-150 1 95 99 35 
Nanocrystalline akageneite 10-50 - 80 - 36 
Polyacrylamide grafted 
sawdust 

100 2 45 91 37 

Chitosan-graphene oxide 
nanocomposite 

10 5 1.96 98 34 

Polyacrylonitrile fibres 50 1 35 70 38 
Poly-1s 100 4 23.45 95 This work 
Poly-2s 100 4 29.26 96 This work 
Poly-3s 100 4 29.23 96 This work 
Poly-1s 100 0.5 131.21 66 This work 
Poly-2s 100 0.5 140.33 70.67 This work 
Poly-3s 100 0.5 149.54 75 This work 

 

2.3.11. Mechanism of Removal. 

The mechanism of removal by AFC polymer coated on silica3 and a powder form20  

similar to Poly-3b has been addressed before based on speciation of Cr(VI) and aniline at 

different pH values (Figure 2.15b) and desorption studies with different anions.20. 

Chemically the AFC polymers used in this work were the same as those used in previous 

studies.3,20 Thus, the mechanism of removal was not expected to be different. Between pH 

2-7, the predominant species of potassium dichromate in water is HCrO4
�, a strong 

oxidizer.20,39,40 The amine functional group in AFC exist in two different forms in equilibrium 

Ar-NH3
+Cl– ←→ Ar-NH2 + HCl (Ar = aromatic). The relative concentration of the two 
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forms will depend on the pH of the solution and pKa of the amine. The pKa of the polymer, 

which is structurally close to 2,6 dimethylaniline than aniline, is expected to be ∼4 (pKa of 

2,6 dimethylaniline is 3.89). Hence, at pH 4, both the free base (Ar-NH2) and the ionic salt 

forms (Ar-NH3
+Cl–) of the polymers will coexist.20,39  

 
Figure 2.15. EPR spectra of the virgin Poly-1s, dichromate solution, and Poly-1s after binding 

with chromate (a) and speciation of aniline and chromate at different pH (b). 
 

The Ar-NH3
+ is harder to oxidize due to its positive charge compared to the free base 

form, Ar-NH2. The removal of chromate can occur by (a) ion exchange of HCrO4
� with 

chloride ion of Ar-NH3
+Cl– and (b) oxidation of Ar-NH2 followed by coordination of Cr(III) 

with the remaining Ar-NH2. The ion exchange path would mean that competition with other 

anions will reduce the removal of chromate. This is observed with phosphate and nitrate 

with an AFC very similar to Poly-3s. The effect is negligible with chloride and sulfate 

(Section 2.3.13). The high desorption with HCl also supports the ion-exchange mechanism 

in the case of the salt form (Section 2.3.13). The oxidation of free base form would reduce 

Cr(VI) to Cr(III). Cr(III) has a characteristic EPR spectrum.41 To test this, the polymer, 4 

g/L dose, was treated with 100 mg/L initial concentration of Cr(VI) at pH 4 for 3 h. The 

dose of 4 g/L was chosen as at this dose, and the polymer does not get saturated, increasing 

the sensitivity of the EPR spectra. The polymers were thoroughly washed and dried. The 
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EPR spectra showed a characteristic EPR signal at g = 1.98, which was absent in the virgin 

polymer and chromate solution (Figure 2.15a). This confirms that the oxidation of the 

polymer occurred. The quantity cannot be determined using the EPR. Thus, both ion-

exchange and oxidation of polymer are possible reasons behind the chromate removal. 

The significant difference between salt forms (Poly-1s to 3s) and the free base forms 

(Poly-1b to 3b) is related to the accessibility of the amines and hydrophobicity. If all the 

amine sites were equally available in water and sufficient times are given to reach 

equilibrium, all six would have the same number of Ar-NH2 and Ar-NH3
+ sites at a given 

pH due to hydrolysis. Among Poly-1b and 3b, the hydrophobicity prevents protonation of 

the interior sites. Hydrophilic Poly-2b showed better removal. However, its removal is still 

not comparable to any of the salt forms. We think the neutral amines on the surface of 

Poly-2b (Ar-NH2) take a long time to reach equilibrium by either absorbing acid or 

undergoing hydrolysis (Ar-NH2 + H2O ←→ R-NH3
+OH–). Absorption of acid did take place, 

evident from the shift in pH of the solution from 4 to 5–6 at the end of the 3 h experiment. 

Salt forms are already in ionic form and hydrophilic. This polar nature allows penetration 

of water to interior groups, and ion-exchange can take place faster. The final pH after 

removal in salt form lies ∼3.5. 

All AFC forms have the same hydrolysable amine functionality, but the morphology 

and surface property changes the ratio between Ar-NH2 and Ar-NH3
+Cl– sites. More number 

of ionic sites in salt forms show higher removal. Base versions could not reach the same 

number of ionic sites, even after absorbing acids (final pH 5–6) which lowers the chromate 

removal.  

2.3.12. Adsorption isotherm. 

Langmuir and Freundlich's isotherm model fitting were tested with the experimental 

data of chromate adsorption by the polymers to determine the appropriate isotherm of 
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adsorption. Isotherm fitting results and plots of total chromium uptake (qe, mg/g) versus 

chromium concentration (Ce, mg/L) of the three polymers are given in Table 2.10 and 

Figure 2.16. Langmuir adsorption isotherm is 

 q=qmax
KLCe

1+KLCe
      2.3 

 
Where Ce (mg/L) is the equilibrium concentration of Chromate, qe (mg/g) is the 

adsorption capacity at equilibrium, qmax (mg/g) is the monolayer adsorption capacity of the 

adsorbent, and KL (L/mg) is the affinity constant of adsorption in the Langmuir model. 

Freundlich isotherm has the following general form, 

 qe=KfCe

1
n 2.4 

Here, Kf is the Freundlich capacity factor, and n is the index of heterogeneity. 

Nonlinear regression was done to determine the isotherm parameters. The fitness of the 

isotherm model with the experimental data was verified using correlation coefficient (R2) 

and average relative error (ARE). The equation used to determine ARE is as follows, 

 
ARE=

100
n ෍ ቈ

qeexp-qecal

qeexp
቉

n

i=0

 
2.5 

Where qeexp and qecal are the experimental and calculated using isotherm chromium 

uptake values, respectively.  

Table 2.10. Estimated isotherm parameters for adsorption of Chromate by the salt forms of the 
three polymers at pH 4. 

Polymers Model  Model parameters Values  R2  ARE (%) 
Poly-1s Langmuir  qmax (mg/g) 47.12  0.91  15.156 

   KL (L/mg) 0.22     
 Freundlich  Kf 16.54  0.91  9.948 
   1/n 0.40     

Poly-2s Langmuir  qmax (mg/g) 98.68  0.92  12.371 
   KL (L/mg) 0.096     
 Freundlich  Kf 12.41  0.87  9.614 
   1/n 0.53     

Poly-3s Langmuir  qmax (mg/g) 106.16  0.92  8.47 
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   KL (L/mg) 0.10     
 Freundlich  Kf 12.57  0.89  9.21 
   1/n 0.57     

 

 
Figure 2.16. Isotherm plot of total chromium uptake by the polymers. 

 

The results showed that the R2 values for the two-isotherm fitting in each of the three 

polymers are very close. The maximum uptake achieved was ~150 mg/g for Poly-3s, 

although the values for other polymers are also comparable. The parameter values suggest 

that both the isotherm are applicable for the adsorption of chromate on the polymer 

surfaces.  
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2.3.13. Effect of other ions, desorption studies, and reuse of 
polymer. 

The effect of competing ions on chromate adsorption of Poly-1s was examined at 50 

mg/L of initial chromium concentration with a dose of 1 g/L at pH 4. The study was carried 

out separately using four ions, Ca2+, Mg2+, Cl–, and SO4
2–. Concentrations of other ions 

chosen were 25, 50, and 100 mg/L. Results are shown in Fig. 2.17a. No change in the 

removal capacity of Poly-1s was observed. 

 
Fig. 2.17. (a) Effect of other ions on total chromate uptake of Poly-1s and (b) adsorption–

desorption of chromate from salt forms of AFC in several cycles (Ads: adsorption, Des: 
desorption). 

  

TH-2909_156152009



78 | Chapter 2  
 

 

Regeneration and reusability were studied at 50 mg/L of initial chromium concentration 

with a dose of 1 g/L of Poly-1s, Poly-2s, and Poly-3s at pH 4. Desorption of the chromium 

load from salt forms of the polymers was performed using 1 N HCl, digestion time 12 h, 300 

rpm. An earlier report of a desorption experiment on a form of AFC similar to Poly-3s 

showed maximum desorption by 1 N HCl. The results are shown in Fig. 2.17b. Reusability 

experiments were performed up to 5 cycles. Maximum desorption was observed (greater 

than 90%) for Poly-1s and Poly-3s up to 2 cycles, and for Poly-2s, it was more than 80%. 

As the adsorption of chromate, in this case, is a combination of ion-exchange and oxidation 

of the polymer, gradually more sites became occupied due to the binding of Cr(III) upon 

reduction. Hence the recyclability decreases gradually after each cycle. 

2.3.14. Energy-dispersive X-ray analysis 

EDAX analysis of the polymers was performed to determine the presence of any metals 

in the adsorbent before the adsorption experiments and after the adsorption experiments. 

The results are shown in Figure 2.18. The EDAX spectra showed no other metals and even 

chromium on the polymer surface before adsorption. The presence of Cr on the polymers’ 

surface confirmed the metal adsorption. Al and Au came as the sample preparation was 

done on an aluminum foil, and the sample was coated with gold to reduce charging. 

Elemental composition showed the presence of chlorine, which came from the quaternary 

ammonium chloride of the salt version of the polymers.  
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Figure 2.18. EDAX spectra of the polymers before and after the chromate adsorption.  

 

2.3.15. Cost analysis 

Cost for the first cycle calculated for 1kg and then converted in terms of cost for 1gm 

material. The cost of raw materials was calculated using (a) cost of research-grade chemicals 

from reputed Indian supplier (upper limit) and (b) cost of industrial-grade bulk chemicals 

from Indian Business to business supplier (lower limit). The power requirement is to make 
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1 kg ice required for synthesis at the local prevailing rate. Other than ice to cool, recipe 

does not need heating or stirring. Filtration is by filter paper. Labor cost is taken for my 

work hour wages. This is on the higher side. The recipe does not need a well-qualified 

chemist.  All prices were converted to US$ at the current rate (1 US$ = 75 Rs.).  

Cost calculated for the costlier Poly-1s due to use of a larger amount of isopropanol. To 

estimate cost to remove 1gm chromium, qe value used at conditions where removal is above 

93% ( dose 1 g/L, pH 4, initial chromate 200 ppm). The maximum qe was with 0.5 g dose, 

but at that condition, removal is 75%  for initial chromate 200 ppm. This was not used in 

the calculation.  

Recipe cost = Raw material cost + Energy cost + Labor cost   

Recipe cost of 1kg Poly-1s using research grade chemicals = 79 $ + 0.04 $ + 12.5 $ = 

91.5 $ 

Recipe cost of 1kg Poly-1s using industrial grade chemicals = 13 $ + 0.04 $ + 12.5 $ = 

25.5 $ 

Thus, 1 kg of Poly-1s costing between 25-91 $ can remove 93% of chromate from 1000 

L of water containing 100 ppm chromate. 

Compared to this: 

1 kg Amberlite IRA 400 (non-branded), ion exchange resin cost 26 $ which can remove 

90% of chromate from 1000 L of water containing 100 ppm chromate.42 Ion-exchange resins 

are capable of multiple cycles, thereby reducing the cost further. 

1 kg of Amberlite IRA 900 (branded, Aldrich) ion exchange resin cost 280 $ which can 

remove 97% of chromate from 1000 L of water containing 100 ppm chromate.42 Ion-exchange 

resins are capable of multiple cycles, thereby reducing the cost further. 
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1 kg of chitosan derivative costs between 9870 – 25392 $,43 depending on the type of 

derivative. A recent report showed 1 kg chitosan biochar composite can remove 90% of 

chromate from 1000 L of water containing 55 ppm chromate.44 

1 kg of Agro-based (Tea and Ginger mix) cost 0.45 $ which removes 75% of chromate 

from 100 L of water containing 30 ppm chromate or 10 kg costing 4.5 $ can remove 75% or 

chromate from 1000 L of water having 30 ppm.45 

 

2.4. Conclusions 

The major findings in this chapter are the following: 

(i) The goal of increasing the amine site’s accessibility and chromate removal 

performance of AFC polymer has been achieved. 

(ii) Three different versions of the AFC polymer, each in salt and free base forms, were 

synthesized by controlling the solvent ratio and total volume. Reversal of the solvent ratio 

resulted in different polymer morphologies (Figure 2.10). Chemical analysis confirmed that 

the salt forms as HCl salts of the corresponding free amine forms (Table 2.2). They are 

chemically similar; the only difference is their morphology and surface property. 

(iii) The salt form and one of the base forms were hydrophilic. The spherical base forms 

were either hydrophobic (Poly-3s) or superhydrophobic (Poly-1s). DLS supports polymer 

formation on top of a micellar or reverse micellar core, which changes the orientation of the 

amine functional groups (Scheme 2.2).  This effect was prominent in the base form. In salt 

forms, the polarity of the functional group made the sites more accessible to water, 

irrespective of their orientation, as evidenced by the contact angles. 

(iv) The accessibility of the sites and hydrophilicity profoundly improved the chromate 

removal properties of the polymers. 
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(v) The adsorption capacities shown by the salt form of the polymers are the best 

reported for AFC polymers. These are the most efficient when compared with different 

adsorbents (Table 2.9). 

(vi) Chromium removal was the worst (1/30th of Poly-1s) with the superhydrophobic 

Poly-1b, where the functional groups are inside the polymer spheres. Poly-2b, with 

functional groups on the surface, fares well with twice the efficiency of Poly-1b. Thus, the 

orientation of the functional group matters but cannot compensate for the high efficiency 

shown by the polar salt forms.  

(vii) The high efficiency of salt forms is due to the higher accessibility of the sites. In 

conclusion, using a simple solvent polarity control to change the orientation of amine 

functional groups, we have engineered AFC polymers as efficient chromate adsorbents, 

effective over a broader range of concentrations than before.3,20 

(viii) In terms of cost, a rudimentary analysis put the recipe cost of the Poly-1s between 

ion exchange resin (IRA 900) and bio-adsorbents.  

TH-2909_156152009



Chapter 2 | 83 
 

 
 

2.5. Bibliography 

(1)  Liu, G.; Freund, M. S. New Approach for the Controlled Cross-Linking of Polyaniline:  

Synthesis and Characterization. Macromolecules 1997, 30 (19), 5660–5665. 

https://doi.org/10.1021/ma970469n. 

(2)  Koner, R. R.; Kumar, P. A.; Chakraborty, S.; Ray, M. Synthesis of Morphologically 

Different, Metal Absorbing Aniline-Formaldenyde Polymers Including Micron-Sized Sphere Using 

Simple Alcohols as Morphology Modifier. J. Appl. Polym. Sci. 2008. 

https://doi.org/10.1002/app.28746. 

(3)  Kumar, P. A.; Ray, M.; Chakraborty, S. Hexavalent Chromium Removal from Wastewater 

Using Aniline Formaldehyde Condensate Coated Silica Gel. J. Hazard. Mater. 2007, 143 (1–2), 24–

32. https://doi.org/10.1016/j.jhazmat.2006.08.067. 

(4)  Kumar, G. P.; Kumar, P. A.; Chakraborty, S.; Ray, M. Uptake and Desorption of Copper 

Ion Using Functionalized Polymer Coated Silica Gel in Aqueous Environment. Sep. Purif. Technol. 

2007, 57 (1), 47–56. https://doi.org/10.1016/j.seppur.2007.03.003. 

(5)  Kumar, P. A.; Ray, M.; Chakraborty, S. Adsorption Behaviour of Trivalent Chromium on 

Amine-Based Polymer Aniline Formaldehyde Condensate. Chem. Eng. J. 2009, 149 (1–3), 340–347. 

https://doi.org/10.1016/j.cej.2008.11.030. 

(6)  Baekeland, L. H. The Synthesis, Constitution, and Uses of Bakelite. J. Ind. Eng. Chem. 

1909, 1 (3), 149–161. https://doi.org/10.1021/ie50003a004. 

(7)  Crespy, D.; Bozonnet, M.; Meier, M. 100 Years of Bakelite, the Material of a 1000 Uses. 

Angew. Chemie Int. Ed. 2008, 47 (18), 3322–3328. https://doi.org/10.1002/anie.200704281. 

(8)  Pakade, V.; Chimuka, L. Polymeric Sorbents for Removal of Cr ( VI ) from Environmental 

Samples *. Pure Appl. Chem. 2013, 85 (12), 2145–2160. 

(9)  (IARC), I. A. for R. on C. Monographs on the Evaluation of Carcinogenic Risks to Humans. 

http://monographs.iarc.fr/ENG/Classification/index.php 2006. 

(10) Services, U. S. D. of H. and H. Toxicological Profile for Chromium. Public Heal. Serv. 

Agency Toxic Subst. Dis. Regist. Washington, DC 1991. 

TH-2909_156152009



84 | Chapter 2  
 

 

(11) Straif, K.; Benbrahim-Tallaa, L.; Baan, R.; Grosse, Y.; Secretan, B.; El Ghissassi, F.; 

Bouvard, V.; Guha, N.; Freeman, C.; Galichet, L.; Cogliano, V. A Review of Human 

Carcinogens&#x2014;Part C: Metals, Arsenic, Dusts, and Fibres. Lancet Oncol. 2009, 10 (5), 453–

454. https://doi.org/10.1016/S1470-2045(09)70134-2. 

(12) Vincent, J. B. Chromium: Biological Relevance. Encyclopedia of Inorganic Chemistry. 

September 7, 2005. https://doi.org/https://doi.org/10.1002/0470862106.ia042. 

(13) von Burg, R.; Liu, D. Chromium and Hexavalent Chromium. J. Appl. Toxicol. 1993, 13 

(3), 225–230. https://doi.org/https://doi.org/10.1002/jat.2550130315. 

(14) Greenwood, N. N.; Earnshaw, A. Chemistry of the Elements; Elsevier, 2012. 

(15) Hummel, W.; Filella, M.; Rowland, D. Where to Find Equilibrium Constants? Sci. Total 

Environ. 2019, 692, 49–59. https://doi.org/https://doi.org/10.1016/j.scitotenv.2019.07.161. 

(16) WHO, G. Guidelines for Drinking-Water Quality. World Heal. Organ. 2011, 216, 303–304. 

(17) SEDMAN, R. M.; BEAUMONT, J. A. Y.; MCDONALD, T. A.; REYNOLDS, S.; 

KROWECH, G.; HOWD, R. Review of the Evidence Regarding the Carcinogenicity of Hexavalent 

Chromium in Drinking Water. J. Environ. Sci. Heal. Part C 2006, 24 (1), 155–182. 

https://doi.org/10.1080/10590500600614337. 

(18) Ruotolo, L. A. M.; Gubulin, J. C. Reduction of Hexavalent Chromium Using Polyaniline 

Films. Effect of Film Thickness, Potential and Flow Velocity on the Reaction Rate and Polymer 

Stability. J. Appl. Electrochem. 2003, 33 (12), 1217–1222. 

https://doi.org/10.1023/B:JACH.0000003856.63371.73. 

(19) Kusku, O.; Rivas, B. L.; Urbano, B. F.; Arda, M.; Kabay, N.; Bryjak, M. A Comparative 

Study of Removal of Cr(VI) by Ion Exchange Resins Bearing Quaternary Ammonium Groups. J. 

Chem. Technol. Biotechnol. 2014, 89 (6), 851–857. https://doi.org/10.1002/jctb.4320. 

(20) Terangpi, P.; Chakraborty, S.; Ray, M. Improved Removal of Hexavalent Chromium from 

10 mg/L Solution by New Micron Sized Polymer Clusters of Aniline Formaldehyde Condensate. 

Chem. Eng. J. 2018, 350, 599–607. https://doi.org/https://doi.org/10.1016/j.cej.2018.05.171. 

TH-2909_156152009



Chapter 2 | 85 
 

 
 

(21) Kim, B.-J.; Im, S.-S.; Oh, S.-G. Investigation on the Solubilization Locus of Aniline-HCl 

Salt in SDS Micelles with 1H NMR Spectroscopy. Langmuir 2001, 17 (2), 565–566. 

https://doi.org/10.1021/la0012889. 

(22) Wang, R.; Wang, C.; Liu, K.; Bei, F.; Lu, L.; Han, Q.; Wu, X. Nucleation of Polyaniline 

Nano-/Macrotubes from Anilinium Composed Micelles. J. Phys. Chem. B 2014, 118 (9), 2544–2552. 

https://doi.org/10.1021/jp411235u. 

(23) Wan, M. A Template-Free Method Towards Conducting Polymer Nanostructures. Adv. 

Mater. 2008, 20 (15), 2926–2932. https://doi.org/10.1002/adma.200800466. 

(24) Ojha, J. K.; Venkatram Reddy, B.; Ramana Rao, G. Vibrational Analysis and Valence 

Force Field for Nitrotoluenes, Dimethylanilines and Some Substituted Methylbenzenes. 

Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2012, 96, 632–643. 

https://doi.org/https://doi.org/10.1016/j.saa.2012.06.035. 

(25) Fleming, I.; Williams, D. Infrared and Raman Spectra BT  - Spectroscopic Methods in 

Organic Chemistry; Fleming, I., Williams, D., Eds.; Springer International Publishing: Cham, 2019; 

pp 85–121. https://doi.org/10.1007/978-3-030-18252-6_3. 

(26) Lenghaus, K.; Qiao, G. G.; Solomon, D. H. The Effect of Formaldehyde to Phenol Ratio 

on the Curing and Carbonisation Behaviour of Resole Resins. Polymer (Guildf). 2001, 42 (8), 3355–

3362. https://doi.org/https://doi.org/10.1016/S0032-3861(00)00710-2. 

(27) Nayar, M. R. G.; Francis, J. D. Kinetics and Mechanism of the Aniline-Formaldehyde 

Reaction in Acid Medium. Die Makromol. Chemie 1978, 179 (7), 1783–1790. 

https://doi.org/https://doi.org/10.1002/macp.1978.021790713. 

(28) Gürses, A.; Eroğlu, Z.; Güneş, K.; Doğar, Ç. Synthesis and Thermal and Textural 

Characterization of Aniline Formaldehyde-Organoclay Composites. Acta Phys. Pol. A 2016, 129, 

853–856. 

(29) Paschek, D.; Geiger, A.; Hervé, M. J.; Suter, D. Adding Salt to an Aqueous Solution of T-

Butanol: Is Hydrophobic Association Enhanced or Reduced? J. Chem. Phys. 2006, 124 (15), 154508. 

https://doi.org/10.1063/1.2188398. 

TH-2909_156152009



86 | Chapter 2  
 

 

(30) Kruk, M.; Jaroniec, M. Gas Adsorption Characterization of Ordered Organic−Inorganic 

Nanocomposite Materials. Chem. Mater. 2001, 13 (10), 3169–3183. 

https://doi.org/10.1021/cm0101069. 

(31) Thommes, M. Physical Adsorption Characterization of Nanoporous Materials. Chemie-

Ingenieur-Technik 2010, 82 (7), 1059–1073. https://doi.org/10.1002/cite.201000064. 

(32) Albino, P.; Chakraborty, S.; Ray, M.; Kumar, P. A.; Chakraborty, S.; Ray, M. Removal 

and Recovery of Chromium from Wastewater Using Short Chain Polyaniline Synthesized on Jute 

Fiber. Chem. Eng. J. 2008, 141 (1–3), 130–140. https://doi.org/10.1016/j.cej.2007.11.004. 

(33) Anirudhan, T. S.; Jalajamony, S.; Suchithra, P. S. Improved Performance of a Cellulose-

Based Anion Exchanger with Tertiary Amine Functionality for the Adsorption of Chromium(VI) 

from Aqueous Solutions. Colloids Surfaces A Physicochem. Eng. Asp. 2009, 335 (1–3), 107–113. 

https://doi.org/10.1016/j.colsurfa.2008.10.035. 

(34) Ali, M. E. A. Synthesis and Adsorption Properties of Chitosan-CDTA-GO Nanocomposite 

for Removal of Hexavalent Chromium from Aqueous Solutions. Arab. J. Chem. 2018, 11 (7), 1107–

1116. https://doi.org/https://doi.org/10.1016/j.arabjc.2016.09.010. 

(35) Verma, A.; Chakraborty, S.; Basu, J. K. Adsorption Study of Hexavalent Chromium Using 

Tamarind Hull-Based Adsorbents. Sep. Purif. Technol. 2006, 50 (3), 336–341. 

https://doi.org/10.1016/j.seppur.2005.12.007. 

(36) Lazaridis, N. K.; Bakoyannakis, D. N.; Deliyanni, E. A. Chromium(VI) Sorptive Removal 

from Aqueous Solutions by Nanocrystalline Akaganeite. Chemosphere 2005, 58 (1), 65–73. 

(37) Raji, C.; Anirudhan, T. S. Batch Cr(VI) Removal by Polyacrylamide-Grafted Sawdust: 

Kinetics and Thermodynamics. Water Res. 1998, 32 (12), 3772–3780. 

https://doi.org/10.1016/S0043-1354(98)00150-X. 

(38) Deng, S.; Bai, R. Removal of Trivalent and Hexavalent Chromium with Aminated 

Polyacrylonitrile Fibers: Performance and Mechanisms. Water Res. 2004, 38 (9), 2424–2432. 

https://doi.org/10.1016/j.watres.2004.02.024. 

(39) Lide, D. R. CRC Handbook of Chemistry and Physics; CRC press, 2004; Vol. 85. 

TH-2909_156152009



Chapter 2 | 87 
 

 
 

(40) Gao, B.; Li, Y.; Chen, Z. Adsorption Behaviour of Functional Grafting Particles Based on 

Polyethyleneimine for Chromate Anions. Chem. Eng. J. 2009, 150 (2), 337–343. 

https://doi.org/https://doi.org/10.1016/j.cej.2009.01.012. 

(41) Que, L. Physical Methods in Bioinorganic Chemistry: Spectroscopy and Magnetism; Sterling 

Publishing Company, 2000. 

(42) Pratima, M.; Ghosh, A.; Ramamurthy, Y.; Pandey, B.D.; Abhilash; Torem, M.L. Removal 

of Hexavalent Chromium from Mine Effluents by Ion Exchange Resins-Comparative Study of 

Amberlite IRA 400 and IRA 900. Russian Journal of Non-Ferrous Metals. 2018, 59 (5), 533-542. 

https://doi.org/10.3103/S1067821218050103. 

(43) Gkika, D.; Liakos, E.V.; Vordos, N.; Kontogoulidou, C.; Magafas,  L.; Bikiaris, D.N.;  

Bandekas, D.V.; Mitropoulos, A.C.; Kyzas, G.Z. Cost Estimation of Polymeric Adsorbents. 

Polymers (Basel). 2019, 11 (5), 925. https://doi.org/10.3390/polym11050925. 

(44) Altun, T.; Ecevit, H.; Kar, Y.; Çiftçi, B. Adsorption of Cr(VI) onto cross-linked chitosan-

almond shell biochars: equilibrium, kinetic, and thermodynamic studies. Journal of Analytical 

Science and Technology. 2021, 12 (1), 38. https://doi.org/10.1186/s40543-021-00288-0. 

(45) Sharma, P.K.; Ayub, S. The cost analysis and economic feaibility of AGRO wastes to 

adsorb chromium (VI) from wastewater. International journal of civil engineering and technology. 

2019, 10 (2), 2387. 

 

TH-2909_156152009



   

 

 

 

 

TH-2909_156152009



   

 

Chapter 3 

Long term storage property and Hg(II) 
adsorption behavior of the salt version of 

the AFC polymers 

 

 

 

 

  

TH-2909_156152009



   

 

  

TH-2909_156152009



Chapter 3 | 91 
 

 
 

3.1. Introduction 

In the previous chapter, we have seen that the aniline formaldehyde condensate polymers 

were easy to synthesize. They were very effective in removing chromate from the aqueous 

solution with good adsorption capacity. In this chapter, we have focused on three things. 

(i) Leaching of chemicals from the polymers; 

(ii) Effect of long-term storage of the polymeric material in their chromate removal 

capacity and chemical changes due to storage; 

(iii) Effectivity in any other metal removal, e.g., Hg(II). 

There have been multiple amine materials for the effective removal of chromate or other 

heavy metals from water at different conditions.1–8 But hardly, people have studied the 

leaching of chemicals and long-term storage properties of those materials. We thus examined 

the leaching property of the salt form of AFC. Further, we repeated the chromate adsorption 

experiment with one-year-old polymers, checked their chromate removal capacity, and 

compared it with the freshly prepared polymers from chapter two. We recharacterized the 

old polymers to understand the results obtained to determine if any physical or chemical 

change occurred over one year. 

Next, we extended our focus on the adsorption of any other toxic heavy metal by the 

salt versions of AFC polymer. Our polymers have amine functional groups. In their salt 

form, they remain as ammonium, which can act as an ion exchanger in acidic conditions or 

as a coordinating donor site depending on the pH of the medium. Amine functional groups 

usually bind Hg(II) to form relatively less soluble amine complexes. Hg(II) is regarded as 

one of the most toxic pollutants due to its high bioaccumulative properties.9–11 Almost all 

mercury species, or organic mercury compounds are toxic. Because of usage in many 

products and processes, e.g., alkali production, pharmaceutical, cosmetic preparations, 

combustion of fossil fuels, electrical and electronics manufacturing plants, metal processing, 
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metal plating, metal finishing, and pulp and paper industries, it results in the contamination 

of aquatic systems.12,13 The materials that have been used for adsorption varied from low-

cost materials such as clay particles, activated carbon to carbon nanotubes, functionalized 

polymer, and ion-exchange resins.8,12,14–19  

We used the salt forms of the polymer to study the removal of Hg(II). We have 

investigated the removal of Hg(II) at different initial metal concentrations using the polymer 

against various parameters, including- pH, isotherms, and emphasis was given to identify 

the adsorption mechanism during the removal process. 

Part A: Leaching and storage property 

3.2A. Experimental Section 

3.2.1A. Solvents and reagents 

Potassium dichromate from Merck India was used for the chromium removal studies. 

Other reagents were obtained from commercial sources and used without further purification 

unless otherwise stated. Water purified by Merck Direct Q8 ultrapure water purification 

system was used to prepare all solutions and reactions. Whatman® grade 1 qualitative filter 

paper was used for filtration purposes during adsorption experiments. 

3.2.2A. Measurements 

The UV visible spectra were recorded on a Perkin Elmer Lambda 25 UV–vis 

spectrophotometers. FTIR spectra were recorded with KBr discs on Perkin-Elmer Spectrum 

one FT-IR spectrophotometer in the range of 4000-400 cm-1. Thermogravimetric analysis of 

the compounds was performed using a Netzsch STA449F3A00 TG analyzer with a heating 

rate of 10 ℃ per min. under N2 atmosphere using a sample size of 5-10 mg per run. FESEM 

images were recorded using Zeiss Sigma and Zeiss Gemini instruments. The polymer samples 
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were first dispersed in ethanol, drop cast on a silver foil to get a thinner layer of the polymer 

surface, and air-dried in a desiccator over silica. Before analysis, it was mounted with the 

help of carbon tape on the stabs, coated with gold vapor twice before measurement to reduce 

charging. The BET surface area was obtained from the N2 adsorption isotherm. Gas 

adsorption experiments were performed on a Quantachrome Autosorb-IQ MP instrument. 

Samples were degassed at 80 ℃ before the experiment. Total chromium concentration was 

measured using a Varian model-AA240 atomic absorption spectrometer (AAS) using air-

acetylene flame at a wavelength of 429 nm with a slit width of 0.5 nm. The calibration 

graph was first determined, and then the chromium concentration of the unknown was 

measured. All the pH measurements were done using Eutech instruments' EcoScan pH 6 

pH-meter.  

3.2.3A. Leaching experiment 

The salt forms of the polymer were subjected to the adsorption condition in an aqueous 

solution of pH ~4. In specimen tubes, 30 mL of pH adjusted Millipore deionized water with 

the same amount of polymers used for adsorption experiments (Section 2.2.4) were shaken 

in an orbital shaker at 300 rpm for 3 hours. The solutions were filtered, we analyzed the 

filtrate in a UV-Visible spectrophotometer. On the other hand, we took 17 mg (0.18 mmol) 

of aniline in 10 mL of 1N HCl and checked its UV-Vis absorption.  

3.2.4A. Adsorption experiment 

Chromate adsorption experiments under a similar condition as studied in Chapter two 

(Section 2.2.4) were performed with the one-year-old salt version of the polymers instead of 

freshly prepared polymers. The polymers were stored in a calcium carbonate desiccator 

under a vacuum. Here, we kept all the experimental variables the same as our previous 

experiments (initial pH of the solutions was kept as 4, the dose of the polymers taken was 

4 g/L, digestion time 3hours, adsorption experiments were carried out in an orbital shaker 
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at 300 rpm) except the initial chromate concentration. The initial chromate concentration 

was varied from 10 mg/L to 100mg/L. In each experiment, 15 mL solution of chromate 

(prepared with pH adjusted Millipore deionized water) was used in specimen tubes along 

with 0.060 g of polymer.  

3.3A. Results and discussion 

3.3.1A. Leaching study 

We synthesized polymers, characterized them, and found that their salt forms removed 

chromate from an aqueous solution with high adsorption capacity (mg of metal ion removed 

per gram of the polymer). So, the next question arose automatically, did it leach any 

chemicals in the medium? As the polymers can contain starting materials or low molecular 

weight polymer which are soluble in acidic condition. To find the answer, we digested the 

polymers in pH 4 water for 3 hours at 300 rpm, filtered, and took UV-Vis spectra of the 

filtrates. We compared the spectra with that of aniline in a dilute HCl medium with a 

known concentration. A comparison of the UV-vis spectra is shown in Figure 3.1A. 

 
Figure 3.1A. UV-Visible spectra of aniline in HCl and the leached product of the polymers at 

the experimental condition. 
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The filtrate showed similar UV-Vis absorption in the UV region for all three polymers. 

The filtrate of Poly-1s showed maximum absorbance. This indicates the leaching of 

chemicals into the solution. We took 17 mg (0.18 mmol) of aniline in 10 mL of 1N HCl and 

checked its UV-Vis absorption. We wanted to compare the spectra of the filtrates with that 

of anilinium hydrochloride in known concentration to estimate the leached chemicals. 

However, the aniline in HCl spectra and the polymer extract spectra came different. This 

could be due to the polymeric nature of the leached chemicals; it did not show an exact 

absorbance pattern as the anilinium hydrochloride molecule. Since UV-visible is a very 

sensitive instrument, high absorbance in the spectra of the polymer extract does not mean 

a high amount of chemical leaching. Although quantitative estimation of the leached 

chemicals could not be done, the experiment tells us the salt form of the AFC polymers 

leach chemicals in a small quantity. 

 

3.3.2A. Chromate removal 

The salt forms of the freshly prepared polymers showed excellent chromate binding 

capacity at a dose of 0.5 g/L, even from a solution where the concentration of chromate 

was low (Figure 2.14). We used a dose of 4 g/L for the old polymers. The chromate removal 

data are shown in Figure 3.2A and Table 3.1A.  

The adsorption capacity of the old polymers decreased. The effectivity of Poly-1s 

decreased the most, followed by Poly-2s and Poly-3s. Only Poly-3s showed moderate to 

good chromate removal for 10 mg/L to 100 mg/L chromate solutions at dose 4 g/L.  
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Figure 3.2A. Adsorption capacity and removal percent variation with initial Chromate 
concentration of the polymers at dose 4g/L, before and after one year. 

 

Table 3.1A. Comparison of chromate removal (%) and uptake (mg/g) by the old polymers with 
that of the freshly prepared polymers at a dose of 4 g/L 

Initial 
Concentration 

Parameters Poly-
1s Old 

Poly-
1s 

Poly-
2s Old 

Poly-
2s 

Poly-
3s Old 

Poly-
3s 

10 ppm Uptake, 
mg/g 

0.84 
(±0.13) 

2.59 
(±0.00) 

0.95 
(±0.08) 

2.56 
(±0.01) 

1.52 
(±0.03) 

2.59 
(±0.01) 

 Removal % 33.72 
(±5.16) 

97.81 
(±0.17) 

38.15 
(±3.4) 

96.76 
(±0.37) 

60.67 
(±1.33) 

97.81 
(±0.19) 

20 ppm Uptake, 
mg/g 

1.07 
(±0.09) 

5.13 
(±0.19) 

1.89 
(±0.07) 

5.10 
(±0.15) 

2.64 
(±0.18) 

5.15 
(±0.24) 

 Removal % 21.35 
(±1.73) 

97.48 
(±0.09) 

37.09 
(±1.42) 

97.95 
(±0.14) 

52.75 
(±3.64) 

97.05 
(±0.05) 

50ppm Uptake, 
mg/g 

6.59 
(±0.08) 

11.83 
(±0.05) 

8.22 
(±0.12) 

12.52 
(±0.02) 

8.97 
(±0.22) 

12.43 
(±0.03) 

 Removal % 52.70 
(±0.61) 

94.75 
(±0.41) 

65.75 
(±0.95) 

97.54 
(±0.18) 

71.76 
(±1.73) 

96.80 
(±0.26) 

100 ppm Uptake, 
mg/g 

16.48 
(±1.07) 

23.45 
(±0.02) 

18.98 
(±0.39) 

29.26 
(±0.07) 

19.51 
(±0.21) 

29.23 
(±0.02) 

 Removal % 69.90 
(±4.53) 

94.96 
(±0.05) 

79.59 
(±1.65) 

95.43 
(±0.22) 

81.91 
(±0.87) 

95.30 
(±0.06) 
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The decrease in adsorption capacity could be because of either any chemical change that 

happened to them or any physical change within this one year. To understand these better, 

we did a chemical analysis of the old polymers. We compared their FTIR spectra (if any 

chemical change) and isotherm parameters (physical change), also looked for their surface 

morphology. 

 

3.3.3A. FTIR Spectra 

Chromate removal capacity of the polymers decreased with time. These polymers were 

chemically the same when they were synthesized (FTIR spectra were almost similar). 

Therefore, to check whether, within a year, there occurred any chemical change to the 

polymers, we took FTIR spectra of the year-old polymers. 

The FTIR spectra of the one-year-old polymers looked almost similar to that of the base 

forms of the polymers (Figure 3.3A). The expected peaks for primary amine (two N-H 

stretch expected) were under the broad absorption with a peak maximum at ~3440 cm-1 due 

to H-bonding and moisture. Other characteristic peaks were ~1660 cm-1 (-NH4
+� stretching), 

~1584 cm-1 (very strong, N-H bending), ~1510 cm-1 (Strong, C-C stretching), ~1177 cm-1 

(strong), ~812 cm-1 (out of plane aromatic C-H).20 Peak at ~1660 cm-1 was shorter in base 

form, and the peak at the same position was shorter in the one-year-old salt forms of the 

polymers. This peak was assigned to ammonium stretching.20 The decrease in intensity of 

this particular peak in the one-year-old polymers might be due to the release of the trapped 

acid from the polymeric core. Thus, they became more like the basic form of polymers. As 

a result, their chromate binding capacity decreased significantly. The least affected polymer 

from the FTIR spectra was Poly-3s, and Poly-3s is the one that showed moderate to good 

(more than 80%) chromate removal after one-year storage. The FTIR data thereby support 

the removal result.  
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Figure 3.3A. Comparison of the FTIR spectra of the polymers before and after one year (S-Salt 

form, B-Base form) with that of the corresponding base forms. 
 

3.3.4A. Surface area measurement (BET Isotherm)  

Gas adsorption experiments were performed on a Quantachrome Autosorb-IQ MP 

instrument with the previously dried solid powdered samples. The isotherms patterns 

(Figure 3.4A) of the polymers did not change much. They are of type-II and type-IV 

according to IUPAC nomenclature.21,22 As it could be seen, surface area and total pore 

volume of the one-year polymers decreased significantly with time. We were storing the 

polymers in a vacuum desiccator. The release of the trapped solvents and acids could happen 
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with time, reducing the polymers' porous nature. The surface got shrunk, resulting in a 

decrease in surface areas (Table 3.2A). 

 

Table 3.2A. Isotherm parameters of the polymers by the BET method 

 

 

Parameters Fresh polymers One-year-old polymers 

Poly-

1s 

Poly-

2s 

Poly-

3s 

Poly-

1s 

Poly-

2s 

Poly-

3s 

Multipoint 

BET 

      

Surface Area 

(m2/g) 

29.130 93.390 21.079 5.302 29.484 4.660 

Pore diameter 

(nm) 

14.66 15.37 13.38 15.83 28.85 11.58 

Total Pore 

Volume 

      

TPV (cc/g) 0.1068 0.3589  0.7053 0.02099 0.2127 0.01350 

at P/Po 0.99742 0.99080 0.99579 0.99625 0.98879 0.99729 
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Figure 3.4A. BET isotherm of the one-year-old polymers compared with that of fresh polymers. 
 

With the decrease in surface area, if there was physical adsorption, that also decreased 

with time. Hence the decrease in chromate binding. 

TH-2909_156152009



Chapter 3 | 101 
 

 
 

3.3.5A. Surface morphology (FESEM imaging) 

For FESEM studies, well-dried samples, dispersed in absolute ethanol (so that the 

dehydration occurred), were used, though charging the samples happened. The images are 

shown in Figure 3.5A. Samples were doubly coated with gold; operating accelerating voltage 

was kept as low as possible at 3 kV while capturing the images with an In-lens detector. 

Unfortunately, we could not stop the charging problem. Comparison with the freshly 

prepared sample (Figure 2.10), the significant visual difference in the morphology of the 

salt forms of the polymers is that the shape of the surface of one-year-old polymers changed  

(Figure 3.5A). The effect is most prominent in Poly-1s. We have seen that the chromate 

adsorption capacity of the Poly-1s polymer is affected most over time. 

 

 

Figure 3.5A. FESEM images of the salt version of the one-year-old polymers (a) Poly-1s, (b) 
Poly-3s, and (c) Poly-2s. 

 
Due to the loss of the trapped acids and solvents over time, the surface of the polymer 

became more polished. Loss of acids made the polymers non-conducting, because of which 
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there might be a charge accumulation during image capture, hence the charging. From the 

FESEM images, it is clear that surface morphology drastically changed with time. Loss of 

acids, solvents converted the quaternary ammonium to amine, resulting in loss of porosity 

and a decrease in its ion-exchanging capacity.  
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Part B: Hg(II) adsorption study 

3.2B. Experimental Section 

3.2.1B. Reagents and solvents 

Mercuric nitrate [Hg(NO3)2.H2O] was purchased from HiMedia and used as received. 

Other reagents were obtained from commercial sources and used without further 

purification. Water purified by Merck Direct Q8 ultrapure water purification system was 

used to prepare all solutions and reactions. Whatman® grade 1 qualitative filter paper was 

used for filtration purposes during adsorption experiments. 

3.2.2B. Measurements 

The FTIR spectra were recorded on Perkin-Elmer Spectrum one FT-IR 

spectrophotometer with KBr discs in the range of 4000-400 cm-1. Surface morphology and 

energy dispersive X-ray spectra were studied using Zeiss Sigma and Zeiss Gemini 

instruments equipped with energy dispersive X-ray spectrometer. The polymer samples were 

coated with gold vapor twice before measurement to reduce charging. Total mercury 

concentration was analyzed using an Atomic Absorption spectrometer (model-AA240, 

Varian); flame ionization technique (Flame AAS) with a wavelength of 253.7 nm, slit width 

of 0.5 nm, optimum working range between 2-400 mg/L. All pH measurements were done 

using Eutech instruments' EcoScan pH 6 pH-meter. Chloride ion concentration in the 

solutions after pH adjustment and after adding the polymers was measured using Thermo 

Scientific™ Orion™ Chloride Electrodes. 

3.2.3B. Adsorption study 

A stock solution of 1000 mg/L of Hg(II) was prepared by dissolving analytical-grade 

Hg(NO3)2.H2O salt in distilled water in the presence of 300 µL of concentrated nitric acid. 
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Successive dilutions obtained desired concentration of Hg(II) solution with distilled water. 

The adsorption experiments were carried out to determine the adsorbent's optimum pH and 

adsorption capacity for maximum adsorption. All adsorption experiments were performed 

using a 15 mL volume of Hg(II) solution with 15 mg of polymer dose. The pH of the solutions 

was adjusted using either 1N HCl/1N NaOH solutions. An adsorption experiment was 

performed in an orbital shaker (300 rpm) for 3 hours. The amount of mercury ion adsorbed 

on polymer was obtained using the following equation (3.1B) 

 qt=
(Co-Ct)

m V 3.1B 

Where qt is the amount of Hg(II) adsorbed per gram of polymer at time t (mg/g); Co 

and Ct are the initial concentration and concentration at time t of Hg(II) ion in aqueous 

solution, respectively; V is the volume of the solution (L), and m is the mass of the adsorbent 

(g). 

The removal percentage of mercury ions from aqueous solutions was calculated from the 

following equation (3.2B). 

 Removal(%)=
(Co-Ct)

Co
×100 3.2B 

 

3.3B. Results and discussion 

3.3.1B. FTIR spectroscopy 

FTIR spectra of the polymers were taken before and after the Hg(II) adsorption and 

compared. No significant changes were observed after adsorption except the appearance of 

a sharp and intense peak at around 1384 cm-1, which confirmed the presence of nitrate that 

came after Hg(II) adsorption.20 The FTIR spectra are given in Figure 3.1B.  
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Figure 3.1B. Comparison of FTIR spectra of the polymers before and after Hg(II) adsorption. 
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3.3.2B. Hg(II) adsorption: Effect of pH 

The influence of the solution pH on the removal efficiency was examined at an initial 

Hg(II) concentration of 50-200 mg/L using a 1 g/L polymer dose. The experiments were 

carried out at three controlled pH conditions, and experimental pH was varied from 2 to 7 

to avoid any precipitation effect in pH greater than 7. Results are shown in Figure 3.2B 

and Table 3.1B-3.3B. The results indicate that removal efficiency was maximum at pH 4. 

Above and below pH 4, a decrease in removal was observed. 

 

 
Figure 3.2B. Hg(II) removal efficiency and adsorption capacities of the polymers at different pHs 

at three initial concentrations with a dose of 1 g/L. 

 
To understand this observation, we looked into the speciation of anilinium form of the 

polymer at different pH (Figure 2.5b). Also, we looked into the speciation of Hg(II) at that 

condition. The % of the anilinium form was calculated using respective pKa values. The 

anilinium form of the polymer is known to behave as an anion exchanger for the removal of 

chromate anion, as was observed previously (Chapter 2). At pH 2, it remains as anilinium. 

At pH 4, both aniline and anilinium are present in a 1:1 ratio, and at higher pH 7, the only 

TH-2909_156152009



Chapter 3 | 107 
 

 
 

aniline remains. Now, pH control of the Hg(II) solutions was done with 1(N) HCl and 1(N) 

NaOH. The chloride ions enhance the formation of the Hg(II)-chloride complex, always 

competing with the Hg(II)-hydroxy complexes.23 According to Hahne et al. 1973 at pH 2, 

the predominant forms are Hg(II) and Hg(OH)+ when the pCl value is greater than 9, with 

a decrease in the pCl value (i.e., increase in Cl- ion concentration), the predominant forms 

changed to HgCl+, HgCl2, HgCl3- and HgCl42- depending on the pCl value.23 Similar 

speciation occurs at pH 4 and pH 7, where we did our adsorption experiments. We measured 

the concentration of Cl- ions at the experimental conditions and found that the chloride ion 

concentrations were 113 mg/L, 329 mg/L, and 12-20 mg/L at pH 2, 4, and 7, respectively. 

According to the speciation diagram reported by Hahne et al. 1973, the predominant forms 

of the Hg(II) at that respective pH must be HgCl2, HgCl3- and a mixture of HgOH+, HgOH2, 

and HgCl2.23 As there remained some amount of HgCl3- at pH 2, the polymers showed 

removal of those anionic form of mercuric chlorides. At higher pH 7, because of the 

complexation of Hg(II) with the amine groups of the polymers, they showed some amount 

of mercury removal. At pH 4, both complexation and ion exchange are possible by the 

polymers. Therefore, it showed maximum Hg(II) uptake at that pH. 

Table 3.1B. Hg(II) removal by the polymers at dose 1g/L at pH 2 

Initial Concentration Parameters Poly-1s Poly-2s Poly-3s 
50 ppm Uptake, mg/g 45.09 (±0.21) 44.97 (±0.29) 44.8 (±0.43) 
 Removal % 93.31 (±0.43) 93.10 (±0.59) 92.75 (±0.89) 
100 ppm Uptake, mg/g 58.40 (±3.20) 75.93 (±1.64) 69.80 (±4.36) 
 Removal % 59.59 (±3.27) 77.48 (±1.67) 71.22 (±1.45) 
200 ppm Uptake, mg/g 94.33 (±3.52) 117.27 (±3.84) 107.17 (±2.15) 
 Removal % 49.06 (±1.83) 60.98 (±2.00) 55.73 (±1.12) 

 
Table 3.2B. Hg(II) removal by the polymers at dose 1g/L at pH 4 

Initial Concentration Parameters Poly-1s Poly-2s Poly-3s 
50 ppm Uptake, mg/g 46.47 (±0.25) 47.23 (±0.05) 44.67 (±0.33) 
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 Removal % 96.20 (±0.52) 97.79 (±0.10) 96.62 (±0.68) 
100 ppm Uptake, mg/g 85.67 (±2.17) 100.63 (±1.86) 89.47 (±1.13) 
 Removal % 72.23 (±1.83) 84.85 (±1.57) 75.44 (±0.95) 
200 ppm Uptake, mg/g 123.23 (±1.38) 147.4 (±10.26) 137.20 (±2.62) 
 Removal % 61.62 (±0.69) 73.70 (±5.13) 68.60 (±1.31) 

 
Table 3.3B. Hg(II) removal by the polymers at dose 1g/L at pH 7 

Initial Concentration Parameters Poly-1s Poly-2s Poly-3s 
50 ppm Uptake, mg/g 45.63 (±0.19) 45.63 (±0.12) 45.53 (±0.45) 
 Removal % 94.40 (±0.3) 94.48 (±0.26) 94.27 (±0.93) 
100 ppm Uptake, mg/g 66.33 (±0.70) 80.67 (±0.41) 79.60 (±0.49) 
 Removal % 63.78 (±0.68) 77.56 (±0.40) 76.54 (±0.47) 
200 ppm Uptake, mg/g 111.83 (±1.06) 120.16 (±5.63) 114.23 (±3.11) 
 Removal % 58.71 (±0.56) 63.07 (±2.96) 59.97 (±1.63) 

 

3.3.3B. Hg(II) adsorption: Effect of initial concentration 

Initial Hg(II) concentration was varied from 50 to 200 mg/L with a polymer dose of 1 

g/L at pH 2-7 (Table 3.1B-3.3B). In terms of Hg(II) removal efficiency, removals were > 

90%, up to  initial Hg(II) concentrations of 50 mg/L and 80-70% at Hg(II) of 100 mg/L. 

The difference in removal efficiency started showing at an initial concentration of 100 mg/L, 

which further increased at 200 mg/L initial concentration. Similar trends of variation of 

removal (%) and adsorption capacity were observed at the three experimental pH. 

When initial Hg(II) concentration was very low, amine sites on polymer greatly 

outnumbered Hg(II) ions. So, Hg(II) removal efficiency was almost similar among the three 

forms of the polymers. With an increase in Hg(II) concentrations, amine sites on polymer 

surfaces getting saturated. As a result, the removal percentage decreased. As adsorption 

capacity depends on the initial metal concentration and dose, it increases with increasing 

initial Hg(II) concentration. 
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Figure 3.3B. Hg(II) removal efficiency and adsorption capacities of the polymers at different 
initial concentrations with a dose of 1 g/L. 

 

Among the three polymers, we have seen Poly-2s has the amine groups at the outer 

surface of the polymeric core, and in the case of Poly-1s, it is inside the polymeric core. As 

a result, the surface of the Poly-2s has more amine sites than Poly-1s, Poly-3s being 

intermediate. This effect of amine site orientation is reflected on the respective polymer’s 

Hg(II) removal capacity. Poly-2s showed the maximum Hg(II) removal at a definite initial 

concentration and pH. 

A comparison table of Hg(II) removal by some known amine-based materials is given in 

Table 3.4B. It shows that none of the materials have shown high removal percentage with 

a high uptake value than our salt forms of the AFC.  
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Table 3.4B. Comparison of adsorption capacities with other known amine-based materials 

Adsorbent 
Initial concentration 

(mg/L) 
dose (g/L) Removal (%) Uptake (mg/g) References 

New ultra-stable mesoporous adsorbent 

and on a commercial ion exchange 

resin 

10 3 78.9 2.63 24 

Chitosan-alginate nanoparticles 

(CANPs) 
4 20 89 0.178 25 

Polyaniline/Humic acid 50 0.5 98.3 98.3 26 
Polyaniline nanocomposite coated on 

rice husk 
100 10 95~ 9.5~ 27 

Poly(1-amino-5-chloroanthraquinone) 

(PACA) nanofibrils 
10 mM/L 1.6 51.2~ 3.2~mM/g 28 

Mesoporous silica/polyacrylamide 

composite 
100 0.4 70.8 177 29 

Amide functionalized cellulose from 

sugarcane bagasse 
250 1 71.2~ 178~ 30 

Chitosan derivatives 100 1 79 79 31 
Novel amidoamine functionalized 

multi-walled carbon nanotubes 
50 1 55~ 27.5~ 32 

Activated coke by thiol-

functionalization 
1 0.1 98~ 9.8~ 33 
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Amine group-containing chelating fiber 100 1 95~ 95~ 34 
Nanoporous carbon impregnated with 

surfactants 
10 1 92~ 9.2~ 35 

Polyamidoamine dendrimers 

functionalized magnetic graphene oxide 
50 0.5 94~ 94~ 36 

Chitosan coated magnetic 

nanoparticles 
50 6g/L 84.5 7.04 37 

Aminated chelating fiber 2000 1 32.9 657.9 38 

Aminoethanethiol-Grafted Porous 

Organic Polymer 
2000~ 1 96~ 

181, 232 

(estimation from 

isotherm) 

39 

Chitosan/Gelatin and glutaraldehyde 

hydrogel particles 
561  98, 84, 58  40 

PPN-150-MoS4 500 1 60.6 303 41 
Poly-1s 50 1 97 46.47 This work 

Poly-2s 50 1 98 47.23 This work 

Poly-2s 200 1 74 147.4 This work 
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3.3.4B. Adsorption isotherm  

Isotherms are beneficial for explaining the theoretical uptake capacity of different 

adsorptive materials. Langmuir and Freundlich's equations were used to analyze the 

experimental data of the Hg(II) removal in our study. Langmuir isotherm equation is given 

below (3.3B), and linear form is given in equation 3.4B. 

 qe=
qmKLCe

(1+bCe)
 3.3B 

 1
qe

=
1
qm

+
1

qmKLCe
 3.4B 

where Ce is the equilibrium concentration of a metal ion in mg/L, qt is the amount of 

metal ion adsorbed at equilibrium (mg/L). qm and KL is Langmuir constants related to 

adsorption capacity and energy of adsorption, respectively.  

Freundlich equation is given in equation 3.5B and its linear form in equation 3.6B. 

 qe=KfCe

1
n 3.5B 

 logqe=logKf+
1
n logCe 3.6B 

Where, Kf , 1/n are the adsorption capacity and adsorption intensity, respectively. The 

parameter values calculated from the Langmuir and the Freundlich models are listed in 

Table 3.5B. Figure 3.4B shows the isotherm fitting plots of the experimental equilibrium 

uptake (qe, mg/g) at equilibrium (Ce, mg/L). 

 

Table 3.5B. Estimated isotherms parameters of adsorption of Hg(II) by the salt forms of the 
polymers 

Material Model Model parameters Values R2 ARE (%) 

Poly-1s Langmuir qm (mg/g) 115.78 0.87 -3.10 

  KL (L/mg) 0.24   

 Freundlich Kf 34.73 0.97 -1.73 
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  1/n 0.27   

Poly-2s Langmuir qm (mg/g) 112.94 0.74 2.80 

  KL (L/mg) 0.25   

 Freundlich Kf 38.09 0.89 -1.84 

  1/n 0.26   

Poly-3s Langmuir qm (mg/g) 107.57 0.86 0.85 

  KL (L/mg) 0.26   

 Freundlich Kf 36.39 0.97 -0.69 

  1/n 0.25   

 

 
Figure 3.4B. Isotherm plot of Hg(II) uptake by the polymers. 
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Comparing the data obtained from the two isotherm models, it can be concluded that 

both the isotherm models fitted equally, in some cases Freundlich isotherm predominates. 

When 1/n values are in the range 0.1 < 1/n <1, the adsorption process is favorable.  In 

this study, the value of 1/n values were 0.25 (Poly-3s), 0.26 (Poly-2s), and 0.27 (Poly-1s), 

suggesting favorable multilayer adsorption of Hg(II) when equilibrium Hg(II) concentration 

was more than 1 mg/L. 

 

3.3.5B. Energy-dispersive X-ray spectra from FESEM 

Energy-dispersive X-ray analysis was performed to investigate the presence of any metals 

in the adsorbent before the adsorption experiment. The EDAX spectra of the polymers 

before and after Hg(II) adsorption are given in Figure 3.5B. 

As shown in the figure, the presence of any metals before adsorption was very negligible. 

The presence of mercury X-ray peak in EDX spectra of the polymers after the adsorption 

experiments confirmed the adsorption of Hg(II) onto the surface of the polymers. However, 

the elemental compositions obtained from this FESEM-EDX were quantitative enough to 

estimate the amount of Hg(II) present on that surface. It is because analysis of particles 

smaller than 1 μm is a limitation for FESEM-EDX. The X-ray signals of smaller particles 

are difficult to detect against the discrete background lines from the substrate and the broad 

continuum background.42 That is why the elemental composition percentage from EDX 

spectra differed from the composition obtained from elemental analysis.  
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Figure 3.5B. EDX spectra of the polymers before and after Hg(II) adsorption.  
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3.4. Conclusion 

The significant findings in this chapter are the following. 

(i) The salt version of the amine-based AFC polymers loses their adsorption capacity 

with time (13-25% in terms of removal). The decrease in adsorption capacity is mainly due 

to converting the active salt form to the inactive base form. 

(ii) Among the three polymers, Poly-3s remains active as observed from its chromate 

removal efficiency, even after one year. That means we can keep the polymers in a closed 

container, and it can be used to remove chromate from a range of chromate solutions with 

an excellent removal capacity. We used a calcium chloride desiccator for the storage, which 

might have helped absorb the acid from the salt forms. CaCl2 should not be used, and we 

would like to study the storage property of the polymers without CaCl2 desiccant in the 

future. 

(iii) The polymers can effectively remove toxic heavy metal, Hg(II), from the aqueous 

medium. 

(iv) Maximum adsorption observed at pH 4, and the polymer (Poly-2s) with amine 

groups on the surface showed somewhat better binding with the metal, Hg(II). 

(VI) Isotherm studies showed the Freundlich isotherm the more favourable adsorption 

isotherm for the Hg(II) removal from the aqueous solutions suggesting the process to be a 

multilayer adsorption process. 
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4.1. Introduction 

Mercury is a health hazard in all forms.1,2 The binding of mercury with chelating ligands 

or within a polymer having a functional group is being studied for a long time.3–8 The first 

one provides electronic and structural information, while the latter functions as an 

adsorbent of mercury from polluted water. In both the case, the donor group plays a vital 

role in binding mercury. In the previous two chapters (Chapter 2 and 3), we have used 

functionalized amine polymers by modifying their form in removing chromate, Cr(VI), and 

mercury, Hg(II) from an aqueous medium. In this chapter, we chose three bidentate Schiff 

base ligands with three different donor groups, keeping the other groups identical. The three 

different groups were imidazole, pyridine, and cyclic thioether, thiophene (Scheme 4.1). 

Imidazole moiety of L-histidine is common in metalloenzyme active sites, whereas pyridine 

is common in biomimetic complexes.9,10 The preferential binding of mercury with sulfur-

containing donor groups is well known. Ligands were reacted with Hg2+, and the resultant 

complexes were characterized to identify their respective binding capabilities. We will use 

the resulting knowledge in the next chapter, where similar functionalization will be made 

on polymer.  

4.2. Experimental Section 

4.2.1. Solvents and reagents 

Solvents and acids were obtained from Merck and used without further purifications 

unless otherwise stated. Pyridine-2-carboxaldehyde, imidazole-2-carboxaldehyde,  

thiophene-2-carboxaldehyde, and 1-phenylethylamine were purchased from Sigma Aldrich 

Chemical Co. and used as received. Mercuric nitrate and mercuric chloride were purchased 

from HiMedia and used as received. 
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Scheme 4.1. Ligands with NMR labeling and corresponding mercury(II) complexes. 

4.2.2. Measurements 

The FTIR spectra were recorded on PerkinElmer Spectrum One FT-IR 

spectrophotometer with KBr discs in the range 4000-400 cm−1. Elemental analyses were 

performed using the Eurovector EA3000 CHNS analyzer at Biotech Park Guwahati. 

Electrospray Ionization mass (ESI-MS) recorded on an AGILENT Q-TOF 6520 High-

Resolution Mass Spectrometer. For ESI-MS measurement, compounds were dissolved in 2 

ml of methanol. This solution was filtered through a 0.2 µm membrane filter before 

measurement. 1H NMR spectra were recorded using Bruker 400 MHz instruments. Circular 

Dichroism measurement was performed using JASCO J-1500CD Spectrometer, and the 

spectra were analyzed using JASCO spectra manager version 2.0. The CD spectra were 
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recorded under inert N2 atmosphere using DMSO as a solvent and a high Precision Cell 

made of Quartz SUPRASIL cuvette having a path length of 1 mm. 

4.2.3. Syntheses 

The ligands L-imi and L-py were synthesized following the reported procedure.11  

4.2.3.1. 1-(1H-imidazol-2-yl)-N-(1-phenylethyl)methanimine (L-imi). 1-

phenylethylamine (0.500 g, 4.13 mmol) was stirred in 10 mL methanol. A solution of 

imidazole-2-carboxaldehyde (0.396 g, 4.13 mmol) in 10 mL methanol was added dropwise 

to it. The solution turned yellowish. The mixture was stirred for 3 h at room temperature. 

The solvent was evaporated to obtain a white solid. Solid was washed with 10 mL of n-

hexane followed by 10 mL of diethyl ether. The solid was dried in a desiccator to obtain 

the product as an off-white solid. Yield, 0.62 g. FTIR (KBr, cm-1): υ(C=N)stretch 1642 

(s). 1H NMR (400 MHz, DMSO, ppm): 8.30 (Himi, s, 1H), 7.42 (HPh, d, 2H, J=6.8Hz ), 7.35 

(HPh, t, 2H, J=7.2Hz), 7.25 (HPh, t, 1H, J=7.2Hz), 7.22 (Hb, s, 1H,), 7.08 (Ha, s, 1H), 4.63 

(HCH, q, 1H, J = 6.6Hz), 1.51 (HMe, d, 3H, J = 6.6Hz). ESI-MS ([C12H13N3  +H]+): calcd 

200.119; found 200.131. 

4.2.3.2. N-(1-phenylethyl)-1-(pyridin-2-yl) methanimine (L-py). This was 

synthesized following the same procedure as L-imi using imidazole-2-carboxaldehyde (0.442 

g, 4.13 mmol) instead of 2-thiophenecarboxaldehyde. In this case, the Schiff base was 

obtained as yellow liquid. Yield, 0.92 g. FTIR (KBr, cm-1): υ(C=N)stretch 1646 (s). 1H NMR 

(400 MHz, DMSO, ppm): 8.51 (Himi, s, 1H), 8.68 (Ho, d, 1H, J = 4.4Hz), 8.06 (Hm’, d, 1H, J 

= 8Hz), 7.91 (Hm, dt, 1H, J = 7.6Hz, 1.6Hz),  7.50 (Hp, t, 1H, J=4.4Hz), 7.47 (HPh, d, 2H, 

J=7.6Hz ), 7.39 (HPh, t, 2H, J=7.6Hz), 7.29 (HPh, t, 1H, J=7.2Hz),  4.74 (HCH, q, 1H, J = 

6.8Hz), 1.55 (HMe, d, 3H, J = 6.8Hz). ESI-MS ([Hg(C14H14N2)Cl]+): calcd 447.049; found 

447.050.  
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4.2.3.3. N-(1-phenylethyl)-1-( thiophene-2-yl)methanimine (L-thio). (S)-(-)-1-

Phenylethylamine (0.500 g, 4.13 mmol) was taken in 10 mL of methanol. 2-

Thiophenecarboxaldehyde (0.463 g, 4.13 mmol) in 5 mL of methanol was added to the first 

solution and was stirred. The solution turned brownish with no precipitation. The solution 

was stirred for 3 hours at room temperature. The solvent was evaporated, and ethyl acetate 

was added to it. It was then extracted 5-7 times with the brine solution. The organic layer 

was dried over anhydrous sodium sulfate and then evaporated to get a pale brown-colored 

crystalline solid. Yield, 0.87 g. FTIR (KBr, cm-1): υ(C=N)stretch 1634 (s). 1H NMR (400 MHz, 

DMSO, ppm): 8.58 (Himi, s, 1H), 7.67 (Hp, d, 1H, J = 5.2Hz), 7.48 (Hr, dd, 1H, J = 3.6Hz, 

0.8Hz), 7.15 (Hq, dd, 1H, J = 4.4Hz, 3.6Hz), 7.38 (HPh, d, 2H, J=6.8Hz ), 7.34 (HPh, t, 2H, 

J=7.6Hz), 7.24 (HPh, t, 1H, J=7.2Hz),  4.55 (HCH, q, 1H, J = 6.8Hz), 1.47 (HMe, d, 3H, J = 

6.8Hz). ESI-MS ([C13H13NS + H]+): calcd 216.085; found. 216.087. 

4.2.3.4. [Hg(L-imi)2](NO3)2 (1). The ligand L-imi (0.150 g, 0.75 mmol, 2 eq.) was 

dissolved in 10 mL of methanol and stirred at room temperature. To the stirred solution, 

Hg(NO3)2.H2O (0.128 g, 0.38 mmol, 1 eq.) in 5 mL of methanol-water (10:1) was added 

dropwise, which turned it to a cloudy solution. Immediately it was filtered through celite, 

and the filtrate was stirred for 3 hrs. Off-white precipitation formed, was filtered, washed 

with methanol, dried under vacuum in a desiccator. Yield, 0.160g. FTIR (KBr, cm-1): 

υ(C=N)stretch 1631 (s),  1384.8, 555. 1H NMR (400 MHz, DMSO, ppm): 8.83 (Himi, s, 1H), 

7.51 (Ha,b, s, 2H), 7.14 (HPh, m, 5H), 4.75 (HCH, q, 1H, J = 6.4Hz), 1.31 (HMe, d, 3H, J = 

6.4Hz). ESI-MS ([Hg(C12H13N3)2 -H]+): calcd 599.185; found 599.198. 

4.2.3.5 [Hg(L-py)2](NO3)2 (2a). The ligand L-py (0.150 g, 0.71 mmol, 2 eq.) was 

dissolved in 10 mL of methanol and stirred at room temperature. To the stirred solution, 

Hg(NO3)2.H2O (0.122 g, 0.36 mmol, 1 eq.) in 5 mL of methanol-water (10:1) was added 

dropwise. Immediately a cloudy solution formed, which was filtered, and the filtrate was 
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stirred for 3 hrs.  No precipitation was formed this time. Evaporation of the solvent yielded 

an oily liquid Yield, 0.12g. FTIR (KBr, cm-1): υ(C=N)stretch 1644 (s), 1311,  536. ESI-MS 

([Hg(C14H14N2)2NO3]+): calcd 684.0693; found 684.1923. 

[Hg(L-py)]Cl2 (2b). The complexation reaction of L-py with Hg(II) was repeated using 

HgCl2 instead of Hg(NO3)2. To a solution of L-py in methanol (0.150 g, 0.71 mmol, 2 eq.), 

HgCl2 (0.098 g, 0.36 mmol, 1 eq.) solution in methanol was added dropwise and stirred for 

3 hrs. This time crystalline precipitate came, which was filtered and washed with methanol. 

Yield, 0.09 g. FTIR (KBr, cm-1): υ(C=N)stretch 1647 (s),  539. 1H NMR (400 MHz, DMSO, 

ppm): 8.73 (Himi, s, 1H), 8.75 (Ho, d, 1H, J = 4.8Hz), 8.06 (Hm,p, m, 2H), 7.67 (Hm’, m, 1H), 

7.45 (HPh, d, 2H, J=7.6Hz ), 7.36 (HPh, t, 2H, J=7.4Hz), 7.28 (HPh, t, 1H, J=7.2Hz),  4.92 

(HCH, q, 1H, J = 6.8Hz), 1.61 (HMe, d, 3H, J = 6.8Hz). ESI-MS ([Hg(C14H14N2)Cl]+): calcd 

447.049; found 447.050. 

4.2.3.6.  Product of reaction between L-thio + Hg(NO3)2 (3). The ligand L-thio 

(0.150 g, 0.70 mmol, 2 eq.) was dissolved in 10 mL of methanol and stirred at room 

temperature. To the stirred solution, Hg(NO3)2 (0.119 g, 0.35 mmol, 1 eq.) in 5 mL of 

methanol-water (10:1) was added dropwise, which initially turned into a cloudy solution, 

and the mixture was stirred for 3 hours. It was filtered through a G-4 crucible. The filtrate 

is kept for slow evaporation. Within 3 days, colorless block-shaped crystals formed. Yield, 

0.070g (crystalline compound). FTIR (KBr, cm-1): 1579 (s), 1379 (br), 552. ESI mass found 

443.081, 539.068. 

4.2.3.7. [Hg(1-phenylethylamine)2](NO3)2 (4). The ligand (S)-(-)-1-

Phenylethylamine (0.200 g, 1.65 mmol, 2 eq.) was dissolved in 10 mL of methanol and 

stirred at room temperature. To the stirred solution, Hg(NO3)2 (0.282 g, 0.82 mmol, 1 eq.) 

in 5 mL of methanol-water (10:1) was added dropwise. Initially, white precipitation was 

formed, and the mixture was stirred for 3 hours. It was filtered through a G-4 crucible, and 
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the filtrate was kept for slow evaporation. After 3 days, colorless rod-shaped crystals formed. 

Yield, 0.180g. FTIR (KBr, cm-1): 1582 (s), 1379 (br), 551. ESI-Mass ([Hg(C8H11N)2-H]+): 

calcd 443.070; found 443.126. 

4.2.3.8. [Ag(L-thio)2](NO3) (5). The ligand L-thio (0.100 g, 0.46 mmol, 2 eq.) was 

dissolved in 10 mL of methanol and stirred at room temperature. To the stirred solution, 

Ag(NO3) (0.039 g, 0.23 mmol, 1 eq.) in 5 mL of methanol was added dropwise. It was stirred 

for 3 hours. It was filtered through G-4 crucible, and addition of diethyl ether to the filtrate 

afforded white precipitate. Yield, 0.070g. FTIR (KBr, cm-1): 1631 (s),  1385, 555. 1H NMR 

(400 MHz, DMSO, ppm): 8.94 (Himi, s, 1H), 7.62 (Hp, d, 1H, J = 5.2Hz), 7.72 (Hr, dd, 1H, 

J = 3.6Hz, 1.2Hz), 7.21 (Hq, dd, 1H, J = 5Hz, 3.6Hz), 7.27-7.35 (Ho,m,p-Ph, m, 5H),  4.85 (HCH, 

q, 1H, J = 6.4Hz), 1.67 (HMe, d, 3H, J = 6.8Hz).  ESI-Mass ([Ag(C13H13NS)2]+): calcd 539.058; 

found 539.062. 

4.2.4. X-ray Data Collection, Structure Solvation, and Refinement 

Crystals of 3 were subjected to single-crystal X-ray diffraction analysis to get structure-

related information. Crystals were mounted on a glass fiber with silicone oil. The crystals' 

geometric and intensity data were collected at room temperature using a Bruker APEX-II 

CCD diffractometer equipped with a fine focus 1.75 kW sealed tube Mo-K� (��= 0.71073 Å) 

X-ray source. The Bruker APEX2 software was used for data acquisition and the Bruker 

SAINT V8.38A software for data extraction.12 Absorption corrections were done using 

SADABS-2016/2.12 After the initial solution and refinement with SHELXL13, and the final 

refinements were performed on Olex214 environment using olex2.refine. All non-hydrogen 

atoms were refined anisotropically. Nitrate molecules were refined isotropically. Wherever 

possible, the hydrogen atoms were located from the difference Fourier maps and refined 

isotropically. Thus, some of the C-H bonds will not be ideal and may vary. Crystallographic 
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data and details of refinements are listed in Table 4.3, and selected bond distances and 

angles are listed in Table 4.4.   

4.3. Results and Discussion 

4.3.1. Syntheses 

Three Schiff bases were synthesized; (a) the thiophene, pyridyl, and imidazolyl are 

potential donor ligands, and (b) creation of strong chelating sites in the Schiff base 

structure. The Schiff base ligands were synthesized by condensing the chiral 1-

phenylethylamine and the aldehyde in methanol. The L-py and L-thio were isolated as an 

oily liquid, while the L-imi was isolated as an off-white solid. However, after some days, L-

thio yielded yellowish block-shaped crystals. A strong vibration near 1650 cm-1 in the FTIR 

spectra of the ligands is assigned to the C=N stretch of the newly formed imine bonds. 

These ligands' Hg(II) complexes were synthesized by adding the metal to the ligand’s 

solution at room temperature (Scheme 4.1). The metal to ligand ratio maintained was 1:2. 

The addition of Hg(II) to L-py and L-imi resulted in immediate cloudiness, which was 

filtered through celite. The filtrate was stirred, precipitation formed, washed, dried under 

vacuum, and used for further characterization. The reaction of L-py with Hg(NO3)2 did not 

yield any solid compound; hence the complexation reaction was repeated with the HgCl2 

salt. On the other hand, L-thio initially gave little precipitation, but the solid dissolved and 

gave a clear solution. Slow evaporation of the filtered solution yielded nice rod-shaped 

colorless crystals. 
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4.3.2. 1H NMR analysis 
1H NMR spectra of the ligands and the complexes were taken in DMSO-d6. The proton 

NMR spectra of the free ligands and their Hg(II) complexes are shown in Figures 4.1-4.3. 

Chemical shifts of the imidazole, pyridine, and thiophene ring protons in the corresponding 

ligands have been determined by analysis of the respective AB, ABCD, and ABX systems.  

 

Figure 4.1. 1H NMR spectra of ligand, L-imi, and its Hg2+ complex in d6-DMSO. 
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Figure 4.2. 1H NMR spectra of ligand, L-py, and its Hg2+ complex in d6-DMSO. 
 

The protons of these heterocyclic rings were assigned from the corresponding chemical 

shift and proton-proton coupling constant values. For the Hg(II) complexes of L-imi and L-

py, the assignments were done from those of the free ligands’ chemical shifts and coupling 

constants. With the thiophene-derived ligand, L-thio, the complexation reaction with Hg2+ 

ended up with colorless crystal whose 1H NMR spectra differed from that of the free L-thio 

ligand where peaks corresponding to the thiophene rings were missing (Figure 4.3). 
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Figure 4.3. 1H NMR spectra of ligand, L-thio, the product (complex 3) of reaction L-thio and 
Hg(NO3)2 in d6-DMSO. 

 

Now, positive coordination-induced shifts (CIS) were observed with Hg2+ complexes of 

L-imi and L-py (Table 4.1). Positive CISs (complexed��free) refer to the downfield shift of 

the corresponding protons. The maximum positive shifts were observed for the protons of 

the heterocyclic ring of imidazole, followed by the pyridine ring. Withdrawal of electron 

density from the nitrogen via �-donation is the main reason that is responsible for the 
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deshielding effect. This effect spreads over the heterocyclic ring through the sigma bond 

(inductive effect) and pi bonding (resonance effect) predominant in the position. Positive 

CIS values of the imidazole, pyridine ring protons and the corresponding ligand’s imine 

protons confirmed the coordination of Hg(II) with the ligands through N-N donor sites. 

 

4.3.3. ESI Mass analysis  

Mass spectra of the ligands, their Hg(II) complexes were recorded using the electrospray 

ionization technique (ESI-Mass). The ligands easily accept protons, hence positive ion mode 

was used. The spectra are shown in Figures 4.4-4.5. 

ESI mass spectra of the Complex 1 showed molecular ion peak for monocationic form of 

the corresponding bis-complexes at 599.198 (calculated for [Hg(L-imi)2-H]+, 599.185). A 

comparison of the experimental and simulated fragmentation patterned is shown in the inset 

of Figure 4.4a, which confirmed the formation of the bis-complex, [Hg(L-imi)2](NO3)2.  The 

mass spectra of complex 2a showed a molecular ion peak at 684.192 (calculated for [Hg(L-

py)2+NO3]+, 684.069)., along with the bis-complex, the spectrum showed the molecular ion 

peak for the monocationic mono-complex of Hg2+ with L-py at 457.086 and 474.069 

(calculated for [Hg(L-py)+HCOO]+, 457.079 and [Hg(L-py)+NO3]+, 474.069). We found a 

molecular ion peak for the bis-complex of L-py with Ag(I), [Ag(L-py)2]+ at 527.139 in the 

mass spectra of complex 2a. These peaks were absent in the mass spectra of complex 1. In 

all the above cases of Hg2+ and Ag+ bis-complexes of L-py, the fragmentation patterns 

matched well exactly with the simulated ones as shown in the inset of Figure 4.4b. ESI 

mass spectra of complex 2b showed molecular ion peak for [Hg(L-py)]Cl- at 447.050. No 

other significant peaks, as in the case of complex 2a, were observed in the mass spectra of 

complex 2b.   
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Figure 4.4. ESI-MS spectrum for positive ions of complex 1 and 2a along with the comparison of 

molecular ion peaks among experimental isotopic pattern and its calculated isotopic pattern. 
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Figure 4.5. ESI-MS spectrum for positive ions of 2a along with the comparison of molecular ion 

peaks among experimental isotopic pattern and its calculated isotopic pattern. 

 
The ESI mass spectra of complex 3 (product of the reaction between L-thio and Hg2+) 

did not reveal any peak corresponding to the Hg2+ complex of L-thio. Instead, it showed 

peaks corresponding to the monocationic bis-complex of the starting amine, [Hg(1-

phenylethylamine)2-H]+ at 434.0814 (calculated m/Z, 434.141) and monocationic mono and 

bis-complex of L-thio with Ag+ at 321.987 and 539.087 (calculated for [Ag(L-thio)]+, 321.982 

and [Ag(L-thio)2]+, 539.058). The fragmentation pattern of those peaks matched well with 
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their simulated versions. To understand this, we synthesized two other complexes 

separately; first, the Hg2+ complex of starting amine, 1-phenylethylamine (complex 4), and 

second, the Ag+ complex of the ligand, L-thio (complex 5). Comparison of the 1H NMR 

spectra of the product of reaction 3 and complex 4 showed that the spectra matched exactly 

(Figure 4.6).  

 

Figure 4.5. 1H NMR spectra of the product (complex 3) of reaction L-thio and Hg(NO3)2 and 
complex 4 in d6-DMSO.  

 
This confirmed that the crystalline product of reaction 3 is nothing but the bis-complex 

of starting 1-phenylethylamine and indicates the ligand (L-thio) hydrolysis. The Proton 

NMR spectrum of complex 5 is shown in Figure 4.7. The spectrum indicates the 

coordination of the L-thio ligand with Ag+. Assignments of the protons in the complex were 
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done comparing the free ligands’ chemical shifts and coupling constants. Positive CIS values 

from the 1H NMR spectra of complex 5 confirmed the strong coordination of Ag+  with L-

thio (Table 4.1). 

 
Figure 4.6. 1H NMR spectra of ligand, L-imi, and its Ag+ complex in d4-methanol. 

 
Complex formation with Ag+ and formation of amine complex of Hg2+ indicates the 

preference of thioether ligand towards silver instead of mercury. The Ag+ in the case of 

complex 3 might have come from as impurity in the commercial Hg(NO3)2.H2O salt. 
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Table 4.1. Selected 1H NMR and molecular ion peaks from ESI-mass data of the ligands and complexes 

Ligands 1H NMR ESI-Mass In methanol 

 Him HCH Ha Hb   M.F. Found Calc. 

L-imi in d6-DMSO 8.30 4.63 7.22 7.08   {C12H13N3  +H}+ 200.131 200.119 

[Hg(L-imi)2](NO3)2 in d6-DMSO 8.83 4.75 7.51    {Hg(C12H13N3)2 -H}+ 599.198 599.185 

CIF +0.53 +0.12 +0.29 +0.43      

   Ho Hm Hp Hm’    

L-py in d6-DMSO 8.51 4.74 8.68 8.06 7.91 7.50 {C14H14N2 +H}+ 211.125 211.123 

[Hg(L-py)]Cl2 in d6-DMSO 8.73 4.92 8.75 8.06 8.06 7.67 {Hg(C14H14N2)Cl}+ 447.050 447.049 

CIF +0.22 +0.18 +0.07 0.00 +0.15 +0.17    

   Hp Hq Hr     

L-thio in d6-DMSO 8.58 4.55 7.67 7.48 7.15  {C13H13NS + H}+ 216.087 216.085 

L-thio +Hg(NO3)2 in d6-DMSO  4.35      443.081 539.068  

[Hg(1-phenylethylamine)2](NO3)2 

in d6-DMSO 

 4.35     {Hg(C8H11N)2 – H}+  443.141 

L-thio in d4-methanol 8.53 4.54 7.55 7.44 7.10  {C13H13NS + H}+ 216.087 216.085 

Ag(L-thio)2 in d4-methanol 8.94 4.85 7.62 7.72 7.21  {Ag(C13H13NS)2}+  539.058 
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4.3.4. Elemental analysis 

Elemental analyses of dried samples were done to confirm the molecular composition. 

The expected and calculated elemental ratios are given in Table 4.2.  

Table 4.2. Elemental analysis of the complexes 

Complexes 
Found (%)  Calculated  Experimental 

C H N S  C:H:N:S  C:H:N:S 

1 [(L-imi)2Hg](NO3)2 32.6 3.6 12.6 0  24:26:8:0  24.1:31.7:8:0 

2b [(L-py)Hg]Cl2 35.8 3.8 5.9 0  14:14:4:0  14.2:17.9:2:0 

3 L-thio + Hg(NO3)2 34.2 5.1 9.7 0  26:26:4:2  16.5:29.4:4:0 

4 [(1-Phenylethylamine)2Hg](NO3)2 34.8 4.8 10.0 0  16:22:4:0  16.1:26.7:4:0 

 

The result showed that the experimental and calculated C:N:S ratio matched well, 

except the amount of H came higher. This could probably be due to the hydrogen-bonded 

water molecules as the metal complexes have a tendency to acquire moisture. The calculated 

amount of water molecules for complex 1 and 2b is 3 and 2, respectively.  The ratio of 

C:H:N:S found for product 3 obtained from the reaction of L-thio with Hg(NO3)2 was similar 

to that of complex 4, confirming the hydrolysis of L-thio in the presence of Hg2+ and 

formation of starting amine complex of Hg2+. Such hydrolysis of Schiff base compound by 

Hg2+ was reported earlier.15,16  

 

4.3.5. FTIR of the compounds 

Comparison of the FTIR spectra of the ligands and their Hg2+ complexes are shown in 

Figures 4.8 and 4.9. All the monomeric Schiff base ligands showed a characteristic peak at 

around 1640 cm-1 for the C=N stretching of the imine bonds.17 Shift in the imine (-C=N) 

TH-2909_156152009



142 | Chapter 4 
 

 

stretching in the Hg2+ complexes of L-imi and L-py confirmed the complexation of Hg2+ 

through the imine group (Figure 4.8).  

 
Figure 4.8.  FTIR spectra of ligands, L-imi, L-py and their Hg2+ complexes, 1 and 2b. 
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Hg2+ complex of the L-thio ligands showed a broad absorption at 1379 cm-1 which is 

identical with that of the product of reaction 4 along with other identical peaks (Figure 

4.9). 

 
Figure 4.9. FTIR spectra of ligand, L-thio, the product of reaction L-thio and Hg(NO3)2 and 

complex 4. 
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This result supports the 1H NMR, ESI mass, and elemental percentage obtained from 

the CHNS analysis. Hg(II) complex of all the ligands showed a characteristic peak at around 

550 cm-1 which is assigned to the Hg-N stretching vibration.17   

 

4.3.6. Molecular structures of the complex 3 

Compound 3, obtained from the reaction of L-thio and Hg(NO3)2, formed a colorless 

block-shaped crystal. The X-ray diffraction data showed it crystallized in chiral space group 

P22 with one molecule of the cationic complex, two nitrate anions in the asymmetric unit. 

The final structural parameters are in Table 4.3, and selected bond length and bond angles 

are in Table 4.4. ORTEP diagram of the complex is shown in Figure 4.10. 

 

Table 4.3. Crystallographic data and refinement parameters of crystal formed in the reaction 
between L-thio and Hg(NO3)2 (in 2:1 ratio).a 

 [Hg(1-Phenylethylamine)2](NO3)2 
Empirical formula C16 H22 Hg N4 O6 

FW 566.97 
crystal system Trigonal 
space group P22 

a, A° 6.3399(4) 
b, A° 6.3399(4) 
c, A° 42.719(3) 
a(q) 90 
��q� 90 
��q� 120 

V, Å3 1487.04(16) 
Z/ρ (g cm-3) 3/1.899 

µ (mm-1) 7.803 
coll.reflns 5044 

indep  reflns 2522 
FLACK para. 0.39(3) 
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GOF on F2 1.030 
Residuals 

(e Å-3) 
1.7057, -3.5278 

R1b, wR2b 0.0628/0.1692 
R1c, wR2c 0.0760/0.1770 
aData collected at 296.15(2) K. bI >2V. cAll data 

 

Table 4.4. Selected bond distances (Å) and angles (°) of Hg(II) complex of 1-phenylethylamine 
obtained from reaction 3 

Hg1-N1 2.1210(1) Hg1-N1A 2.0317(1) 

O1-N2 1.1753(1) O4-N3 1.3110(1) 

O2-N2 1.2473(1) O5 -N3 1.1116(1) 

O3-N2 1.2681(1) O6-N3 1.3212(1) 

N1-C7 1.5175(1) N1A-C7A 1.4754(1) 

    N1-Hg1-N1A        179.24(1)        Hg1-N1A-C7A        119.02(1)    

    Hg1-N1-C7         115.06(1)        O1-N2-O2         101.50(1)    

    O1-N2-O3         123.12(1)        O2-N2-O3         116.89(1)    

    O4-N3-O5         126.54(1)        O4-N3-O6         103.36(1)    

    O5-N3-O6         130.1(1)      

 

 
Figure 4.10. The ORTEP diagram (with 30% ellipsoid probability) of the Hg(II) complex of 1-

phenylethylamine obtained from reaction 3. 
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The ORTEP diagram (Figure 4.10) of the cationic complex showed a linear Hg(II) 

complex of 1-phenylethylamine, which was the starting material for ligand synthesis. The 

Hg-N (primary amine) bond lengths in the complex are slightly shorter (~2.0-2.1 Å) 

compared to Hg-N (secondary amine). The crystal contains H-bonded interactions between 

the amine NH and the nitrate oxygen. Ligand synthesis was done using enantiopure S-(-)-

1-phenylethylamine. The two chiral carbon centers of the two ligands have S configuration, 

further confirmed from the circular dichroism spectra of complex 3 (Figure 4.11).  

 
Figure 4.11. Circular dichroism spectra of complex 3.  

 

The structural data from the X-ray diffraction further confirmed that the thioether 

ligand, L-thio, hydrolyzed in the presence of Hg2+ to give the bis-complex of starting 1-

phenylethylamine. It suggests cyclic thioether is a poor ligand for Hg(II), although acyclic 

thio groups are a potential donor for Hg(II). 
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4.4. Conclusions 

The significant results which emerge from this chapter are the following: 

(i) The imidazole and pyridine-based ligands showed complex formation with Hg2+ in 

the ratio of 2:1 (ligand to metal). ESI mass and elemental analysis confirmed the molecular 

formulation.  

(II) Coordination induced shift values calculated from the NMR spectra showed strong 

coordination of L-imi with Hg2+ followed by L-py. 

(iii) L-thio, besides being a thioether, did not form any complex with Hg2+. Instead, the 

ligand hydrolyzed to form bis-complex of the starting amine and a tiny amount of Ag+ 

complex of L-thio. The formation of [Ag(L-thio)2]+ suggests using the thiophene donor group 

in Ag+ detection or capture. 

(iv) This work gives an impetus for the necessary modification of the amine donor sites 

with potential ligand for better Hg(II) complexation.  
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5.1. Introduction 

Materials capable of binding and thus removing mercury from aqueous solution is an 

active research area due to the hazardous nature of mercury salts.1–5 The preferential binding 

of mercury with sulfur-containing donor groups is well known.6–11 As a result, a significant 

number of materials that are effective towards mercury incorporate some forms of sulfur as 

the donor. Other donor groups such as imidazole, a part of histidine amino acid in proteins, 

are less often used. In the previous chapter, we studied the complexation of mercury with 

three ligands having different donors, namely imidazole, pyridine, and thiophene. The 

imidazole donor set worked best among the three. Characterization data on the complexes 

helped us understand the underlying chemistry of mercury bonding in those ligand 

structures. 

By nature, adsorbents have to be insoluble, limiting the understanding of chemical bonds 

between the materials and the mercury as not all spectroscopy support characterization in 

an insoluble form. In this chapter, we have made similar functionalization in a polymer 

system named chitosan. Chitosan is a natural polysaccharide obtained by partial 

deacetylation of chitin. It is one of the most abundant polysaccharides in nature, like 

cellulose.12,13 It is a linear copolymer composed of N-acetylglucosamine units and 

glucosamine units. The main difference between cellulose and chitosan is one amino group 

at the C-2 position instead of the hydroxyl group. Due to the presence of this amine group 

(high % of nitrogen), as amine groups can be easily functionalized, chitosan is of high 

commercial interest.14–16 Most of the presently used materials are synthetic materials that 

lack biocompatibility and biodegradability. Because of Chitosan’s biocompatibility, 

biodegradation property, and non-toxicity, it has been used in many industries, e.g., food 

processing, cosmetics, catalysis, water management, wound healing, drug delivery, etc.12,15 

However, naturally found non-functionalized chitosan polymers exhibit some limitations in 
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practical usage.13,15 We functionalized chitosan’s amine group into imidazole, pyridine, and 

thiophene-based chelate ligands (Scheme 5.1) and applied them in removing Hg(II) from 

aqueous solution. We used Hg(II) complexation knowledge with those donor sites from the 

previous chapter here on a polymer. This method of parallel study is simple enough to 

implement and can lead to more efficient adsorbents in other areas as well. 

 

 
Scheme 5.1. Molecular diagram of chitin, chitosan, and three chitosan derivatives along with 

proton numbering scheme. 

 

5.2. Experimental Section 

5.2.1. Materials and Methods 

Solvents and acids were obtained from Merck India and used without further 

purifications unless otherwise stated. Chitosan-low-molecular weight, 2-

pyridinecarboxaldehyde, 2-imidazolecarboxaldehyde, and 2-thiophenecarboxaldehyde were 
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purchased from Sigma Aldrich Chemical Co. and used as received. Mercuric nitrate 

[Hg(NO3)2.H2O] was purchased from HiMedia and used as received. Water purified by Merck 

Direct Q8 ultrapure water purification system was used to prepare all solutions and 

reactions. Whatman® grade 1 qualitative filter paper was used for filtration purposes during 

adsorption experiments. 

5.2.2. Measurements 

The FTIR spectra were recorded on PerkinElmer Spectrum One FT-IR 

spectrophotometer with KBr discs in the range 4000-400 cm−1. Ionization mass (ESI-MS) 

recorded on an AGILENT Q-TOF 6520 High-Resolution Mass Spectrometer. For ESI-MS 

measurements of the polymeric chitosan derivative compounds: samples were dissolved in 2 

ml of distilled water in the presence of 10 µL of concentrated HNO3. The solution was 

filtered through a 0.2-micron membrane filter before the measurement. Proton NMR spectra 

were recorded using Bruker 400 MHz instruments. Samples of the polymeric chitosan 

derivative compounds for NMR were prepared in appropriate 0.7mL D2O using 10 µL of 

concentrated HNO3. Elemental analysis was carried out on the Eurovector EA3000 CHNS 

analyzer at Guwahati Biotech Park. The materials' surface morphology and chemical 

characterization were studied by Gemini Field Emission Scanning Electron Microscope 

(FESEM) equipped with an energy-dispersive X-ray spectrometer. The polymeric materials 

were first dispersed in ethanol, drop cast on a silver foil to get a thinner layer of the polymer 

surface, and air-dried in a desiccator over silica. Prior to analysis, it was mounted with the 

help of carbon tape on the stabs, coated with gold vapor twice before measurement to reduce 

charging. Mercury concentration was analyzed using an Atomic Absorption spectrometer 

(model-AA240, Varian); flame ionization technique (Flame AAS) with a wavelength of 

253.7nm, slit width of 0.5nm, optimum working range between 2-400 mg/L. For all 

experiments and reagents preparation, Milli-Q deionized water was used. All pH 
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measurements were done using Eutech instruments’ EcoScan pH 6 pH-meter. Chloride ion 

concentration in the solutions after pH adjustment was measured using Thermo Scientific™ 

Orion™ Chloride Electrodes. 

5.2.3. Syntheses 

The ligands L-imi and L-py (Scheme 2) were synthesized following a reported procedure.17 
5.2.3.1. ((1H-imidazol-2-yl)methylene)amino-chitosan (Ch-imi). Low molecular 

weight chitosan (0.500 g, 3.12 mmol) was stirred in 10 mL ethanol. A solution of 2-

imidazolecarboxaldehyde (0.300 g, 3.12 mmol) in 10 mL ethanol was added dropwise to the 

first mixture. The whole mixture was then subjected to reflux for 6 hours. The mixture 

turned yellowish. It was filtered, washed with ethanol, kept in a vacuum desiccator. The 

chitosan Schiff base material is an insoluble solid; hence, it was made soluble in water in 

the presence of acid before the NMR and mass analysis experiments. Yield. 0.9 g. FTIR 

(KBr, cm-1): υ(C=N)stretch 1655(s). 1H NMR (400 MHz, D2O+HNO3, ppm): 6.27 (Himi, s, 1H), 

7.44 (Ha,b, s, 2H), 3.19 (H2, s, 1H), 3.72-3.90 (H1, 3-6, br, 5H), 2.06 (HMe, s). ESI-MS 

([C10H15N3O4 +H]+): calculated 242.11; found 242.14. 

5.2.3.2. ((pyridin-2-yl)methylene)amino-chitosan (Ch-py). This was prepared 

following the same procedure as Ch-imi using 2-pyridinecarboxaldehyde instead of 2-

imidazolecarboxaldehyde. Yield. 0.71 g. FTIR (KBr, cm-1): υ(C=N)stretch 1649(s). 1H NMR 

(400 MHz, D2O+ HNO3, ppm): 6.27 (Himi, s, 1H), 8.69 (Ho, d, 1H, J = 5.6Hz), 8.61 (Hp, t, 

1H, J = 8Hz), 8.14 (Hm’, d, 1H, J = 8Hz), 8.01 (Hm, t, 1H, J=5.6), 3.14 (H2, s, 1H), 3.66-

3.85 (H1, 3-6, br, 5H), 2.01 (HMe, s). ESI-MS ([C24H29N4O8 +H]+): calculated 502.21; found 

502.22.  

5.2.3.3. ((thiophen-2-yl)methylene)amino-glucosamine (Ch-thio). This was 

prepared following the same procedure as Ch-imi using 2-thiophenecarboxaldehyde instead 

of 2-imidazolecarboxaldehyde. Yield. 0.502g. FTIR (KBr, cm-1): υ(C=N)stretch 1629(s). 1H 
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NMR (400 MHz, D2O+HNO3, ppm): 7.33 (Himi, s, 1H), 9.84 (Hp, s, 1H), 8.03 (Hq,r, s, 2H), 

3.19 (H2, s, 1H), 3.72-3.90 (H1, 3-6, br, 5H), 2.06 (HMe, s).  ESI-MS ([C27H40N3O14S+H]+): 

calculated 663.23; found 663.30. 

 

5.2.4. Adsorption experiments 

Mercury adsorption experiments were done at room temperature. At first, a stock 

solution of Hg(II) of 1000 mg/L was prepared using the required amount of Hg(NO3)2.H2O 

salt in the presence of 300 µL of concentrated nitric acid. This was diluted with Milli-Q 

water to get the required concentration of Hg(II) solution ranging from 50 to 200 mg/L. 

The pH of these solutions was adjusted at the desired value by 1N HCl/NaOH solutions. 

Before the adsorbent addition and after the adsorption experiment, the pH of all the 

solutions was measured and noted. We did the adsorption experiments at three different 

pH values with three different initial Hg(II) concentrations and a fixed adsorbent dose. We 

used 0.15 mg of our material in 15 mL of Hg(II) solution, adjusted the pH of the solutions 

by dropwise addition of either 1(N) NaOH or 1(N) HCl solution. Adsorption experiment 

was performed in an orbital shaker (300rpm) for 3hours. We did Hg(II) adsorption 

experiments at a single dose of 1 g/L at three different pH and with three different initial 

concentrations. The amount of mercury adsorbed on the material was obtained by the 

following equation. 

 qt=
C0-Ct

m V 5.1 

Here, 

qt = amount of Hg(II) adsorbed per gram of the material at time t (mg/g) 

C0 = initial concentration  

Ct = concentration at time t. 

V = volume of the solution (L); and 
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m = mass of the adsorbent (g). 

The removal percentage of mercury ion was calculated using the following equation. 

 Removal (%)=
C0-Ct

C0
×100 5.2 

  

5.3. Results and Discussion 

5.3.1. Syntheses 

Polymeric Schiff base materials were synthesized by condensation between the 

corresponding aldehydes and chitosan in ethanol under reflux conditions (Scheme 5.1). 

Mixing aldehyde with chitosan did not immediately change the color of chitosan. The color 

changed to darker brownish on heating. The reaction introduced an imine functional group 

at the C-2 position of the chitosan polysaccharide ring. All the modified chitosan Schiff 

bases are soluble in an acidic aqueous solution. 1H NMR and ESI mass analysis of the 

chitosan polymers were performed with soluble samples in an acidic aqueous solution.  

 

5.3.2. FTIR of the compounds 

The FTIR spectra of the chitosan Schiff base compounds before and are shown in Figure 

5.1. Among the typical vibrations of chitosan, the broad band around 3430 cm−1 indicates 

–OH/–NH stretching, intermolecular hydrogen bonding. The peak at 2919 cm−1 corresponds 

to the symmetric stretching vibration of –CH2 in the pyranose ring, 1651 cm−1 corresponds 

to the -C=O stretching vibration in the amide group and 1593 cm−1 corresponds to the –

NH2 bending vibration.13,18 The FTIR spectra of the polymeric chitosan Schiff base ligands 

other than the vibrations as mentioned above exhibited a sharp peak at 1640-1650 cm−1 

corresponding to the (C=N) stretching mode of the imine bonds.18 After Hg(II) adsorption, 

the polymeric materials showed a sharp peak at around 550 cm-1, which is due to the Hg(II)-
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N bond formation after the adsorption. Further assignments of the other peaks are given in 

Table 5.1. 

 
Figure 5.1. FTIR spectra of Ch-imi before and after Hg(II) adsorption. 
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Table 5.1. IR frequencies for Chitosan and Chitosan materials 

Groups Chitosan Ch- 
imi 

Ch- 
py 

Chi-
thio 

-OH/-NH stretching 3436 3427 3436 3373 

-C-H stretching 2919 2921, 

2883 

2900 2870 

-C=O of amide 1651  -  

-C=N stretching - 1655 1649 1629 

-N-H bending 1593, 1561 1549 1592, 

1570 

 

>C-H deformation - 1446 1472  

-CH3 sym deformation, -C-N- 

stretching 

1383 1375 1374 1369 

-NO3
- sharp - - -  

-OH bending 1318 1316 1314  

-C-O stretching 1076, 1034 - 1071, 

1024 

1022 

-C-O-C- asym stretching 1114 1124 1116  

CH bending out of the plane of the 

ring of monosaccharides 

898 896 898  

Aromatic Pyridine ring C-H stretching - - 777  

C-H out-of-plane-bending of Imidazole 

ring 

- 767 -  

C-H out-of-plane-bending of 

Thiophene ring 

   715 
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5.3.3. NMR analysis 

The functionalized chitosan materials are insoluble in any solvent; hence proton and 1H-

1H correlation spectrum (COSY) NMR experiments were recorded in acidic D2O solution. 

Both Schiff-bases and the heterocyclic rings can be protonated in an aqueous medium and 

give the ternary and secondary amines. Hence, these 1H NMR spectra are rather of the 

protonated form of the Schiff bases.  

From the 1H NMR analysis, the chemical shifts of the H atoms of chitosan are located 

within the range of 2.00 to 4 ppm. The peaks for the chitosan carbohydrate ring protons 

were assigned following a reported procedure.19–21  

The chemical shifts of the H atoms of the imidazole, pyridine, and thiophene ring are 

located within the range of 7–9 ppm. The successful conjugation of the heterocyclic moiety 

to the chitosan backbone is evident from the chemical shift at around 6.30 ppm. The imine 

proton peak here came at an upfield position. This was compared with the spectra of ligand, 

L-imi synthesized in acidic D2O. Proton NMR spectra of L-imi in acidic D2O showed a 

singlet peak at ~6.3. In the COSY spectrum of L-imi in acidic D2O, the peak at ~6.3 did 

not show any correlation with other protons, which is also evident in the COSY spectra of 

Ch-imi. This confirmed the assignment of the imine proton peak. The protons of the 

heterocyclic rings were assigned from the corresponding chemical shift and proton-proton 

coupling constant values. The 1H NMR and COSY spectra of the functionalized materials 

are given in Figure 5.2-5.6. Some selected assignments of the Schiff base materials are given 

in Table 5.2. 
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Figure 5.2. 1H NMR spectra of Ch-imi in acidic D2O solution. 

 
Figure 5.3. 1H - 1H COSY NMR spectra of Ch-imi in acidic D2O solution. 

TH-2909_156152009



Chapter 5 | 163 
 

 
 

 
Figure 5.4. 1H NMR spectra of L-imi (Section 5.2.3.1) in acidic D2O solution. 

 

 
Figure 5.5. 1H NMR spectra of Ch-py in acidic D2O solution. 
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Figure 5.6. 1H NMR spectra of Ch-thio in acidic D2O solution. 

 

 
Table 5.2. Selected 1H NMR of chitosan derivatives and L-imi as reference in acidic D2O solution. 

Compounds H2 H1, 3-6 Him HCH Ha Hb   -CH3
 

Ch-imi 3.19 3.90, 
3.72 

6.27  7.44 7.44   2.06 

Ch-imi+ Hg(NO3)2 3.20 3.92, 
3.75 

6.27  7.44 7.44   2.06 

L-imi   6.24 4.52 7.44    1.62 

          

     Ho Hm Hp Hm’  

Ch-py 3.14 3.85, 
3.66 

6.27  8.69 8.01 8.61 8.14 2.01 

Ch-py+ Hg(NO3)2 3.17 3.90, 
3.65 

6.32  8.74 8.06 8.66 8.19 2.06 
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     Hp Hq Hr   

Ch-thio 3.19 3.90, 
3.72 

7.33  9.84 8.03 8.03  2.06 

Ch-thio +Hg(NO3)2 3.18 3.90, 
3.72 

7.34  9.84 8.03 8.03  2.06 

Hydrogen numbering sequences are in Scheme 5.1. M.F. is the molecular formula. -CH3 is from the 
residual acetyl group (Chitin in Scheme 5.1). Corresponding ligands NMR in acid and D2O were 
compared to identify imine hydrogen location.  

 

1H NMR spectra of the chitosan materials after Hg(II) binding were taken similarly in 

acidic D2O solution. Unfortunately, no coordination-induced shifts were observed in the 

NMR spectra (Table 5.4). This could be due to the fact that in the presence of an acid, the 

coordination bond hydrolyzed, and Hg(II) remains in the solution.  

The degrees of Schiff base formation, free amine, and acetylation in the modified chitosan 

materials were calculated from the 1H NMR data of the respective materials. Calculation 

procedure for % of free amine and unhydrolyzed acetylated in chitosan from 1H NMR has 

been reported by Lavertu et al. as well as Hirai et al.19,20 For Schiff base derivatives of 

chitosan reported here, and we used a similar method utilizing the NMR integration values 

of the highlighted protons in Figure 5.7. Unlike previous reports, we used H2 as a reference 

as strong HOD signal masks the H1 signal and affects the integration of H3-6 in our case. 

This and lower intensity of the acetyl methyl group introduces 2-3% error in the quantity 

of acetylated unit.  

Method. We considered the presence of all three types of units. We further considered 

that the integration value of H2 is a sum of all three type units multiplied by the fraction 

of each type. Detailed calculations are given below. The value of free amine is determined 

by deducting acetylation and Schiff base values from 100%. 

 

TH-2909_156152009



166 | Chapter 5 
 

 

 
Figure 5.7. Three types of units bearing acetyl from unhydrolyzed chitin, free amine in chitosan, 
and Schiff base in synthesized material. The integration value of the highlighted protons was used 

in the calculation. 
 

Table 5.3. Integration values of -CH3, H2, and imine H from 1H NMR of chitosan and chitosan 
derivatives dissolved in 0.7mL D2O and 0.01mL HNO3.  

Integration of Æ -CH3 H2 Him 

chitosan 0.41 1 - 
Ch-imi 0.434 1 0.835 
Ch-py 0.49 1 0.78 
Ch-thio 0.41 1 0.37 

 
Calculation for Chitosan. It has first two structural units 

Total no. of proton for -CH3 = 3p,   

Total no. of proton for H2 = 1p+1q 

From integration of 1H NMR spectra, 3p/(1p+1q) = 0.41/1 5.3 

 

% of sites with acetyl group = p/(p+q) x 100 = 0.41/3 x 100 = 14% using eq. (1) 

Calculation for Ch-imi. It has all three structural units. 

Total no. of proton for -CH3  = 3p   

Total no. of proton for H2 = 1p+1q+1r  

No. of Him = r 

From integration of 1H NMR spectra, 3p/(1p+1q+1r) = 0.434/1 5.4 

From integration of 1H NMR spectra, r/(1p+1q+1r) = 0.835/1 5.5 

% of sites with chitin = p/(p+q+r) x 100 = 14% 
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% of sites with Schiff base = r/(p+q+r)x 100 = 83% 

% of sites with free amine = 100-(83+14) = 3% 

Calculation for Ch-py. It has all three structural units. 

Total no. of proton for -CH3 = 3p   

Total no. of proton for H2 = 1p+1q+1r  

No. of Him = r 

From integration of 1H NMR spectra, 3p/(1p+1q+1r) = 0.49/1 5.5 

From integration of 1H NMR spectra, r/(1p+1q+1r) = 0.78/1 5.6 

% of sites with chitin = p/(p+q+r) x 100 = 16% 

% of sites with Schiff base = r/(p+q+r)x 100 = 78% 

Calculation for Ch-thio. It has all three structural units. 

Total no. of proton for -CH3 = 3p   

Total no. of proton for H2 = 1p+1q+1r  

No. of Him = r 

From integration of 1H NMR spectra, 3p/(1p+1q+1r) = 0.41/1 5.7 

From integration of 1H NMR spectra, r/(1p+1q+1r) = 0.37/1 5.8 

% of sites with chitin = p/(p+q+r) x 100 = 14% 

% of sites with Schiff base = r/(p+q+r)x 100 = 37% 

Following a similar procedure, the degrees of Schiff base and free amine present in the 

Schiff base materials after Hg(II) binding were determined (Table 5.4). Calculation showed 

after Hg(II) complexation, the amount of Schiff base in the material reduced, indicating 

hydrolysis of the imine bond in the presence of Hg2+. Similar hydrolysis of the ligands was 

observed in the previous chapter with L-thio and reported earlier.22,23  
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5.3.4. ESI Mass analysis  

Mass of the chitosan Schiff base materials was analyzed using time of flight electron 

spray ionization mass spectrometry. The mass data were collected in positive mode ranging 

from 100-1000 m/Z and illustrated in Figure 5.8-5.10. 'm, the repeating unit of the chitosan 

polymer, was found to be ~161 and ~203, which are equivalent to the deacetylated chitosan, 

glucosamine units [Ch(C6H11O4N)] and acetylated chitosan, chitin units [Ch-

OAc(C8H13O5N)] were detected in the mass spectrum of the chitosan materials. As the 

chitosan’s polysaccharide backbone is likely to undergo dehydration and glycosidic 

dissociation, fragmentation patterns related to change of m/Z values of ~18 (for H2O) and 

~161 (for Ch, C6H11O4N, the repeating unit) were observed. The decrease in intensity pattern 

with an increase in m/Z was observed. That might be due to the breaking of glycosidic 

linkages in ESI mode. Isotopic pattern analysis did not reveal multiply charged species.  

 

 
Figure 5.8. ESI mass spectra of Ch-imi in acidic aqueous solution. 

 
The ESI mass spectra of the corresponding Schiff base material shows molecular ion 

peak for the monocationic form at 242.14, 403.68, 445.69, 564.76 [Ch-imi, {C10H15N3O4 +H}+, 

Ch-imi+Ch {C16H26N4O8 +H}+, Ch-imi+2Ch {C22H37N5O12 +H}+, Ch-imi+Ch {C16H26N4O4 
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+H}+], 273.21, 502.22 [Ch-py, {C12H14N2O4 +Na}+, 2Ch-py, {C24H29N4O8 +H}+] and 663.30 

[Ch-thio, {C27H40N3O14S  +H}+]. Apart from molecular ion peaks, the Schiff base materials 

showed sequential fragmentation patterns with successive losses of ~161 (Ch unit), ~203 

(Ch-OAc unit), and ~18 (water). These peaks came from the polysaccharide backbone of 

the chitosan. The FTIR, elemental analyses, proton, and COSY NMR, and the results from 

the mass spectra all together confirm the formation of the Schiff base of chitosan (Table 

5.4). 

 
Figure 5.9. ESI mass spectra of Ch-imi in acidic aqueous solution. 
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Figure 5.10. ESI mass spectra of Ch-imi in acidic aqueous solution. 
 

Molecular ion peaks for the higher molecular weight units could not be observed in our 

experimental condition and machine setup. This might be because of the solubility issue, 

and the voltage we used to excite the molecule was insufficient. We tried with matric 

assisted laser desorption ionization (MALDI) technique using dihydroxy benzoic acid as a 

matrix to identify the higher molecular fragments. Unfortunately, we could not ionize it. 

 

5.3.5. Elemental analysis 

Elemental analyses were done with the well-dried samples. Data were collected multiple 

times from different batches, compared, and analyzed. The absolute percentage values of 

elemental analysis of solid polymers, especially of the hydrogen was difficult to match with 

a formula. This is because the materials absorbed moisture. However, the mole ratio of 

C:N:S was a reliable indicator of composition as either of these elements cannot come from 

either salt or water, or moisture. The C:N:S ratio for the polymer measured was close to 

the expected ratio of the proposed formula (Table 5.4). The elemental analysis result 

supports the Schiff base formation as evident in the FTIR, NMR, and ESI mass spectra. 
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Table 5.4. Selected properties of the chitosan derivatives. 

 Chitosan content in % ESI-mass in acid and water Atomic mole ratio from 
analysis 

FTIR in 
KBr 

 
Schiff 
base 

Free 
amine 

Residual 
chitin MF 

Found  
(Calc.) 

Found Calculated 
nC=N, 
cm-1 

nNO3, 
cm-1 

Chitosan 0 86 14 {C6H11NO4 +H}+ 
162.08 

(162.07) 
C6:H10:N1 C6:H11:N1   

Ch-imi 83 3 14 {C10H15N3O4 +H}+ 
242.14 

(242.11) 
C11:H25:N3 C10:H14:N3 1655  

Ch-imi+ 
Hg(NO3)2 

78 8 14     1645 1384 

Ch-py 78 6 16 {C24H29N4O8 +H}+ 
502.22 

(502.21) 
C12:H19:N2 C12:H15:N2 1649  

Ch-py+ 
Hg(NO3)2 

42 47 11     1655 1384 

Ch-thio 37 49 14 {C27H40N3O14S  +H}+ 
663.30 

(663.23) 
C7.4:H13:N1:S0.5 C11:H14:N1:S1 1631  

Ch-thio 
+Hg(NO3)2 

25 60 15     1633 1385 

          

Amount of Schiff base, free mine and residual amine in the polymers were calculated from 1H NMR of the materials in D2O and HNO3 
solution. Electrospray ionization Mass spectra (ESI-Mass) were recorded in H2O and HNO3 solution. Atomic mole ratio and FTIR data 
are of solid powder without addition of HNO3. 
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5.3.6. Thermogravimetric and differential scanning calorimetric 
Analysis (TGA-DSC) 

The thermal stability of the materials was analyzed by thermogravimetric analysis 

(TGA). TG analysis of the polymeric materials was done with samples of ~7-10 mg, placed 

in an alumina crucible, and heated from 25 to 350 °C at 5 °C/min heating rate under 

nitrogen atmosphere (50 mL/min). All samples were stored in a desiccator before analysis. 

It showed two-step weight loss of the Schiff base materials (Figure 5.11). The first step, 

weight loss of around 5-12%, occurred between 60 ℃ to 160 ℃, which accounted for the 

loss of hydrogen-bonded water molecules. Chitosan-imi being showed the maximum weight 

loss of 12.45% in this region, leading to the highest moisture content, which is also evident 

from elemental analysis (more than 4 molecules of water from elemental analysis compared 

to more than two molecules from TGA). Weight losses of the other Schiff base materials 

(Ch-thio of 4.64% and Ch-py of 7.76%) are also inconsistent with the elemental analysis 

result. Since unmodified chitosan contains many hydroxyl groups, there is a chance of the 

presence of hydrogen-bonded water molecules even after prolong drying under vacuum. The 

presence of imine -NH ring proton could be the reason for higher water content in the 

imidazole-modified chitosan. Thiophene, being a comparable hydrophobic moiety, had a 

lesser moisture amount in its polymer material, Ch-py being intermediate. The second 

weight-loss step showed a maximum weight loss of more than 40%, which might be due to 

the decomposition of the material as melting point checking of the polymer materials showed 

visual charring of the materials at around 270 ℃. 

DSC analysis of the polymeric materials was done using aluminum pans and heated 

from 25 to 350 ℃ at 5 ℃/min heating rate under nitrogen atmosphere (50 mL/min). A 

broad endothermic peak was observed close to 70-100 ℃ in the DSC plot of the materials 
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due to the evaporation of the hydrogen-bonded water molecules, which is in agreement with 

the TGA results. 

 

 

 
Figure 5.11. TGA-DSC plot of Ch-imi. 

 
A shift in the position of endotherm might be due to the difference in their water holding 

capacity and strength of water-polymer interaction.24–26 The endothermic jump in the DSC 

curve near 300 ℃ indicated the molecular chain breaking, which means the decomposition 

of the materials. The glass transition temperature is usually obtained by DSC. Some people 

reported it to be ranged from 30℃ to even higher temperature, like 200 ℃, depending on 
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the source of the chitosan or amount of water content, as water has a plasticizing effect.24 

But, in our case, we did not observe any such significant stepwise change of the specific 

heat that could favor the presence of a glass transition temperature. 

2.3.7. Field emission scanning electron microscopy 

Field emission scanning electron microscopy (FESEM) imaging of the chitosan Schiff 

base materials showed non-uniform polymer surfaces. The unmodified chitosan exhibits a 

smoother surface, whereas the Schiff base modifications created agglomerates, and the 

surface becomes rougher. The FESEM images are shown in Figure 5.12.  

 

 
Figure 5.12. FESEM images of the chitosan and chitosan-Schiff base polymers. 

 
The images showed the changes of the surface morphology is more in the case of Ch-imi 

and Ch-py than the Ch-thio.  
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2.3.8. Determination of Zero Point Charge (pHzpc). 

The surface chemistry of a material is primarily governed by the acidic or basic nature 

of its surface. We know that a positive surface charge means acidic and a negative surface 

charge means basic. Thus, it is very important to have an understanding of the surface 

charge of the material in the case of adsorption studies in an aqueous medium. The pHzpc 

of the polymeric modified chitosan materials was determined by the salt addition method. 

The point of zero charge (pHzpc) estimates the pH at which the surface charge of the 

material is zero in the aqueous media. In this method, pHzpc was determined by different 

pH variations with a dose of 3 g/L. The graph (Figure 5.13) showed the pHzpc of the 

materials to be around 6.5-7. 

 
Figure 5.13. Determination of pHzpc of the chitosan and chitosan-Schiff base polymers. 

This experiment shows that at below pH ~6.5, the surface of the materials is positively 

charged. 

5.3.9. Mercury(II) adsorption 

5.3.9.1 Effect of pH on Hg(II) adsorption 

The effect of the solution pH on the removal efficiency of the modified chitosan polymers 

was investigated within a pH range of 2-7 at an initial Hg(II) concentration of 50-200 mg/L 
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using 1 g/L polymer dose and digestion time of 3 hours. Experiments were carried out by 

maintaining the initial pH of the Hg(II) solutions using dilute HCl or dilute NaOH solutions. 

Maximum Hg(II) uptake was observed at acidic pH 2 by Ch-thio and Ch-py. No such pH 

effect was found with Ch-imi;> 90% removal of Hg(II) was observed at all pH variances. 

Figure 5.14. and Table 5.5-5.7. shows the Hg(II) removal data. 

 

 
Figure 5.14. Comparison of Hg(II) removal (a) and adsorption capacity (b) by the modified 
chitosan Schiff base polymers at different pH and initial concentrations with a dose of 1 g/L. 
 

The surface charge is an important parameter that controls the adsorption process. We 

looked into the speciation of Hg(II) at the experimental conditions.27 We found that Cl- ions 

can interact with Hg(II) and make different chloro complexes. The form varies from HgCl+, 

HgCl2, HgCl3- and HgCl42- depending on the extent of Cl- ion concentration.27 We measured 

chloride ion concentration of the solution and found the pCl values to be equal to 1.5-1.2 

at pH 2 and 4. The predominant form from the speciation was thereby either HgCl3- and 

HgCl42-. Zero-point charge value and speciation diagram calculated from the respective pKa 

values of the corresponding aldehydes showed the materials were protonated at lower pH. 

Ion exchange could occur, and thus the maximum removal at lower pH by all the modified 

TH-2909_156152009



Chapter 5 | 177 
 

 
 

chitosan Schiff base materials. Only Ch-imi showed >90% removal over the range of pH 

from 2-7. This can be explained based on the strong complexation of Hg(II) to the L-imi, 

as observed in the previous chapter.  

Table 5.5. Mercury removal by the modified chitosan Schiff base polymers at 50 mg/L initial 
Hg(II) concentration at dose 1g/L at three pH from 2-7 

pH of the solution Parameters Ch-imi Ch-py Ch-thio 
2 Uptake, mg/g 45.87 (±0.09) 45.23 (±0.12) 44.73 (±0.25) 
 Removal % 94.96 (±0.2) 93.65 (±0.26) 92.62 (±0.52) 
4 Uptake, mg/g 47.6 (±0.29) 41.1 (±1.44) 39.5 (±1.1) 
 Removal % 98.55 (±0.61) 85.09 (±2.97) 81.78 (±2.29) 
7 Uptake, mg/g 46.47 (±0.42) 41.0 (±0.7) 37.03 (±1.15) 
 Removal % 96.2 (±0.87) 84.89 (±1.44) 76.67 (±2.37) 

 
Table 5.6. Mercury removal by the modified chitosan Schiff base polymers at 100 mg/L initial 

Hg(II) concentration at dose 1g/L at three pH from 2-7 

Initial Concentration Parameters Ch-imi Ch-py Ch-thio 
2 Uptake, mg/g 91.3 (±1.24) 79.07 (±2.38) 77.87 (±2.92) 
 Removal % 93.16 (±1.26) 80.68 (±2.43) 79.46 (±2.98) 
4 Uptake, mg/g 92.78 (±0.24) 71.25 (±2.01) 50.15 (±4.61) 
 Removal % 91.88 (±0.2) 70.55 (±1.68) 49.66 (±3.89) 
7 Uptake, mg/g 91.73 (±0.91) 67.87 (±2.33) 29.5 (±7.06) 
 Removal % 88.21 (±0.88) 65.26 (±2.24) 28.37 (±6.79) 

 
Table 5.7. Mercury removal by the modified chitosan Schiff base polymers at 200 mg/L initial 

Hg(II) concentration at dose 1g/L at three pH from 2-7 

Initial Conc. Parameters Ch-imi Ch-py Ch-thio 
2 Uptake, mg/g 169.69 (±4.48) 146.67 (±2.22) 146.1 (±0.96) 
 Removal % 88.35 (±2.33) 76.27 (±1.16) 75.98 (±0.5) 
4 Uptake, mg/g 189.67 (±1.76) 149.03 (±0.62) 163.4 (±0.08) 
 Removal % 94.83 (±0.88) 74.52 (±0.31) 81.7 (±0.04) 
7 Uptake, mg/g 172.53 (±2.38) 122.4 (±4.56) 43.93 (±11.18) 
 Removal % 90.57 (±1.25) 64.25 (±2.39) 23.06 (±5.87) 
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5.3.9.2 Effect of initial concentration 

The effect of initial Hg(II) concentration on uptake is studied using the data given in 

Table 5.5-5.7. Initial Hg(II) concentration was varied from 50 mg/L to 200 mg/L. The study 

showed the relationship between the Hg(II) concentration and available binding sites of the 

materials. It showed similar uptake of Hg(II) by all the three modified chitosan materials 

at low concentrations. With the increase in concentration, they started showing different 

uptake due to the completion of the available binding sites. All three showed >90% uptake 

at 50 mg/g Hg(II) concentration. With increasing concentration, removal decreased. Only 

Ch-imi showed >90% uptake throughout the pH range from 2-7. Hg(II) concentration 

variation was an important factor in exploring the Hg(II) uptake capacity of the modified 

chitosan Schiff base materials. Results showed the maximum uptake capacity of ~180 mg/g 

in the case of Ch-imi at 200 mg/L initial concentration. 

5.3.9.3 Adsorption Kinetics 

Adsorption kinetics of the Hg(II) uptake was examined with 50 mg/L of Hg(II) 

concentration, 1 g/L of material dose, and 1–300 minute time variance. The removal 

percentage showed >90% Hg(II) uptake by Ch-imi within 10 min. At the same time, Ch-

py and Ch-thio showed Hg(II) uptake at min. of contact time. In the case of Ch-imi, 30 

min. of contact time was sufficient enough to reach equilibrium for Hg(II) adsorption. The 

chitosan Schiff base materials-Hg(II) interactions were investigated by pseudo-first-order, 

pseudo-second-order, and Elovich kinetics model. The pseudo 1st order, pseudo 2nd order, 

and Elovich kinetics are as follows 

 qt= qe (1-e-k1t) 5.9 

 qt= 
k2 qe

2 t
1+ k2 qe t

 5.10 
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 dqt
dt =Dexp-Eqt 5.11 

 

The parameters of various Kinetic models are given in Table 5.8, and the linear and 

non-linear fitting of the experimental results are shown in Figures 5.15 and 5.16b, 

respectively. Data fittings suggest Hg(II) adsorption by Ch-imi following pseudo-second-

order kinetics, and Ch-py and Ch-thio follow Elovich kinetics. It confirms that the 

chemisorption was the rate-controlling steps in Hg(II) adsorption. As indicated above, the 

Elovich equation was the most suitable to describe Hg(II) adsorption by the Ch-py and Ch-

thio. Surfaces of the modified chitosan materials are not similar everywhere. The degrees of 

Schiff base formation, acetylation, and free amine groups vary from one material to another. 

Therefore, it is very much likely to have different fittings of time-dependent experimental 

data by different polymers. 

Time-dependent study at room temperature showed Hg(II) removal is almost complete 

within 60 mins (for Ch-imi, it is 10 mins). The data fits with either pseudo-second-order or 

Elovich rate plot, which usually means chemical adsorption. However, the experimental 

data were collected through shaking in an orbital shaker, aliquote collection, filtration and 

concentration measurements by AAS machine, and given the process finishes within 

minutes, describing the Kinetics by the three modified Schiff base polymer materials may 

not be that precise. What significant result obtained from the experiment was that Ch-imi 

shows very fast Hg(II) adsorption followed by Ch-py and Ch-thio (both comparable).  

 

Table 5.8. Comparison of different kinetic models for Hg(II) adsorption 

Polymer Fitting First-order Second-order Elovich 

  qe K1 R2 qe K2 R2 D� E� R2 

Ch-imi Linear 3.56 -3.5*10-5  49.37 0.03 0.99 1.34*106 0.35 0.57 
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 Non-linear 48.10 0.59 0.87 50.06 0.02 0.93 1.57*106 0.36 0.61 

           

Ch-py Linear          

 Non-linear 45.13 0.15 0.76 47.22 0.01 0.89 1.38*102 0.17 0.97 

           

Ch-thio Linear          

 Non-linear 43.80 1.06 0.47 45.50 0.03 0.82 6.35*105 0.37 0.90 

 

 

Figure 5.15. Linear fitting of the Hg(II) adsorption kinetics data of the chitosan polymers. 
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Figure 5.16. (a) Isotherm and (b) non-linear fittings of the kinetics data of Hg(II) removal by 

the chitosan polymers. 
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5.3.9.4. Adsorption Isotherm 

Isotherms are essential for explaining the theoretical uptake capacity of different 

materials. Langmuir and Freundlich isotherms models were used to analyze the 

experimental data of Hg(II) uptake by the Schiff base materials.  

The Langmuir isotherm is usually expressed as: 

 q=qmax
KLCe

1+KLCe
 5.12 

Where Ce (mg/L) is the equilibrium concentration of Chromate, qe (mg/g) is the 

adsorption capacity at equilibrium, qmax (mg/g) is the monolayer adsorption capacity of 

the adsorbent, and KL (L/mg) is the affinity constant of adsorption in the Langmuir model. 

Freundlich isotherm has the following general form, 

 qe=KfCe

1
n 5.13 

Here, Kf is the Freundlich capacity factor, and n is the index of heterogeneity. 

Nonlinear regression was done to determine the isotherm parameters. The fitness of the 

isotherm model with the experimental data was verified using correlation coefficient (R2) 

and average relative error (ARE). The equation used to determine ARE is as follows, 

 
ARE=

100
n ෍ ቈ

qeexp-qecal

qeexp
቉

n

i=0

 5.14 

Where qeexp and qecal are the experimental and calculated using isotherm chromium 

uptake values, respectively. 

Table 5.9. Estimated isotherm parameters for adsorption of Hg(II) by the chitosan polymers 

Polymers Model  Model parameters   R2  ARE (%) 
Ch-imi Langmuir  qmax (mg/g) 200.00  0.87  9.46 

   KL (L/mg) 0.15     
 Freundlich  Kf 35.50  0.96  1.19 
   1/n 0.52     

Ch-py Langmuir  qmax (mg/g) 136.80  0.82  2.82 
   KL (L/mg) 0.07     
 Freundlich  Kf 21.42  0.92  -1.94 
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   1/n 0.407     
Ch-thio Langmuir  qmax (mg/g) 200.00  0.76  -17.04 

   KL (L/mg) 0.03     
 Freundlich  Kf 23.72  0.01  -21.19 
   1/n 0.40     

 

Isotherms are beneficial for explaining the theoretical uptake capacity of different 

adsorptive materials. The fittings of the experimental results are given in Figure and Table. 

Comparison of the data obtained from the two isotherm models; it can be concluded that 

the Freundlich model was fitted better according to its higher R2 value. It suggested that 

the adsorption of Hg(II) on the Chitosan Schiff base materials was a heterogeneous surface 

with multilayer adsorption. Although the difference in regression factor is too small that 

both the isotherm may actually work during the Hg(II) adsorption.  

Our imidazole modified chitosan, Ch-imi, showed a high removal percentage, with a 

reasonably high uptake value, and fast removal kinetics compared to other materials listed 

in Table 5.10.  
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Table 5.10. Comparison of adsorption capacities with other known amine-based materials 

Adsorbent Initial 

conc.  

(mg/L) 

dose 

(g/L) 

Time 

(h) 

Removal 

(%) 

Uptake 

(mg/g) 

Ref. 

Chitosan-alginate nanoparticles 

(CANPs) 

4 20 1.5 89 0.178 28 

Thiourea functionalized chelating fiber 10 1 2 98~ 

(doubt) 

11~(doubt) 29 

Amide functionalized cellulose from 

sugarcane bagasse 

250 1 24 71.2~ 178~ 30 

Chitosan derivatives 100 1 24 79 79 31 

Activated coke by thiol-

functionalization 

1 0.1 15 98~ 9.8~ 11 

Chitosan coated magnetic nanoparticles 50 6 not 

given 

84.5 7.04 32 

Chitosan-poly(vinyl alcohol) hydrogel - - - - 585.9 (from 

isotherm) 

33 
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Chitosan beads grafted with 

Polyacrylamide 

500 
 

60 - 322.6 34 

Iodine/bromine/sulfuric acid modified 

chitosan 

- - 3 100 - 35 

Chitosan/nanohydroxyapatite 

composite based scallop shells 

180 1 - - ~126 36 

Ch-imi 100 1 10 min 90-95 ~90-95 This 

work 

Ch-imi 200 1 10 min >90 ~150-180 This 

work 
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5.3.9.5. Energy-dispersive X-ray analysis 

EDAX analysis was performed of the material after Hg(II) adsorption. After the 

adsorption experiment at 50 mg/L initial concentration of Hg(II) at pH 4, solid materials 

were filtered, washed with distilled water, and dried well in a vacuum desiccator. The 

spectra are shown in Figure 5.17.  

 
Figure 5.17. Energy-dispersive X-ray spectra of the modified chitosan materials before and after 

the Hg(II) adsorption. 
 

EDAX studies showed the presence of Hg(II) on the material surface. The elemental 

percentage ratio of C:N:Hg came in accordance with the removal data. Ch-imi showed 
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maximum Hg(II) adsorption at pH 4, and its N content was also high. Therefore, its C:N:Hg 

ratio came higher compared to Ch-py, followed by Ch-thio. In chapter 4, we found L-thio 

ligand preferred Ag(I), though the EDAX spectra of the Ch-thio after Hg(II) adsorption did 

not show any peak related to Ag(I). This might be due to the presence of Ag(I) in very tiny 

quantities, which comes within the limiting range of EDAX. In comparison, ESI mass was 

sensitive enough to detect that. The presence of a peak related to Hg confirmed the 

adsorption of Hg(II) on the polymer surfaces. 

5.3.9.6. Effect of other metal ions 

Hg(II) ions are seldom present with other metal ions in industrial waste. Now adsorption 

performance depends on the ionic strength of a solution. Therefore, we have studied the 

effect of some metal ions: Zn2+, Ca, Ni, Cu, Fe, Cd, and Pb on the Hg(II) adsorption capacity 

of Ch-imi. Since Ch-imi is the one that has showed maximum Hg(II) adsorption throughout 

a range of initial Hg(II) concentration and in a wide range of pH from 2-7 within 10 mins, 

the effect of other metal ions is thoroughly investigated on Ch-imi. In this study, Hg(II) 

adsorption experiment was performed with an initial Hg(II) concentration of 50 mg/L at 

pH 4 with 1 g/L dose of Ch-imi. The other metal ion concentrations were varied from 25-

100 mg/L. The result is shown in Figure 5.18.  

Hg(II) adsorption by Ch-imi remained unaffected in the presence of other metals ions 

except for Cu(II) when Cu(II) is present in high concentrations (0.4 mM). It is common for 

the imidazole donor ligands to form coordinate bonds easily with Cu(II). Therefore, a 

decrease in Hg(II) adsorption was observed. The study showed the high effectivity of 

imidazole modified chitosan in binding Hg(II) from the aqueous solution even when other 

metals ions are present. 

 

TH-2909_156152009



188 | Chapter 5 
 

 

 
Figure 5.18. Effect of other metal ions on mercury(II) removal efficiency of Chi-imi at 50 mg/L 

concentration. 
 

5.4. Conclusions 

(i) This chapter has nicely demonstrated the fine modification of the amine group of the 

chitosan, a biopolymer, and controlling its effectivity toward Hg(II) adsorption. 

Functionalization of the chitosan amine with imidazole, pyridine, and thiophene group 

shows the Hg(II) complexation behavior changes drastically; imidazole modification is the 

best among the three. The Schiff base materials were synthesized in an acid-free solid-state, 

which converted the maximum amine groups into imine, and the separation of the Schiff 

base material was easy.  

(ii) The maximum Hg(II) uptake from water obtained was more than 170 mg/g in a pH 

range from 2-7 by Ch-imi.  

(iii) Kinetic study demonstrated that the chitosan polymer's Hg(II) removal mostly 

follows pseudo-second-order and the Elovich kinetic model. Fastest Hg(II) was shown by 

Ch-imi (with more than 90% removal within 10 mins). 

(iv) Hg(II) removal by Ch-imi is hardly affected by the presence of other metal ions 

except for Cu(II) while present in very high concentrations (100 mg/L).  
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 Findings of the thesis 

The primary concern of my thesis work focused on study of amine-based polymers: 

synthesis, and modification of the amine functional groups in polymeric system, and 

application in heavy metal binding from aqueous solution. I basically worked with two 

polymers, aniline formaldehyde condensate and chitosan. In order to understand better 

binding of heavy metals with donor atoms, we have synthesized and thoroughly 

characterized some Hg(II) complexes and make the similar functionalization in polymeric 

system. The following major conclusions resulted from this study:  

(i) Change in solvent ratio during synthesis drastically changed the surface property of 

AFC polymer. Synthesis in a polar solvent mixture (isopropanol: water as 1 : 3) increased 

the accessibility of the amine groups, which in turn increased the chromate adsorption 

capacity by ~30 times from the previously reported value. 

(ii) Salt version of modified AFC remained active in terms of chromate removal for up 

to one year. 

(iii) Along with chromate, the salt versions showed high Hg(II) adsorption. It also kept 

a scope for us to test these polymers to remove other heavy metals, indicating its broader 

application. 

(iv) Complexation reaction of Hg(II) salt with thiophene, pyridine, and imidazole type 

Schiff base ligands indicated strong binding with imidazole type ligand. With thiophene 

ligand, hydrolysis of the ligand occurred, and we ended up with bis-complex of the starting 

amine compound. 

(v) Synthesis of Schiff bases of chitosan and their thorough characterization. Imidazole 

functionalized chitosan showed the maximum Hg(II) removal among the three. Its Hg(II) 
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adsorption capacity was more than 170 mg/g throughout a pH range of 2 to 7 with more 

than 90% removal. 

(vi) In designing a system effective for heavy metal removal, applying the principles first 

in a small molecular system, and then applying the same in a polymeric system, we get a 

clear understanding of the process is one of the significant findings that emerge from this 

thesis work. 

Certain aspects of this work are suggested for future studies: 

(i) The salt versions of the modified AFC can be used to remove other heavy metal ions 

or recover some oxyanions, e.g., MoO4
2-, HVO4

2-, WO4
2- etc. 

(ii) Further modification of the chitosan system with other ligands for other applications 

e.g., chiral ligands for chiral drug separation, catalysis etc. (Scheme 1.1). 
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