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Preface 

Global pollution presents a grave danger to the environment, its 

ecosystems, and the flora and fauna that rely on it. Urgent attention must 

be given to the three primary forms of pollution, namely water, air, and 

soil. It is of paramount importance that we take measures to minimize 

the impact of these pollutants and safeguard the essential components of 

our ecosystem, as well as the health of living creatures. Proper waste 

management is particularly critical, as the careless or illegal disposal of 

waste is the primary source of pollution. Nonetheless, there are also 

hidden threats to human well-being that demand our attention. 

Numerous everyday items, such as personal care products, medicines, 

food and beverages, contain harmful substances that can affect our 

health. Among these, food and beverages have garnered greater scrutiny 

due to the presence of additives used to improve their appearance, taste, 

and shelf life. While we cannot avoid these additives completely, we 

must ensure that their use adheres to legal limits. Various detection 

methods can be employed to identify harmful additives, including 

bisulfite and sulfite, and many reports prompted the development of a 

colorimetric probe capable of detecting HSO3
-/SO3

2- ions in aqueous 

solutions under mild conditions. By harnessing the sensing potential of 

chalcones, two bis chalcones, MTCA and MTCM, were synthesized 

using the Claisen-Schmidt condensation reaction of thiophene-2-

carbaldehyde with acetone and 3-pentanone, respectively. MTCA was 

found to be an excellent chemosensor for the detection of both bisulfite 

and sulfite anions. The presence of heteroatoms and terminal thiophene 

units in the bis chalcones prompted a FeCl3-mediated oxidative coupling 
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polymerization reaction, resulting in the synthesis of PTCA and PTCM, 

which are effective for capturing iodine, removing heavy metal ions, and 

organic dyes. These polymers contribute to a small role towards 

environmental remediation.  

The thesis is comprised of six chapters, which cover the synthesis, 

characterization, and applications of monomers, as well as polymers. 

Chapter 1 provides an introduction to the study's motivation and 

background, and includes a literature review of the methods and 

materials used for bisulfite/sulfite anion sensing, iodine capture, heavy 

metal ion removal, and organic dye removal.  

In Chapter 2, the materials, methods, and characterization techniques 

used in the synthesis, characterization, and application of the monomers 

and polymers are discussed. The monomers were synthesized by 

Claisen–Schmidt reaction and characterized using FT-IR, 1H NMR, 13C 

NMR, and Mass spectrometric techniques, while the polymers were 

synthesized by anhydrous FeCl3-promoted oxidative coupling reactions 

and were characterized using FT-IR, PXRD, UV-DRS, TGA, SEM, 

TEM, BET, XPS, and CHNS analysis. The sensing property of the 

monomer MTCA and the organic dye removal efficiency of the 

polymers were studied using UV-Vis spectroscopy. Furthermore, 

gravimetric measurements were utilized to assess the iodine capture 

properties, and inductively coupled plasma mass spectroscopy (ICP-

MS) was utilized to analyze the heavy metal ion removal efficiency of 

the polymers. 
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In Chapter 3, the sensing capabilities of the monomer MTCA towards 

bisulfite/sulfite anions are presented. This colorimetric probe, based on 

1,4-Michael addition, exhibits a rapid, remarkably selective, and 

sensitive response to HSO3
- and SO3

2- ions in both aqueous solutions 

and real food samples. Moreover, this probe displays superior selectivity 

and sensitivity towards bisulfite and sulfite over other interfering anions, 

with a detection limit of 0.43 µM and 0.23 µM, respectively. 

Additionally, this chapter delves into the impact of pH, various 

surfactants, and selective and competitive studies. 

Moving onto Chapter 4, the focus shifts to the performance of 

synthesized polymers PTCA and PTCM in capturing volatile iodine. 

The maximum iodine capture capacity attained for PTCA and PTCM 

was 242 and 221 wt.%, respectively. The kinetic study reveals that 

adsorption adheres to pseudo-second-order kinetics and chemisorption 

is the principal process involved. This chapter further explores the 

mechanism of iodine capture, as well as the polymers' iodine release and 

recyclability in intricate detail. 

Chapter 5 discusses the efficacy of the polymers in removing heavy 

metal ions, the mechanism and kinetics of adsorption, adsorption 

isotherms, and reusability of the polymers. The results indicate that the 

polymers hold great potential in effectively removing Zn2+ and Pb2+ 

ions. Specifically, the maximum adsorption capacity of the polymer 

PTCA for Zn2+ and Pb2+ was calculated as 729.4 mg/g and 569.1 mg/g 

respectively, and the maximum adsorption capacity of the polymer 

PTCM for Zn2+ and Pb2+ was calculated as 652.7 mg/g and 545.1 mg/g 

respectively. These values rank among the highest reported thus far. 
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Chapter 6 explores the polymers' efficacy in removing various organic 

dyes, demonstrating high effectiveness in removing cationic dyes, in 

contrast to anionic dyes. As both polymers exhibited the highest removal 

efficiency towards crystal violet dye, it was chosen as the model cationic 

dye to investigate various factors that affect the adsorption process. The 

maximum adsorption capacity of crystal violet obtained was 151.49 

mg/g for PTCA and 142.28 mg/g for PTCM. A complex interplay of 

chemical interaction, n- π interactions, and π-π stacking interactions is 

responsible for the outstanding adsorption ability of the adsorbents. In 

conclusion, this thesis highlights the monomer's outstanding potential 

for sensing bisulfite/sulfite anions, and the polymers' remarkable 

suitability for environmental applications. Finally, the thesis also 

provides insights into potential future directions.  
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Chapter 1 

1.1. Motivation and 
background 

1.2. Methods employed to 
detect bisulfite/sulfite 
anions. 

1.3 Methods and materials 
employed for  iodine 
capture process. 

1.4 Methods and materials 
employed for heavy metal 
ion removal 

1.5 Methods and materials 
employed for organic dye 
removal 

1.6 Present investigation 

The introduction section deals 
with two major threats faced 
by mankind – pollution and 
food additives. This section 
also deals with the need for 
constant checks on the 
sources of pollution, the 
amount of added additives 
and measures taken to control 
pollution and  detect the food 
additives. The literature 
review section deals with 
various studies reported so far 
in the field of bisulfite/sulfite 
sensing, iodine capture, heavy 
metal ion removal and dye 
adsorption. 
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1.1 Motivation and Background 

Global pollution poses a serious threat to the environment, the ecology, 

and the lives of flora and fauna. Water pollution, air pollution, and soil 

pollution are the three main forms of pollution that must be addressed 

immediately and with utmost care [1]. The main sources of water 

pollution are industrial discharge, agricultural waste, radioactive waste, 

marine dumping, accidental spills, microorganisms, parasites, 

pesticides, fertilizers, heavy metals, volatile organic compounds 

(VOCs), plastics, oil spills, and medications [2]. Water pollution has 

various detrimental effects on human health, including gastrointestinal 

infections, typhoid, skin irritation, cardiovascular and respiratory 

problems, reproductive difficulties, and cancer [3].  

There are numerous sources of air pollution, which include waste 

incineration, fossil fuel combustion, power plants, forest fires and 

industries. Particulate matter and gases such as sulphur dioxide, nitrous 

oxide, carbon monoxide, carbon dioxide, and chlorofluorocarbons are 

the major pollutants that cause air pollution [4]. These pollutants are 

extremely hazardous to live beings, materials, and the environment. Air 

pollution creates health issues in humans such as lung cancer, acute and 

chronic respiratory diseases, heart disease and strokes [5, 6]. 

Industrial wastes, agricultural wastes, radioactive wastes, household 

wastes, inefficient waste management, and mining activities are the 

leading causes of soil pollution worldwide. The major pollutants 

associated with these sources are fungicides, pesticides, fertilizers, 

radioactive materials, toxic organic and inorganic compounds, plastics, 

and other solid debris. Soil pollution harms the biodiversity, texture, 
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composition, and fertility of the soil [7-9]. Contact with polluted soil for 

an extended time can alter the genetic makeup of the human body, 

resulting in difficult-to-treat congenital disorders and chronic health 

issues [10, 11].  

Furthermore, these pollutions are deeply interconnected. Pollution of 

even one environmental factor eventually leads to pollution of all other 

environmental factors. As a result, it is critical to make efforts to 

minimize water pollution, air pollution, and soil pollution to protect the 

quality of the basic components of the environment and the lives of 

living beings. To do this, we need to focus on policy development and 

implementation, proper waste treatment, reducing harmful chemicals, 

and reusing or recycling contaminants wherever possible. Of these, 

proper waste treatment is particularly crucial, as careless and illegal 

dumping of waste is the primary source of pollution. 

Despite the ongoing battle against pollution, it's important to recognize 

that there are additional, less visible threats to human well-being. 

Countless indispensable items that we use on a daily basis carry harmful 

consequences on our health. This includes commonly-used beauty and 

personal care products [12, 13], medications [14], and food and 

beverages that we consume [15, 16]. Among these, food and beverages 

acquired greater attention due to the presence of various additives added 

to enhance their colour, taste and shelf life. Table 1 lists some of the 

food additives, as well as their uses which cause adverse effects.



 
 

Introduction and Literature Review 

3

Table 1. Food additives, their uses and proven health risks 

Additives Examples Uses Health risk 

Preservatives 

Sodium nitrate 
 
Sulfur dioxide 

-to prevent bacterial growth in meat 
products 
-to increase the shelf life and vitamin 
C of beverages 

-causes cancer 
 
-gastric irritation and allergy 

Antioxidants 
Ascorbic acid -stop the reaction of food with oxygen 

that causes fouling 
- excess dose cause diarrhoea, 
gas, or stomach upset  

Coloring agents 

Sunset yellow 
 
Red 3 

-impart orange-yellow color to food 
 
-impart a pink color to food 

-allergic reactions 
-hyperactivity in children 
-increase the risk of thyroid 
tumours 

Flavouring 
agents 

Monosodium 
glutamate 

-enhance the taste of food -impaired growth and 
development 

Texturing agents 

Lecithin 
 
Guar gum 

-uses as an emulsifier to prevent the 
spoiling of milk 
-uses as a thickening agent  

- diarrhoea, nausea, stomach 
pain 
-obstruction of the oesophagus 
or small intestine 

Artificial 
Sweeteners 

Sucralose 
Aspartame 

-suited for cooking, baking 
-used for cooking and baking 

-increase your risk of cancer 
-harmful to gut health 
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Even though we cannot sidestep these additives, we must ensure that the 

added amount does not exceed the legal limit. There are various 

detection methods available depending on the nature of the additives. 

For example, monosodium glutamate can be detected using high-

performance liquid chromatography coupled with mass spectrometry 

(HPLC-MS) or HPLC with an evaporative light scattering detector 

(ELSD)[17, 18]. Sodium nitrate can be detected using the 

spectrophotometric method [19], and sulphur dioxide (SO2) can be 

detected using the methods such as chromatography, electrochemistry, 

titration, and spectroscopy. However, the majority of these methods 

require miscellaneous sample pre-treatment and the use of relatively 

multiple reagents. Spectroscopy, on the other hand, has been widely 

employed for detecting analytes due to its ease, high selectivity, 

sensitivity, and suitability for real-time monitoring. 

Since bisulfite/sulfite is one of the notable additives which fall in the 

category of harmful additives [20], many reports prompted us to develop 

a colorimetric probe capable of detecting HSO3
-/SO3

2- ions in an 

aqueous solution under mild conditions. We selected a thiophene-

containing bis chalcone-based probe to sense bisulfite/sulfite ions.  

Bis-chalcones and chalcones are small organic molecules containing α, 

β-unsaturated ketones. They are commonly synthesised by Claisen-

Schmidt condensation reaction employing the condensation between an 

aromatic aldehyde and an acetone derivative catalysed by either acidic 

or basic conditions to form β-hydroxycarbonyl compounds followed by 

dehydration [21-23]. The general reaction is depicted in scheme 1. 
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Scheme 1: Claisen-Schmidt condensation reaction 

Chalcones are considered an open-chain flavonoid compound and hence 

they belong to the flavonoid family. They are continuing to attract 

attention from the scientific community because of their potential to use 

in medicine as a precursor for many biologically active compounds [21]. 

They exhibit a range of pharmacological activities such as anti-

inflammatory, anti-cancer, anti-microbial, anti-diabetic, and anti-

oxidant effects [24]. They also have found utility as dye sensitizers, 

optical limiting materials, sensing probes, and non-linear optics (NLO) 

materials. They are effective as dye sensitizers due to their high molar 

extinction coefficients [25, 26]. Chalcones have also been used as 

sensing materials for various applications such as fluorescent probes for 

the detection of metal ions such as copper and iron, and chemosensors 

for the detection of amino acids and other biomolecules [27, 28]. 

Chalcones exhibit second-order non-linear optical properties, which 

make them potential materials for non-linear optics  [29-31]. Moreover, 

they have been utilized as optical limiting materials, rendering them 

suitable for use in optical limiting devices[32, 33].  

By considering the potentiality of chalcones for sensing biomolecules, 

we have designed two bis chalcones (1E,4E)-1,5-Di-2-thienylpenta-1,4-

dien-3-one (MTCA) and (1E,4E)-2,4-dimethyl-1,5-di(thiophen-2-

yl)penta-1,4-dien-3-one (MTCM). They are synthesised by Claisen-

Schmidt condensation reaction of thiophene-2- carbaldehyde with 
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acetone, and 3- pentanone respectively. The chalcone MTCA was found 

as an excellent chemosensor for the detection of both bisulfite and sulfite 

anions. The probe based on the surfactant-promoted Michael addition 

mechanism detects both SO2 derivatives (HSO3
- and SO3

2-) rather than 

a single SO2 derivative (either HSO3
- or SO3

2-), allowing the accurate 

determination of SO2 toxicity. The advantage of our work lies here. The 

terminal thiophene units and the presence of heteroatoms in the 

synthesized bis chalcones prompted us to carry out a polymerisation 

reaction expecting a polythiophene-type polymer with donor-л-

acceptor-л-donor type repeating units [34-37]. Here we employed 

FeCl3-mediated oxidative coupling reaction to synthesize the polymers. 

The synthesized polymers were found to be porous and highly insoluble 

in common organic solvents and are expected to have NLO properties 

and potential environmental applications similar to other reported 

porous polymers. 

While considering inorganic polymers and materials, organic polymers 

especially porous organic polymers (POPs) have been proven to be one 

of the promising candidates for various environmental applications. 

Among the most primary uses of porous polymers is groundwater 

remediation, where they can immobilize or adsorb contaminants, such 

as heavy metals or organic pollutants, from the groundwater [38-40]. In 

wastewater treatment, they are used to remove suspended solids, oils, 

and other contaminants, and to coagulate or flocculate suspended solids 

to facilitate their removal [41-43]. For oil spill cleanup, porous polymers 

are used to encapsulate the oil and prevent it from spreading. They can 

also be used to increase the viscosity of the oil, making it easier to skim 
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or collect [44-46]. Finally, these polymers are used in air pollution 

control to capture and remove pollutants, such as iodine [47-49], and 

volatile organic compounds [50, 51] emitted from industrial processes. 

Overall, POPs have generated greater interest in the field of 

environmental remediation due to their superiority including tunable 

porosity and functionality, higher loading capacity, lower overall cost, 

tremendous specific surface area, multiple preparation methods, robust 

thermal and chemical stability, and so on. So far, several porous organic 

polymers such as hyper-cross-linked polymers (HCPs), conjugated 

microporous polymers (CMPs), covalent triazine-based frameworks 

(CTFs), porous aromatic frameworks (PAFs), covalent organic 

frameworks (COFs) have been developed. Along with POPs, several 

other organic polymers with mesoporous and macroporous properties 

have been extensively used for the above-mentioned applications. 

Scientists and researchers continue to develop and refine new polymers 

to increase their effectiveness and efficiency in a variety of 

environmental remediation scenarios. Here we mainly focus on two 

novel polymers; poly [(1E,4E)-1,5-Di-2-thienylpenta-1,4-dien-3-one] 

(PTCA) and poly[(1E,4E)-2,4-dimethyl-1,5-di(thiophen-2-yl)penta-

1,4-dien-3-one] (PTCM)  which are effective towards iodine capture, 

adsorption of heavy metal ions and organic dyes, thereby contributing 

their role towards the wellbeing of the environment. 

Now, let’s have a look into various studies reported in the field of 

sensing SO2 derivatives, the capture of volatile iodine, the adsorption of 

heavy metal ions, and the removal of organic dyes. 
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1.2 Survey on various methods employed to detect bisulfite/sulfite 

anions.  

To date, the existing conventional methods to detect bisulfite/sulfites 

include ion chromatography [52, 53], spectroscopy [54-57], 

electrochemistry [58, 59], and iodometric titration [60]. The main 

disadvantage of these methods is that the majority of them require 

various sample pre-treatment and the use of a relatively large number of 

reagents. Among these conventional approaches, spectroscopy has been 

widely applied in analyte detection because of its high selectivity, 

simplicity, low detection limit, and suitability for real-time monitoring. 

Therefore, calorimetric and fluorescent probes have been regarded as 

versatile tools for monitoring ions and biomolecules [61-64]. Till now, 

several colorimetric and fluorescent probes for the detection of the SO2 

derivatives (HSO3
-/SO3

2-) have been designed and developed based on 

different sensing mechanisms such as the selective deprotection of 

levulinate group [65-67], complexation with amines [68, 69], the 

selective reaction with aldehyde [70, 71], coordination to metal ions 

[72], and Michael-type additions [73, 74].  

The first fluorescent probe for the detection of SO3
2- was reported by 

Chang et al [66]. The detection is based on the reaction of SO3
2- with the 

keto group of the probe (levulinate of resorufin dye) which eventually 

leads to the release of a fluorophore. The limit of detection of the probe 

was determined to be 49 µM in HEPES buffer (pH 7.0, 10 mM) 

containing 2% acetonitrile. Based on this report, several other reports 

have been published on the detection of SO2 derivatives by employing 

the mechanism of selective deprotection of the levulinate group [75-80].  
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Fewer reported probes function by the complexation with the amines 

mechanism are known. The fluorescent chemosensor in which a 

guanidiniocarbonyl pyrrole moiety is covalently attached to 9-

(aminomethyl)anthracene was reported by Fu et al, which selectively 

detect SO3
2- in 90% water/DMSO solution medium.  The change in the 

fluorescence was caused by SO3
2- complex generated photochemical 

reaction combined with fluorescence resonance energy transfer (FRET). 

The detection limit of the probe was 0.78 mM [69]. A polymer vesicle 

sensor that was disclosed in 2017 demonstrated great selectivity towards 

HSO3
- with a very good detection limit of 25 nM. The polymer vesicle 

was created by grafting tertiary amine alcohol (TAA) groups to an 

amphiphilic hyperbranched polymer, which will subsequently engage in 

proton exchange with cresol red (CR) to create CR-immobilized vesicles 

(CR@vesicles). These CR@vesicles are involved in the naked eye 

sensing of HSO3
- ions [81].  

As an optical probe for bisulfite detection, 4-(1H-Phenanthro[9,10-

d]imidazol-2-yl)benzaldehyde was made, and the detection limit was 

found to be as low as 2 µM. The addition of HSO3
- to the probe's 

aldehyde group causes an intramolecular charge transfer (ICT), which 

underlies how the probe functions. Later several groups reported 

numerous probes that operate using the same addition mechanism [82-

86].  

A zinc ion-assisted fluorescence probe for the detection of bisulfite was 

disclosed by Chen et al. The interaction of bisulfite with zinc ions results 

in a change in the coordination of zinc ions within the probe and it leads 

to improved fluorescence intensity [87]. Later, a variety of sensors based 
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on the Michael addition of SO2 derivatives to the C=C bonds of the 

probe have been described. Coumarin-based [88-90], pyrene-based [91-

93], benzothiazole based [94-97], indolium moiety-bearing  [98-101] 

probes are some among them.  

Among these different approaches 1,4 - Michael addition of 

nucleophiles to α, β unsaturated systems that contain ester, ketone, 

nitrile, and nitro groups is one of the most versatile methods [102, 103] 

for the development of chemosensors for the detection of SO2 

derivatives because this method allows the reaction to proceed under 

mild conditions [101, 104-107].  

Interestingly, Zhang et al. [106] reported promising studies in this area, 

using a cationic cetyltrimethylammonium bromide (CTAB) micelle, to 

create a hydrophobic and basic microenvironment that promotes the 

addition reaction of sulfite to an activated olefin in aqueous solutions. 

Based on this study, many groups have reported new probes that can 

detect SO2 derivatives in aqueous solutions via micelle-mediated 

Michael-type addition reaction [108, 109], and the studies are 

summarised in Table 2. The findings indicate that the probe reported by 

our group is competitive with other surfactant-based sensing probes in 

terms of detection limit and response time. 
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Table 2. Probes that employ micelle-mediated Michael-type addition reaction as a sensing mechanism towards SO2 

derivatives 

Probe Detection medium 
Detection 

limit 

Response 

time 
Reference 

TSP-1 PBS buffer (20 mM, pH 7.4) containing 1mM CTAB 2 x 10-7 M 60 min [106] 

BICO PBS buffer (20 mM, pH 7.4) containing 1mM CTAB 5.3 x 10-8 M 60 min [74] 

CY-SO2 PBS buffer (10 mM, pH 7.4) containing 25 μM CTAB 2.67 x 10-9 M 90 sec [110] 

Probe-1 
Britton-Robinson (BR) buffer (20 mM, pH 7) with 1.2 mM 

CPB 

2 x 10-6 M 30 min 
[108] 

ChC16 
Britton–Robinson (BR) buffer (20 mM, pH 7, 1% DMSO) 

containing 1mM CTAB 

2.4 x 10-7 M 15 min 
[109] 

QNP 
PBS buffer (DMSO: PBS = 2:98, 20 mM, pH = 7.4) 

containing 1 mM CTAB 

2 x 10-6 M 90 sec 
[111] 

MTCA HEPES buffer (20 mM, pH 7.4) containing 1mM CTAB 2.3 x 10-7 M 10 min 
present 

work 
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1.3 Survey on various methods and materials employed for iodine 

capture. 

Among various radioactive wastes, 129I generates strong interest and 

concern, mainly because of its very long radioactive half-life and 

radiological effects on human health and the environment. The major 

approaches for iodine vapor removal are wet scrubbing and physical 

adsorption. The wet scrubbing process shows the disadvantages of poor 

stability, complex operation procedures, and low capture performance, 

which is evident from the metal–organic framework ZIF-8 [zeolitic 

imidazolate framework-8] [112] reported by Sava et.al (efficiency 100 

wt%) and Cu-BTC metal–organic framework [113] reported by the 

same group ( efficiency of 175wt%).  While, adsorption using porous 

materials was considered one of the efficient methods for the effective 

capture and reliable storage of radioactive iodine due to its remarkable 

advantages, such as simplicity, low operating cost, and speedy operation 

conditions. Compared to those porous adsorbents such as zeolites [112, 

114-116], and metal-organic framework (MOFs) [113, 117-121], POPs 

have been proven to be promising candidates for the efficient capture 

and storage of volatile iodine [122, 123] due to the advantages explained 

before. It is worth noting that the porosity of the polymers is not the sole 

determinant of iodine capture performance, but rather various functional 

groups, heteroatoms, and chemical and electronic structures also play a 

significant role. Table 3 provides a comprehensive summary of different 

porous polymers used for iodine capture, demonstrating that the 

efficiency of polymers reported by our group is comparable to that of 

polymers reported by other groups. 
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Table 3. Salient features and iodine capture performance of various porous polymers reported in the literature 

Material Category 

BET 

surface area 

(m2/g) 

Structural features 

Iodine 

uptake 

(wt %) 

Reference 

HCPs-B/N HCPs 582 Microporous, B and N doped  217 [124] 

HCPs-N/S HCPs 481 Microporous, N and S doped 216 [124] 

HCPs-B/N/S HCPs 414 Microporous, B, N and S doped 176 [124] 

N-HCP HCPs 222.8 Microporous, л-conjugated, N-rich   257 [125] 

HCP 5 HCPs 34.8 Meso/macroporous, N-rich 254 [126] 

SHCMP-1 CMPs 75 S-rich, alkyne bonds, л-conjugated 590 [127] 

CMP-LS7 CMPs 507 л-conjugated, N-doped 277 [128] 

CMP-LS4 CMPs 462 Meso/macroporous, N-rich 332 [129] 

CMP-LS6 CMPs 679 Meso/macroporous, N-rich, alkyne bonds 244 [129] 

SNCMP-1 CMPs 16.1 S, N-rich, electron-rich aromatic network 570 [130] 

SCMP-I CMPs 2.72 S-rich, electron-rich aromatic network 100 [131] 
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SCMP-II CMPs 119.76 S-rich, electron-rich aromatic network 345 [131] 

NiP-CMP CMPs 2600 N- rich, Nickel-containing 202 [132] 

HCMP-3 CMPs 82 N-rich, electron-rich aromatic network 316 [133] 

SCMP-1 CMPs 413 Meso/macroporous, S-rich, alkyne bonds 188 [134] 

SCMP-2 CMPs 855 Meso/macroporous, S-rich, alkyne bonds 222 [134] 

CTF-Cl-1 CTFs 516 Cationic, Cl- counter ions 268 [135] 

CTF-Cl-2 CTFs 599 Cationic, Cl- counter ions 289 [135] 

CTF-PF-3 CTFs 590 Cationic, PF6
- counter ions 285 [135] 

FCTF@350 CTFs 6.88 N, F- rich, л-conjugated 285 [136] 

NCTF@350 CTFs 1.51 N- rich, л-conjugated 232 [136] 

ClCTF@350 CTFs 2.23 N, Cl- rich, л-conjugated 231 [136] 

CTF-CSU43 CTFs 638 N, F- rich, л-conjugated 250 [137] 

CTF-CSU44 CTFs 500 N, F- rich, л-conjugated 278 [137] 

PAF-23 PAFs 82 Charged, B and Li bearing, alkyne bonds 271 [123] 

PAF-24 PAFs 136 Charged, B and Li bearing, alkyne bonds 276 [123] 

PAF-25 PAFs 262 Charged, B and Li bearing, alkyne bonds 260 [123] 
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P-DPDA PAFs 24.2 Mesoporous, N- rich, л-conjugated 408 [138] 

P-TC PAFs 560.4 N-rich, electron-rich aromatic network 268 [138] 

JUC-561 

 
COFs 2359 

3D framework, interconnected channels, 

tetrathiafulvalene group 
819 [139] 

Hz-COF COFs 145 -C=N linkages, rigid functionalities 205 [140] 

NH-COF COFs 78 -NH- functionalities, flexible linkages 260 [140] 

Cu0.5Pc-COF COFs 37.32 N-coordinated Cu atoms 240 [141] 

Cu0.125Pc-COF COFs 9.31 N-coordinated Cu atoms 266 [141] 

TpPa-1 COFs 765 N, O-rich, electron-rich aromatic network 245 [142] 

CMPH Mesoporous 222.4 N-rich, alkyne bonds 125 [143] 

TBHCP-OH Mesoporous 234.9 N, O-rich, triptycene-based 260 [144] 

PSIF-4a Aerogel 209.6 Si, N, O-rich, micro/meso/macroporous 244 [145] 

PTCA Mesoporous 34.31 S, O-rich, electron-rich aromatic network 242 
present 

work 

PTCM Mesoporous 22.13 S, O-rich, electron-rich aromatic network 222 
present 

work 
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1.4 Survey on various methods and materials employed for heavy 

metal ion removal. 

There are several conventional methods such as solvent extraction 

[146], membrane separation [147], ion exchange [148], reverse osmosis 

[149], precipitation [150], and electrolysis [151], etc have been applied 

for the removal of heavy metal ions from wastewater. However, 

adsorption by porous solid adsorbents is considered one of the most 

cost-effective, simple, and competent methods among all of the 

aforesaid methods. Layered double hydroxides (LDHs) [152, 153] and 

metal oxides (TiO2, FexOy, Al2O3, etc) [154-156] are noticeable 

candidates among solid adsorbents. Even though they are cost-effective, 

low surface area and lack of porosity limit their adsorption capacities. 

At the same time, many adsorbents, such as porous resins [157, 158], 

silicas [159, 160], carbon materials (activated carbon, nanotubes, and 

their composites)[161-163], and metal-organic frameworks offer high 

surface area and high removal efficiency, but they are generally 

expensive. So, materials with improved properties are more attractive. 

Porous organic polymers (POPs) and several other mesoporous and 

macroporous organic polymers meet these needs and have been widely 

used for the elimination of heavy metal ions [164-167]. Table 4 

summarises various porous organic polymers used for heavy metal ion 

removal. Polymers synthesised by our group show the highest 

adsorption capacity towards Zn2+ ions on comparison with previously 

reported works. While the polymers show excellent adsorption capacity 

towards Pb2+ ions compared to majority of other reported works. 
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Table 4. Salient features of various porous organic polymers used for heavy metal ion removal 

Adsorbent 

Surface 

area 

(m2/g) 

Structural/functional properties 
Target 

ions 

Qmax 

(mg/g) 
Reference 

HCP 
823.89 Polystyrene-based, micro/meso/macroporous 

Ni,       

Pb 

146.6, 

137.3 
[168] 

2-HTA-HCP 
167.98 

2-hydroxyterephthalic acid modified styrene 

based hyper crosslinked polymer 

Ni, Cu, 

Cd, Pb 

33.5, 50.3, 

69.7,178.3 
[169] 

HCP 853.89 Polystyrene-based, micro/meso/macroporous Cd 950 [170] 

HCMP-1 432 Microporous, triazine and dibenzofuran units Hg 604 [171] 

PFCPP-0 901 Fluorinated CMP, acetylene groups Pb 808.2 [172] 

PTIA 
139 Indole-based, meso/macroporous 

Ni, Cu, 

Zn 

290, 323, 

203.8 
[173] 
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CMP-2a 118 cyano and pyridyl groups, heterogeneous pores Pb 62.7 [174] 

CMP-3a 168 cyano and pyridyl groups, heterogeneous pores Pb 93.2 [174] 

Por-CMP-3 
382.38 

porphyrin-based conjugated microporous 

polymers 

Zn, Cu, 

Pb 

640, 334, 

334 
[175] 

COF-TP - Amide-based COFs Pb 384 [176] 

COF-TE - Amide-based COFs Pb 480 [176] 

COF-Tz-OH  1897 COF with triazine and -OH bifunctional groups Pb 476 [177] 

SiNPz-Th 
310.1 

silica surface grafted with  β-ketoenol-

pyrazole-thiophene, mesoporous 

Pb, Cu, 

Zn, Cd 

102.2,76.4

68.9, 32.7 
[178] 

PAF-10c 
244 

pyridine ring and carboxyl group bounded 

hierarchically porous material  
Pb 62.79 [179] 
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PAF-10d 
146 

pyridine ring and carboxyl group bounded 

hierarchically porous material  
Pb 90.36 [179] 

PAF-10d 
87 

pyridine ring and carboxyl group bounded 

hierarchically porous material  
Pb 75.59 [179] 

S3 
218 

chitosan/poly (ethylene oxide) nanofibers, 

mesoporous 

Cu, Zn, 

Pb 

96, 91,    

83 
[180] 

FC-POP-

CH2TETA-E 
413 

porous organic polymer (POP) with an 

extended triethylenetetramine (TETA) chain 
Pb 1134 [166] 

FC-POP-

CH2TETA-H 
599 

porous organic polymer (POP) with hooped 

triethylenetetramine (TETA) chain 
Pb 561 [166] 

PTCA 
34.31 

Thiophene containing bis-chalcone-based 

mesoporous polymer 

Zn,       

Pb 

729.4, 

569.1 

present 

work 

PTCM 
22.13 

Thiophene containing bis-chalcone-based 

mesoporous polymer 

Zn,       

Pb 

652.7, 

545.1 

present 

work 
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1.5 Survey on various methods and materials employed for organic 

dye removal. 

Wastewater treatment is a challenging process, particularly when it 

comes to eliminating synthetic dyes such as methylene blue (MB), 

rhodamine B (RB), malachite green (MG), crystal violet (CV), methyl 

orange (MO), congo red (CR) etc. Many different techniques have been 

developed to address this issue, such as chemical coagulation, 

irradiation, membrane processes, electrocatalytic degradation, 

ultrafiltration, chlorine oxidation, and adsorption etc [181-187]. 

Although many of these methods offer several benefits, they also have 

several drawbacks, including poor removal efficiency, high costs, and 

the generation of sludge waste. Among the various technologies applied, 

adsorption has received the most attention due to its high efficiency, 

practicability, and cost-effectiveness. However, the success of the 

adsorption process largely depends on the choice of adsorbent 

employed. Several adsorbents have been used in the past, such as carbon 

nanotubes [188, 189], gypsum [190], zeolite-based porous material 

[191, 192], chitosan composites [193, 194], and hydrogels [195, 196] 

etc. However, their use is often limited by factors such as high costs, 

poor removal efficiency, and limited availability. In recent years, 

researchers have turned their attention to porous organic polymers [197, 

198] due to their aforesaid desirable properties. Table 5 summarises 

different reported works in the field of porous organic polymer-based 

dye adsorption, and Table 6 focuses on the studies related to the removal 

of crystal violet dye, which is our primary focus in this study.
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Table 5.  Salient features of different organic polymers used for the removal of various dyes 

Adsorbent 

Surface 

area 

((m2/g) 

Structural/functional properties 
Dye 

adsorbed 

Qmax 

(mg/g) 
Reference 

NH2-HCP 
77.3 

electrostatic interactions between the 

amino groups and anionic dyes 
MO 1754 [199] 

AHCP-1 
939 

anionic hypercrosslinked polymer 

bearing boron atoms 
RB 229.89 [200] 

DPT-HPP 1230 Triphenylamine based  RB 256.40 [201] 

TPP–PP 698.14 triptycene-based porous polymer MO, MB 220.82, 159.80 [202] 

CPTP 391.3 sulfonate-conjugated, microporous MB 957.9 [203] 

CMP-Im 533 cationic framework of imidazolium unit MO, CR 588, 2600 [204] 

CMP-PM  
416 

pyrimidine-based conjugated 

microporous polymer 
CR 344.8 [205] 
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CMP-PM-Me 
241 

Post-synthetic modification of  

pyrimidine-based polymer by MeI 
CR 400 [205] 

TzDBd 
162.3 

carboxyl-functionalized triazine-based 

covalent organic framework 
CV 307.7 [206] 

PAF-111 857 Electron-rich aromatic networks RB 1462 [207] 

PAF-112A 526 Electron-rich aromatic networks RB 658 [207] 

PAF-112B 725 Electron-rich aromatic networks RB 898 [207] 

PAF-113 598 Electron-rich aromatic networks RB 574 [207] 

POP-8F 
192.42 

calixarene-based porous organic 

polymers 

RB, MB, 

CV, MO 

2433, 862.07, 

1181.02, 93.7 
[208] 

POP-10F 
167.6 

calixarene-based porous organic 

polymers 

RB, MB, 

CV, MO 

1729.9, 793.6, 

925.9, 89.6 
[208] 

PHCP 
1074 

pentiptycene-based hyper-cross-linked 

polymer, hierarchical porous structure 
CV, MB 877,289 [209] 

Cz-pyr-P 
1065 

Carbazole-tagged pyridinic microporous 

polymer 
MB 175.44 [210] 
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Table 6. Salient features of various adsorbents reported for the removal of crystal violet dye 

Adsorbent 

Surface 

area 

((m2/g) 

Structural/functional properties 
Qmax 

(mg/g) 
Reference 

NMRH - NaOH-modified rice husk, chemisorption 41.483 [211] 

fMWNT 
- 

-OH and -COOH functionalized multi-walled carbon 

nanotubes 
90.52 [212] 

XG-HNC 
24.87 

xanthan gum-based GO crosslinked hydrogel 

nanocomposites, mesoporous 
1566.97 [213] 

PAAC 328.2 Phosphoric acid-activated carbon 60.42 [214] 

SAAC 556.3 Sulphuric acid-activated carbon 85.84 [214] 

MCM-41 1059 Mesoporous silicate 114.2 [215] 

sulfated MCM-41 938 Sulphated mesoporous silicate 138.7 [215] 

kaolin 13.72 natural clay adsorbent 45 [216] 
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GA-cl-

poly(AAm) NHG 
- 

arabic-cl-poly(acrylamide) nanohydrogel, amide linkage, -

OH functional groups. 
90.90 [217] 

OLP - Olive leaf powder 181.1 [218] 

CHP - Coconut husk powder 454.54 [219] 

TLGL-CA - lemongrass leaf fibers incorporated with cellulose acetate 33.47 [220] 

SCB–Ben/SA 
12.44 

sugarcane bagasse–bentonite/sodium alginate composite 

aerogel 
839.9 [221] 

TSCB 1.01 treated sugarcane bagasse, mesoporous 107.5 [222] 

PUF 
0.9473 

Composite of tire rubber and polyurethane foam polymer 

wastes  
20.92 [223] 

PTCA 
34.31 

Thiophene containing bis-chalcone-based mesoporous 

polymer 
151.49 

present 

work 

2PTCM 
22.13 

Thiophene containing bis-chalcone-based mesoporous 

polymer 
142.28 

present 

work 
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1.6 Present investigation 

Water, air, and soil resources are fundamental to human existence, but 

their contamination poses a significant threat to our health and well-

being. Thus, we must take proper measures to identify, monitor, and 

reduce the various pollutants that cause pollution. In this 

groundbreaking study, we take a small yet significant step towards 

reducing the pollution caused by radioactive iodine, heavy metal ions, 

and organic dyes, by utilizing two novel thiophene-containing bis-

chalcone-based polymers. Our approach primarily focuses on the 

adsorption mechanism to effectively remove iodine, heavy metal ions, 

and organic dyes from the environment. 

It is important to note that in addition to environmental pollution, the 

food we consume daily can also impact our health. Although food 

additives are sometimes unavoidable, it is critical to carefully monitor 

whether the added additives are legally allowed and also whether they 

are under safe limits. In this study, we mainly focus on the detection of 

bisulfite/sulfite anions, which are commonly added to food items to 

increase their shelf life. Our research also proposes a colorimetric probe 

for the detection of bisulfite/sulfite anions in the aqueous solution as 

well as in real-life samples, paving the way for enhanced monitoring and 

regulation of food additives to ensure the well-being of individuals. 
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Chapter 2 

2.1. Materials  

2.2. Characterization techniques 

2.3. Synthetic procedures 

2.3.1. Synthesis of monomers  

2.3.2. Synthesis of polymers  

2.4. Methods and measurements 

2.4.1. Sensing of SO2 - derivatives 

2.4.2. Iodine capture studies 

2.4.3. Removal of heavy metal ions  

2.4.4. Adsorption of cationic dyes 

2.5. Characterization of synthesized monomers  

2.6. Characterization of synthesized polymers 

This chapter deals with 
various materials and 
methods used to carry out the 
synthesis and studies that 
have been done throughout 
this research work. This 
chapter also explains different 
characterisation techniques 
employed to characterize the 
monomers and polymers. 
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2.1. Materials  

All chemicals and solvents used for synthesis and study were purchased 

from commercial suppliers and used without further purification. 

Anhydrous ferric chloride (FeCl3), thiophene-2-carbaldehyde, acetone, 

and 3-pentanone were the chemicals used for the synthesis of monomers 

and polymers. Sodium sulfite (Na2SO3) and sodium bisulfite (NaHSO3) 

were employed as chemical analytes, while crystal sugar and brown 

sugar were employed as real food samples to conduct the sensing 

studies. Cetyl trimethyl ammonium bromide (CTAB), cocamidopropyl 

betaine (CAPB), and sodium dodecyl benzene sulfonate (SDBS) were 

various surfactants, and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid (HEPES) was the buffer used for the aforesaid investigation. Iodine 

granules were used to conduct an iodine capture experiment.   Nitrate 

salts of cobalt, copper, nickel, cadmium, zinc, and lead were used to 

prepare metal ion solutions for conducting adsorption studies. 

Methylene blue (MB), rhodamine B (RB), malachite green (MG), and 

crystal violet (CV) are the cationic dyes and methyl orange (MO), 

methyl red (MR), and congo red (CR) are the anionic dyes selected for 

the dye adsorption studies. Ethanol, methanol, acetone, 

dichloromethane, chloroform, distilled water, and de-ionized water are 

the solvents used throughout this study. 

2.2. Characterization techniques 

This section outlines the various analytical techniques employed in this 

study. Fourier transform infrared (FT-IR) spectra was recorded using a 

Jasco-FT/IR-4100 spectrometer in the range of 4000 - 400 cm-1. UV-

Visible (UV-Vis) spectra and UV diffuse reflectance spectra (UV-DRS) 
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were obtained by using a Jasco V-770 UV-Vis- NIR spectrophotometer. 

Powder X-ray diffraction (PXRD) patterns were recorded on an X’pert3 

powder diffractometer, and the CHNS elemental analyses were done 

using a Thermo Scientific FLASH 2000 HT analyzer. 

Thermogravimetric analysis (TGA) was conducted on an STA 8000 

thermogravimeter, and the nitrogen adsorption-desorption isotherms 

were recorded with a BELCAT-M analyzer at 77 K. Scanning electron 

microscopic (SEM) images were acquired on a ZEISS GeminiSEM 300 

electron microscope, and Transmission electron microscopic (TEM) 

images were obtained on a Jeol/JEM 2100 electron microscope. 1H 

NMR (400 MHz) and 13C NMR (400 MHz) spectra were recorded on a 

Bruker AVANCE III - 400 MHz NMR spectrometer, and HR-MS data 

were obtained with a Q-TOF MS spectrometer. Solid-state (SS) NMR 

has recorded on a BRUKER AVANCE NEO (500 MHz) NMR 

spectrometer, and the pH measurements were done on a Mettler Toledo 

pH meter. The X-ray photoelectron spectroscopy (XPS) was performed 

with a PHI Versa Probe II X-ray photoelectron spectrometer and Raman 

spectra were recorded on Bruker ́s MultiRAM Raman system. Zeta 

potential analysis was performed with a Malvern Zetasizer, and metal 

ion concentration was determined by using Agilent 7800 inductively 

coupled plasma mass spectrometer (ICP-MS). 

2.2.1. Fourier transform infrared spectroscopy (FT-IR) 

This analytical method makes use of how matter and IR radiation 

interact with each other. The sample absorbs the radiation of different 

wavelengths corresponding to the characteristic vibrational frequencies 

of the functional groups present in the sample. A molecular fingerprint 
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of the sample can be derived from its FT-IR spectra. Here we have used 

FT-IR spectroscopy to elucidate the structure of monomers and 

polymers, to explain the mechanism of sensing, iodine capture, dye 

adsorption, and heavy metal ion removal. 

2.2.2. UV-Visible spectroscopy (UV/Vis, UV-DRS) 

UV-Vis spectroscopy is an analytical technique that measures the 

amount of particular wavelengths of UV or visible light that are 

absorbed by or transmitted through a sample in contrast to a reference 

sample. The amount of absorbed or transmitted light depends on the 

sample composition, hence providing qualitative and quantitative 

information on the composition of the sample. UV- diffused reflectance 

spectroscopy measures the absorbance or reflectance of the sample in its 

solid form. This technique was mostly used in this investigation to 

estimate bisulfite/sulfite concentrations and to verify the synthesis of 

polymers. 

2.2.3. X-Ray diffraction studies (XRD)  

It is a non-destructive method that offers thorough details about the 

crystallographic structure, chemical composition, and physical 

characteristics of the sample. Bragg's peaks of XRD patterns, which are 

created by the constructive interference of monochromatic X-rays 

reflected from the sample, give information about the crystalline or 

amorphous nature of the sample. Sharp peaks represent the crystalline 

nature, while broad peaks represent the amorphous nature. From the 

XRD patterns obtained, we deduced the amorphous nature of polymers. 
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2.2.4. Field emission scanning electron microscopy (FE-SEM)  

It is a cutting-edge technology used to photograph sample surfaces. An 

electron beam is used to scan the sample, and as the electrons interact 

with the atoms of the sample, signals such as backscattered electrons, 

secondary electrons, X-rays, or light are produced. The most favoured 

FE-SEM method, which produces high-resolution images, is secondary 

electron detection. This analysis is widely used to examine the 

topography, morphology, and composition of the sample. Using FE-

SEM examination, the morphology of the synthesized polymers was 

determined. 

2.2.5. High-resolution transmission electron microscopy (HR-TEM) 

The atomic structure of samples can be directly imaged using an 

analytical method called HR-TEM. It is a prevailing method to 

investigate the properties of materials on the atomic scale. It accounts 

for how electron beams interact with the sample, and images of the 

sample are produced by sensing the transmitted electrons. When TEM 

transmits electrons through the sample, it can reveal details about the 

internal structure of the material, including pore volume, pore size, and 

pore shape. The uniform distribution of nanoscale pores in the polymers 

was identified from the TEM analysis. 

2.2.6. Zeta potential analysis 

Zeta potential value merely provides an indirect evaluation of the 

samples' surface charges. It is a measurement of the electric potential at 

the boundary between a suspended solid particle and a liquid. If the 

sample is charged, the oppositely charged ions in the liquid will 
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surround it, creating a thin charged layer known as the Stern layer. A 

second outer layer, referred to as the diffusive layer, is present in 

addition to the Stern layer and is created by weakly bound ions with the 

opposite charge. A barrier between the ions in the diffusive layer and 

the ions still present in the bulk is created when this double layer travels 

in liquid under the influence of an electric field or gravity. Zeta potential 

is the measure of the electrostatic potential at this boundary. Surface 

charges of polymers and iodine-loaded polymers were measured using 

this method. 

2.2.7. Elemental analysis (CHNS analysis) 

The process in which a sample is examined for its elemental and 

occasionally isotopic composition is known as elemental analysis. It 

gives qualitative as well as quantitative information about the elements 

present in the sample. In the field of organic chemistry, elemental 

analysis mainly focuses on the detection of the mass fractions of carbon, 

nitrogen, hydrogen, and a heteroatom usually halogen or sulfur, hence 

elemental analysis in organic chemistry is largely known as CHNS 

analysis. The elemental analysis data is significant to determine the 

structure and purity of samples. Here we used CHNS analysis to find 

out the elemental composition of the synthesized polymers. 

2.2.8. Thermogravimetric analysis (TGA) 

Thermal analysis (TGA) is a method that determines the weight loss of 

the sample as a function of temperature or time. This measurement 

reveals details regarding both chemical and physical processes, such as 

phase transitions, thermal decomposition, chemisorption, physisorption, 
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adsorption, desorption, etc. TGA of the polymers was conducted to 

record the thermal stability of the polymers. 

2.2.9. Brunauer–Emmett–Teller analysis (BET) 

BET analysis is used to evaluate the surface areas and pore size 

distributions of the sample. The process relies on the physical adsorption 

of inert gas, like nitrogen, onto the sample surface. The whole 

microscopic surface area of the sample may be recorded since the gas 

molecules can travel through all pores and fissures, as well as between 

particles, in the sample. The Barrett, Joyner, and Halenda (BJH) 

approach is used to determine pore size distributions using experimental 

nitrogen adsorption-desorption isotherms. The surface area and 

mesoporous nature of the polymers were concluded from the BET 

analysis. 

2.2.10. X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS), commonly referred to as 

electron spectroscopy for chemical analysis (ESCA), is a method for 

examining the surface chemistry of a material. By using XPS, it is 

possible to determine the elemental composition of the sample 

surface along with its chemical and electronic states. The photoelectric 

effect is used in XPS as its working principle. According to the 

characteristic energy values, the electrons that are emitted from each 

atom produce corresponding characteristic peaks on the XPS spectrum. 

Hence, by analyzing the intensity and energy values of the peaks in the 

XPS spectra of the samples, we can determine the composition and 

chemical state of all the elements present in the sample (other than 
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hydrogen and helium). With the help of XPS, we elucidated the 

mechanism of iodine capture and heavy metal ion removal. 

2.2.11. Raman spectroscopy 

Detailed information regarding chemical structure, crystallinity, and 

molecular interactions can be obtained using the non-destructive 

chemical analysis method known as Raman spectroscopy. Raman 

scattering, a type of inelastic photon scattering, is the basis for this 

technique. It makes use of a monochromatic light source, often a laser 

operating in the visible, near-infrared range. The interaction of this laser 

light with the sample results in an upward or downward shift in the 

energy of the laser photons. The energy shift provides details on the 

vibrational modes in the sample. In this work, we have used Raman 

spectroscopy to elucidate the mechanism of iodine capture. 

2.2.12. Nuclear magnetic resonance (NMR) spectroscopy 

The molecular structure of a sample is ascertained at the atomic level 

using NMR spectroscopy. NMR spectroscopy can also be used to 

identify reaction states, phase changes, conformational and 

configurational changes, etc. This method of analysis utilizes the 

interaction of atomic nuclei and externally applied radiowaves. The 

nuclear spin state changes as a result of the net energy exchange that 

occurs during this interaction. The 1H NMR and 13C NMR techniques 

are the two most often utilized NMR kinds. To differentiate between a 

CH3 group, a CH2 group, and a CH group, an NMR technique called 

distortionless enhancement by polarisation transfer (DEPT) is utilized. 

Structural characterization of monomers was done using 1H NMR, 13C 
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NMR, and DEPT analysis. Solid-state NMR (SS-NMR) with the 13C 

cross-polarization magic angle spinning NMR (13C CP/MAS NMR) was 

used for the structural elucidation of polymers.  

2.2.13. High-resolution mass spectrometry (HR-MS) 

It is an analytical method for figuring out the exact molecular mass of 

the components present in the sample. These tools can be used to 

discriminate distinct compounds with the same nominal mass, identify 

unknowns, and ascertain elemental compositions. During the analysis, 

the sample is ionized by bombarding it with a beam of electrons. As a 

result, some of the molecules in the sample get fragmented into 

positively charged parts or some become positively charged as a whole. 

These ions or fragments are separated based on their mass-to-charge 

ratio, and finally, detected using a suitable detector. The results are 

displayed as a mass spectrum, which is a plot of intensity Vs ion mass-

to-charge ratio. Here we used HR-MS for the characterization of sensing 

products and monomers. 

2.2.14. Inductively coupled plasma mass spectrometry (ICP-MS)  

ICP-MS is a kind of mass spectrometry that uses an inductively coupled 

plasma to ionize the sample. The material is atomized to produce atomic 

and polyatomic ions, which are later identified. It is utilized to 

detect trace amounts of metals and several non-metals in liquid 

samples. Even various isotopes of the same element can be detected. 

ICP-MS was used to calculate the concentration of heavy metal ions 

during the metal adsorption studies. 
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2.3. Synthetic procedures 

2.3.1. Synthesis of monomers MTCA and MTCM 

The monomers (1E,4E)-1,5-Di-2-thienylpenta-1,4-dien-3-one (MTCA) 

and (1E,4E)-2,4-dimethyl-1,5-di(thiophen-2-yl)penta-1,4-dien-3-one 

(MTCM) were synthesized by Claisen–Schmidt reaction (Scheme 1) as 

per the reported procedures [1-4].  

 

Scheme 1. Synthesis of monomers MTCA and MTCM. 

To a mixture of 1.87 mL (0.02 mol) of thiophene-2-carboxaldehyde, 2g 

(0.05 mol) NaOH in water (0.1g/mL ratio), 40 mL of EtOH and 60 mL 

of water, 0.74 mL (0.01 mol) of acetone was added dropwise. The 

reaction was carried out at room temperature for 1 h and the reaction 

mixture was poured into crushed ice. The yellow crystalline solid was 

collected by filtration, dried in the oven at 75oC, and recrystallized from 

MeOH to afford pure MTCA. 

A mixture of 1.87 mL (0.02 mol) thiophene-2-carboxaldehyde and 1.06 

ml (0.01 mol) 3-pentanone was added to a flask already containing 

0.0014 g KOH (0.025 mmol) in 2:1 MeOH/H2O mixture (1.0 M towards 

3-pentanone). The mixture was refluxed overnight, cooled to room 
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temperature, and neutralized with a 2M HCl solution. Organic 

compounds were extracted three times with DCM, rinsed with brine, 

dried with MgSO4, and evaporated in the vacuum oven. The crude 

product was recrystallized with MeOH to afford pure MTCM. 

2.3.2. Synthesis of polymers PTCA and PTCM 

The polymers poly [(1E,4E)-1,5-Di-2-thienylpenta-1,4-dien-3-one] 

(PTCA) and poly[(1E,4E)-2,4-dimethyl-1,5-di(thiophen-2-yl)penta-

1,4-dien-3-one] (PTCM) were synthesized via straight forward 

anhydrous ferric chloride oxidative coupling polymerization at room 

temperature (300K) as shown in the Scheme 2 [5, 6]. 

 

Scheme 2. Synthesis of polymers PTCA and PTCM. 

Monomers (0.001 mol) dissolved in chloroform medium were 

polymerized by using anhydrous FeCl3 (0.006 mol for MTCA and 0.008 

mol for MTCM respectively) at room temperature.  After 24 h of 

stirring, the crude products obtained were filtered and washed with 

acetone and methanol. The products were dried in a vacuum at 75oC 

overnight. The polymer PTCA was obtained as black powder and the 

polymer PTCM was obtained as a blackish-brown powder with a yield 

of 97% and 85% respectively. 
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2.4. Methods and measurements 

2.4.1. Sensing of SO2 - derivatives 

2.4.1.1. Absorbance titration 

An accurately weighed amount of buffering agent was added to ultra-

pure water to make a HEPES buffer solution (20 mM, pH 7.4) and an 

accurately weighed amount of the probe was dissolved in DMF to obtain 

a 1 × 10-3 M probe stock solution. All other solutions employed in this 

study were prepared in the HEPES buffer. Stock solutions of surfactant 

CTAB (10-1 M) and probe were added to 3 mL of the HEPES buffer 

solution taken in the cuvette to make [CTAB] = 1 mM and [probe] = 1 

× 10-5 M. 0–12 µL of 10 mM of analyte (NaHSO3/Na2SO3)-buffer stock 

solution was added into the cuvette containing probe-surfactant buffer 

solution. Absorption spectra were measured with a Jasco V-750 UV-

Visible spectrophotometer [7]. 

2.4.1.2. pH titrations 

The pH of probe-surfactant solutions was adjusted with HCl or NaOH 

aqueous solution and absorption spectra were recorded after the addition 

of a fixed amount (20 eq.) of analyte solution. 

2.4.1.3. Detection limit 

The absorption intensity of the probe with NaHSO3 and Na2SO3 has 

measured three times and the standard deviation of the calibration curve 

was determined. The detection limit (LOD) was obtained by 3σ/k, where 

σ is the standard deviation of the calibration curve, and k is the slope of 

the plot of absorption intensity versus sample concentration [8]. 
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2.4.1.4. Reproducibility  

The stability of the method was investigated by calculating the relative 

standard deviation (RSD) of three absorbance measurements in the 

presence of the analyte after 10 minutes.  

2.4.1.5. Selectivity and competition study  

All the testing anions (F-, Cl-, Br-, I-, AcO-, HCO3
-, CO3

2-, HPO4
2-, SO4

2-

, NO3
-, S2O3

2-, CN-, SCN-) were prepared from their sodium salts. The 

solutions of cysteine (Cys.) were prepared in deionised water. A 

selectivity study was conducted by adding 20 eq. of interfering ions to a 

10 µM probe solution and a competition study was conducted by adding 

10 eq. of HSO3
-/SO3

2- to a 10 µM probe solution in the presence of 20 

eq. of interfering ions [7, 9]. 

2.4.1.6. Measurement of spiked sulfite in realistic samples 

Crystal sugar and brown sugar were purchased from a supermarket and 

were used without further pre-treatment. Sugar sample solutions were 

prepared by dissolving 25 g of sugar in deionized water and diluting it 

to 100 mL. Stock solutions of CTAB, probe, and a known volume of 

sugar sample solution were added to 3 mL of the buffer solution to make 

[CTAB] = 1 mM and [probe] = 1 × 10-5 M, and after 10 min, the 

absorption intensities were recorded. Sugar samples were then spiked 

with different concentrations of NaHSO3 (5,10 µM) and Na2SO3 (5,10 

µM) that had been accurately prepared. The resulting samples were then 

treated with the probe for 10 min and the absorption intensities were 

recorded. The concentration of the sample was determined using a 

calibration plot [7]. 
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2.4.2. Iodine capture studies 

2.4.2.1. Iodine uptake 

Iodine uptake studies based on gravimetric measurements were 

performed using the following procedure. Polymeric samples (10 mg) 

were taken in an open glass vial which is placed already in a sealed 

vessel with an excess of iodine at 350 K and under ambient pressure. 

These conditions are typical fuel reprocessing requirements according 

to previous studies [10]. After definite time intervals, the vial was taken 

out, cooled down to room temperature, weighed, and then loaded back 

into the vapor of iodine to continue the iodine adsorption. The iodine 

uptake capacity was calculated as  

Iodine uptake = (୫మି୫భ)
୫భ

× 100 wt%   (Equation 2.1) 

where m1 and m2 are the mass of the polymeric sample before and after 

the iodine uptake. 

2.4.2.2. Kinetics of iodine capture 

To analyze the adsorption kinetics of iodine onto the polymers, we adopt 

three models that are pseudo-first-order kinetics, pseudo-second-order 

kinetics, and the intraparticle diffusion model [11, 12]. The linear forms 

of aforesaid models can be expressed by equations 2.2-2.4.  

ln(qୣ − q୲) = ln qୣ − kଵt    (Equation 2.2) 

୲
୯౪

= ଵ
୩మ୯౛

మ + ୲
୯౛

      (Equation 2.3) 

q୲ = k୧୬୲tଵ/ଶ + C     (Equation 2.4) 
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In these equations, qt is the amount of I2 adsorbed (g g-1) at any time t, 

k1 (h-1) and k2 (g g-1 h-1) are the pseudo-first-order and the pseudo-

second-order rate constants, respectively. kint (g g-1 h-1/2) is the 

intraparticle diffusion rate constant, and C (g g-1) is the constant 

proportional to the extent of boundary layer thickness [13]. 

2.4.2.3. Iodine release  

Iodine release efficiency was calculated by heating 10 mg of iodine-

loaded polymers containing m0 mg of iodine in the air under ambient 

pressure and at 398 K for 360 minutes. The iodine release efficiency was 

calculated as 

 Iodine release efficiency = (ଵ଴ି୫౪)
୫బ

× 100 wt%  (Equation 2.5) 

where mt is the mass of the polymers after heating.  

2.4.2.4. Recycling percentage  

Cyclic experiments were performed by taking 10 mg of iodine-loaded 

polymeric samples (after exposure of as-synthesized polymers to iodine 

for 24 h at 350 K) and heating them in an open vial at 398 K for 6 h. 

These recovered samples were then reused for iodine uptake at 350 K 

for 24 h. The recycling percentage of the adsorbents was calculated as  

Recycling percentage = ୍
୍బ

× 100 wt%   (Equation 2.6) 

where, I0 is the initial uptake of I2, and I is the iodine uptake capacity of 

polymers after heat recovery. The same polymeric samples were 

recycled five times. 
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2.4.3. Removal of heavy metal ions  

2.4.3.1. Adsorbate solutions 

The stock solutions (1000 ppm) of metal ions (Co2+, Cu2+, Ni2+, Cd2+, 

Zn2+, and Pb2+ ) were prepared by dissolving the corresponding nitrate 

salts in de-ionized water, and working solutions were prepared by 

diluting stock solutions into the required concentration [14]. 

2.4.3.2. Single-heavy metal ion adsorption 

To investigate the adsorption capacities of the polymers for heavy metal 

ions, 10 mg of the polymer was added into a glass bottle containing 10 

mL of 10 ppm metal ion solution. The mixture was shaken at a speed of 

200 rpm at room temperature for 24 h, and the supernatant was collected 

to determine the metal ion concentration by ICP-MS [15]. 

The % removal of metal ions was calculated with equation 2.7 and the 

removal capacity (Qe) is given by equation 2.8. The distribution 

coefficient (Kd) is defined by equation 2.9. 

% Removal of metal ions = ୡబିୡ౛
ୡబ

× 100%    (Equation 2.7) 

Qୣ = ൫(c଴ − cୣ) × 10ିଷ൯ × ୚
୫

                                        (Equation 2.8) 

Kୢ = (ୡబିୡ౛)
ୡ౛

× ୚
୫

        (Equation 2.9) 

where C0 and Ce are the initial and equilibrium concentrations of metal 

ions (ppm), V is the solution volume (mL), and m is the amount of solid 

sorbent (g). 
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2.4.3.3. Mixed-heavy metal ion adsorption 

To decide the selectivity of polymers toward various metal ions, a 10 ml 

solution of 10 ppm for each ion (Co2+, Cu2+, Ni2+, Cd2+, Zn2+, and Pb2+) 

was shaken with polymeric samples  at a speed of 200 rpm at room 

temperature for 24 h. The supernatant solution was analyzed by ICP-MS 

[15]. Percentage removal, removal capacity, and distribution coefficient 

were calculated as mentioned above. 

2.4.3.4. Adsorption isotherms  

Polymer (10 mg) was mixed with a 10 mL solution of heavy metal ions 

at various concentrations (20, 50, 100, 250, 500, 750, and 1000 ppm). 

The mixture was shaken at a speed of 200 rpm at room temperature for 

24 h to ensure complete adsorption. The metal ion concentration in the 

supernatant solutions was determined by ICP-MS. 

Two typical models including Freundlich and Langmuir models were 

applied to the obtained experimental results to interpret the adsorption 

isotherms. The linear forms of Langmuir and Freundlich isotherms are 

given as equations 2.10 and 2.11 respectively [16]. 

େ౛
୕౛

= ଵ
୕ౣ୏ై

+ େ౛
୕ౣ

       (Equation 2.10) 

ln Qୣ = ln K୊ + ቀଵ
୬

ቁ ln Cୣ     (Equation 2.11) 

where Ce (mg/L) is the equilibrium concentration of metal ions, Qe 

(mg/g) is the adsorption capacity of metal ions at equilibrium, and Qm 

(mg/g) is the maximum adsorption capacity of the metal ions (mg/g). KL 

(L/mg) and KF (L/mg) are Langmuir and Freundlich equilibrium 
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constants, respectively and 1/n (0-1) is the Freundlich equilibrium 

exponent.  

2.4.3.5. Adsorption kinetics 

The effect of contact time on the adsorption of metal ions onto the 

polymers was determined by adding 10 mg of the adsorbent into 10 mL 

of 20ppm solution of heavy metal ions. These samples were shaken at 

200 rpm at room temperature, and the supernatant was taken out at the 

time intervals of 1, 3, 6, 12, and 24 h, and then analyzed by ICP-MS to 

determine metal ion concentration. 

To study the adsorption kinetics of metal ions onto the polymers, we 

adopted three representative models, pseudo-first-order kinetic, pseudo-

second-order kinetic, and intraparticle diffusion models. The linear 

forms of the pseudo-first-order, pseudo-second-order, and intraparticle 

diffusion model equations are given as equations 2.12-2.14. 

ln(Qୣ − Q୲) = ln Qୣ − kଵt    (Equation 2.12) 

୲
୕౪

= ଵ
୩మ୕౛

మ + ୲
୕౛

      (Equation 2.13) 

Q୲ = k୧୬୲tଵ/ଶ + C      (Equation 2.14) 

where Qe (mg/g) is the equilibrium adsorption capacity of heavy metal 

ions, Qt (mg/g) is the amount of the heavy metal ions adsorbed at time t 

(h), and k1 (h-1) and k2 (g/mg h) are the rate constants of the pseudo-

first-order and the pseudo-second-order, respectively [16]. kint (mg g-1 

h-1/2) is the intraparticle diffusion rate constant, and C (mg g-1) is the 

constant proportional to the extent of boundary layer thickness. 
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2.4.3.6. Desorption and reusability study 

10 mg of polymers obtained from the formerly described adsorption test 

was put into 200 mL of desorbent solution (2 M of HCl) taken in an 

Erlenmeyer flask. These samples were shaken at 200 rpm for 24 h at 

room temperature, and the supernatant was analyzed by ICP-MS to 

determine the desorption equilibrium concentration of metal ions. 

The desorption efficiency of metal ions was determined by the following 

equation 

Desorption efficiency = ୕ౚ౛
୕౗ౚ

× 100 %      (Equation 2.15) 

where Qde is the amount of metal ions desorbed per unit mass of the 

desorbent (mg/g), and Qad is the amount of metal ions adsorbed onto the 

polymer per unit mass of the adsorbent (mg/g) at equilibrium.  

The amount of metal ion desorbed from the polymer into the solution 

per unit mass of adsorbent, Qde (mg/g) at equilibrium is calculated by 

equation 2.16 [17].  

Qୢୣ = େౚ౛
୫

× V        (Equation 2.16) 

where Cde (mg/L) is the liquid phase metal concentration detected in the 

desorbing solution at equilibrium conditions, m is the mass of adsorbent 

(g) and V (L) is the volume of the desorbing solution. 

To validate the reusability of the used polymers, the adsorption-

desorption cycle was repeated five times with 100 ml of 10 ppm solution 

of metal ions. The percentage removal of metal ions was calculated 

during each cycle with an adsorbent dosage of 0.10g.   
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2.4.3.7. Computational study 

Geometry optimizations of the monomers and monomer–metal ion 

complexes were carried out using the Gaussian09 program with the 

Becke-3-Parameter-Lee-Yang-Parr (B3LYP) level of theory. The 6-

311G basis set was used for C, H, S, and O atoms, while the LANL2DZ 

basis set was employed for Zn2+ and Pb2+ ions. Also, the Los Alamos 

National Laboratory with double zeta (LAN2DZ) core pseudopotentials 

was employed for metal ions. The energy of the highest occupied 

molecular orbital (HOMO), the energy of the lowest unoccupied 

molecular orbital (LUMO), the band gap, and the stabilization energy of 

both monomers and metal ion complexes were obtained by 

computational quantum chemical calculations using density functional 

theory (DFT).  

2.4.4. Adsorption of cationic dyes 

2.4.4.1. Adsorbate solutions 

The dye stock solutions (1000 ppm) were prepared by dissolving the 

corresponding dyes (MB, MG, RB, CV, MO, MR, and CR) in de-

ionized water, which were then diluted and mixed to achieve the 

necessary concentrations and compositions for the working solutions 

[18]. 

2.4.4.2. Adsorption studies  

To examine the dye removal efficiency of the polymers, 1.6 mg of the 

polymer was added into a 50 mL of 4 ppm dye solution. The mixture 

was shaken at a speed of 600 rpm at room temperature, a fixed volume 
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solution was withdrawn at different time intervals, and changes in the 

concentrations of the dyes were analyzed using UV- Vis spectroscopy 

[18]. 

Equation 2.17 was used to compute the percentage removal of the dye, 

and equation 2.18 was used to determine the equilibrium adsorption 

capacity Qe (mg/g).  

 % Removal  = ୡబିୡ౟
ୡబ

× 100     (Equation 2.17) 

Qୣ = (c଴ − cୣ) × ୚
୫

                                         (Equation 2.18) 

where C0, Ci, and Ce are the initial, final, and equilibrium concentrations 

of the dye solution (ppm), V is the volume of the dye solution (L), and 

m is the amount of solid sorbent (g). 

2.4.4.3. pH-dependent studies 

Experiments were carried out at initial pH values ranging from 2 to 12. 

The initial pH of the solution was adjusted to the desired value by adding 

either HCl solution or NaOH solution [18]. 

2.4.4.4. Adsorption isotherms  

Polymer (1.6 mg) was mixed with 50 mL dye solutions of various 

concentrations (1, 2, 3, 4, 5, 6, and 7 ppm). The mixture was shaken at 

a speed of 600 rpm at room temperature for 24 h to ensure complete 

adsorption. The equilibrium concentration of the dye solutions was 

determined by using UV- Vis spectroscopy. 

To understand the adsorption isotherms, two common models, the 

Freundlich and Langmuir models, were applied to the obtained 
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experimental results. Equations 2.19 and 2.20 are the linear forms of the 

Langmuir and Freundlich isotherms, respectively [19]. 

େ౛
୕౛

= ଵ
୕ౣ୏ై

+ େ౛
୕ౣ

       (Equation 2.19) 

ln Qୣ = ln K୊ + ቀଵ
୬

ቁ ln Cୣ     (Equation 2.20) 

where Ce (mg/L) is the equilibrium concentration of metal ions, Qe 

(mg/g) is the adsorption capacity of metal ions at equilibrium, and Qm 

(mg/g) is the maximum adsorption capacity of the metal ions (mg/g). KL 

(L/mg) and KF (L/mg) are Langmuir and Freundlich equilibrium 

constants, respectively and 1/n (0-1) is the Freundlich equilibrium 

exponent.  

2.4.4.5. Adsorption kinetics 

The effect of contact time on the dye removal efficiency of the polymers 

was determined by adding 1.6 mg of the adsorbent into 50 mL of 4 ppm 

dye solution. These samples were shaken at 600 rpm at room 

temperature, a fixed volume solution was withdrawn at different time 

intervals, and changes in the concentrations of the dyes were analyzed 

using UV- Vis spectroscopy. 

We used the pseudo-first-order kinetic, pseudo-second-order kinetic, 

and intraparticle diffusion models as three representative models to 

evaluate the adsorption kinetics of dye removal. Equations 2.21-2.23 

represent the linear form of the pseudo-first-order, pseudo-second-order, 

and intraparticle diffusion model equations [20, 21]. 

ln(Qୣ − Q୲) = ln Qୣ − kଵt    (Equation 2.21) 
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୲
୕౪

= ଵ
୩మ୕౛

మ + ୲
୕౛

      (Equation 2.22) 

Q୲ = k୧୬୲tଵ/ଶ + C      (Equation 2.23) 

where Qe (mg/g) is the adsorption capacity at equilibrium, Qt (mg/g) is 

the mass of dye adsorbed at time t (h), and k1 (h-1) and k2 (g/mg h) are 

the rate constants of the pseudo-first-order and the pseudo-second-order, 

respectively [16]. kint (mg g-1 h-1/2) is the intraparticle diffusion rate 

constant, and C (mg g-1) is the constant proportional to the extent of 

boundary layer thickness.  

2.4.4.6. Selectivity studies 

To decide the selectivity of polymers toward cationic dyes, a selectivity 

study was conducted using a mixture of anionic (MO) and cationic dyes 

(CV).  At room temperature, the polymer was shaken with 50 mL of a 

mixture of CV and MO solution (4 ppm each) at a speed of 600 rpm. A 

fixed-volume solution was withdrawn at different time intervals, and 

changes in the concentrations of the dyes were analyzed using UV- Vis 

spectroscopy. As previously noted, percentage removal and adsorption 

capacity were computed [20]. 

2.4.4.7. Desorption and reusability studies 

Regeneration of the dye-saturated polymer was done using the solvent 

desorption technique. Polymers obtained from the formerly described 

adsorption test were added to 50 mL of ethanol. These samples were 

agitated for six hours at room temperature at 600 rpm, filtered, and the 

concentration of desorbed dye was examined using UV-Vis 
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spectroscopy. The percentage desorption of the dyes from the polymers 

was determined by equation 2.24 

% desorption = େౚ×୚
୕౗×୫

    (Equation 2.24) 

Qa (mg/g) is the adsorption capacity of the polymer, Cd (mg/L) is the 

concentration of dye desorbed from the adsorbent by absolute ethanol, 

V (L) is the volume of desorption fluid used, and m (g) is the mass of 

polymer used. The adsorption-desorption cycle was done five times to 

confirm the applicability of these polymers. The percentage removal and 

percentage desorption of dyes was calculated during each cycle [22]. 

2.5. Characterization of monomers MTCA and MTCM  

The monomers (MTCA and MTCM) were synthesized by Claisen–

Schmidt reaction as per the reported procedures and characterized using 

FT-IR, 1H NMR, 13C NMR, and Mass spectroscopic techniques [1, 4].  

Fig. 1, Fig. 2, Fig. 3, and Fig. 4 respectively show the FT-IR, 1H NMR, 
13C NMR, and HR-MS analysis results of the monomer MTCA, and the 

results are summarised below. 

Yellow crystalline solid; 89% yield; mp 114-116 °C; 1H NMR (400 

MHz, CDCl3, TMS): δ (ppm) 7.83 (d, 2 H, J = 15 Hz), 7.40 (d, 2 H, J = 

5.0 Hz), 7.33 (d, 2 H, J = 3.6 Hz), 7.08 (dd, 2H, J = 3.6, 5.0 Hz), 6.82 

(d, 2 H, J = 15 Hz); 13C NMR (400 MHz, CDCl3): δ 187.8, 140.3,135.6, 

131.9, 128.8, 128.3, 124.4; MS (EI, 70 eV): m/z (%) 247 (M+H)+; IR 

(KBr) 3087, 1661, 1604,1565, 1105, 749, 729 cm-1. 

Fig. 5, Fig. 6, Fig. 7, and Fig. 8 respectively show the FT-IR, 1H NMR, 
13C NMR, and HR-MS analysis results of the monomer MTCM, and the 
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sum of the results is given below. 

Yellow crystalline solid; 69 % yield; mp: 80-81 °C; 1H NMR (400 MHz, 

CDCl3, TMS): δ (ppm) 7.52 (d, 2H, J=5.0 Hz),7.36 (s, 2H),7.25 (d, 2H, 

J=3.7 Hz),7.13 (dd, 2H, J = 5.1, 3.6 Hz), 2.28 (s, 6H, J=1.3 Hz); 13C 

NMR (400 MHz, CDCl3): δ 200.8, 139.4,133.6, 131.9, 131.3, 129.0, 

127.4, 15.5; MS (EI, 70 eV): m/z (%) 274 (M+H) +; IR (KBr): 3107, 

2926, 1714, 1607, 1450, 1075, 698 cm-1. 

 

Fig. 1.  FT-IR spectra of monomer MTCA. 

2.6. Characterization of synthesized polymers PTCA and PTCM 

The polymers (PTCA and PTCM) were synthesized by anhydrous 

FeCl3-promoted oxidative coupling reactions and were characterized 

using FT-IR, PXRD, UV-DRS, TGA, SEM, TEM, BET, XPS, and 

CHNS analysis techniques.  
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Fig. 2.  1H NMR spectra of monomer MTCA in CDCl3 
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Fig. 3.  13C NMR spectra of monomer MTCA in CDCl3. 
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Fig. 4.  HR-MS spectra of monomer MTCA. 
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Fig. 5.  FT-IR spectra of monomer MTCM. 

The formation of polymers from the monomers can be deduced from the 

peak broadening observed in the polymers compared to the sharp peaks 

observed in the monomers (Fig. 9) [1, 23]. The peaks correspond to C=O 

stretching, C=C stretching of α,β-unsaturated ketone, and C-S 

deformation in the monomer MTCA appeared to be shifted from 1661 

to 1637 cm-1, 1604 to 1597 cm-1, and 729 to 705 cm-1 respectively in 

PTCA. Also, the peaks at 1565/1510, and 1105 cm-1 representing C=C 

stretching of the thiophene ring, and C-S-C stretching vibration of the 

monomer MTCA was found to be nearly disappeared in the polymer 

PTCA. Peak broadening as well as the intensity reduction point to the 

restricted vibrations that arise due to the formation of polymers from the 

monomers. Likewise, as shown in Fig. 10, the formation of the second 

polymer PTCM was concluded from the near disappearance of the peaks 

at 1607, 1450, and 1075 cm-1 which was assigned to C=C stretching 
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Fig. 6.  1H NMR spectra of monomer MTCM in CDCl3. 
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Fig. 7.  13C NMR spectra of monomer MTCM in CDCl3. 
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Fig. 8.  HR-MS spectra of monomer MTCM.
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vibration of α, β – unsaturated ketone, C=C stretching vibration of the 

thiophene ring, and C-S-C stretching vibration respectively in the 

monomer MTCM. Also, the shift of C=O stretching frequency to lower 

wavenumbers from 1714 to 1657 cm-1 confirms the formation of 

polymer PTCM. In both of the polymers, a new peak appeared around 

800 cm-1 which represents the characteristic absorption band of 2,5-

disubstituted thiophenes. The aforesaid shreds of evidence confirm the 

homocoupling of the terminal thiophene units [10] to form polymeric 

PTCA and PTCM. 

 

Fig. 9.  FT-IR spectra of monomer MTCA and polymer PTCA. 
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Fig. 10.  FT-IR spectra of monomer MTCM and polymer PTCM. 

UV- DRS spectra of the monomers and polymers were shown in Fig. 11 

and Fig. 12. Two peaks present at 314 and 431 nm in MTCA appeared 

as a single broad peak at around 500 nm in PTCA, and peaks present at 

265 and 385 nm in MTCM were appeared as a single broad peak at 

around 475 nm in PTCM (red shift). The observed red shift in the 

absorbance of the polymers related to the monomers proposes the 

extended π-conjugation resulting from the polymerization reaction [23]. 

Additionally, the aforesaid evidence also shows the effective synthesis 

of the expected polymers PTCA and PTCM. 
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Fig. 11.  UV-DRS spectra of monomer MTCA and polymer PTCA. 

 

Fig. 12.  UV-DRS spectra of monomer MTCM and polymer PTCM. 
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To further confirm the structure of synthesized polymers at the 

molecular level, the solid-state 13C cross-polarization magic angle 

spinning (CP/MAS) NMR was recorded [24]. As shown in Fig. 13, the 

resonance peak at around 250 ppm represents carbonyl carbon and peaks 

in the range of 120-190 ppm represent carbon atoms of the thiophene 

ring and C=C group of the polymer PTCA. Similarly, as shown in Fig. 

14, the resonance peak at around 210 ppm represents carbonyl carbon 

and peaks in the range of 120-160 ppm represent carbon atoms of the 

thiophene ring and C=C group of the polymer PTCM. Solid-state NMR 

spectra of PTCM also exhibit a peak at around 10 ppm which is ascribed 

to the carbon atom of the methyl group. Signals marked with asterisks 

denote the spinning side peaks. 

The amorphous nature of PTCA and PTCM was exposed by a 

characteristic broad peak observed in the PXRD patterns of the 

polymers (Fig. 15) [25], and high sulfur content of 21.8%  and 19.3%  

respectively in PTCA and PTCM  was revealed by the CHNS elemental 

analysis. CHNS analysis results are given in Table 1. 

The thermal stability of polymeric samples was studied by TGA analysis 

(Fig. 16), and no noticeable mass loss was observed upon heating up to 

210 °C. Also, more than 42 wt% and 68 wt% of PTCA and PTCM 

remained even heating up to 700 °C [26]. Hence the synthesized 

polymers display exceptional thermal stability. The insolubility of 

synthesized polymers in water and common organic solvents, and 

inertness in the dilute solutions of acids and bases point to the good 

chemical stability of these polymers [27]. 
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Fig. 13.  13C solid-state NMR spectrum of polymer PTCA. 

 

 

Fig. 14.  13C solid-state NMR spectrum of polymer PTCM. 
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Fig. 15. XRD Patterns of the polymer PTCA and PTCM. 

 

Fig. 16. TGA curves of the polymers PTCA and PTCM. 
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Table 1. CHNS analysis results for the polymers PTCA and PTCM. 

Element 
Weight % 

PTCA PTCM 

Carbon 55.9 56.0 

Hydrogen 2.9 3.6 

Sulphur 21.8 19.3 

 

Scanning electron microscopy (SEM) image of PTCA (Fig. 17a, 17b) 

looks like a fused polymer mass and that of PTCM (Fig. 17c, 17d) looks 

like an irregularly connected flake-like structure. While the transmission 

electron microscopy (TEM) images of both PTCA (Fig. 18a, 18b) and 

PTCM (Fig. 18c, 18d) show the amorphous texture and uniform 

distribution of nanometer-scale pores throughout the structure. 

The porous nature of the polymers was characterized by measuring the 

N2 sorption isotherms at 77.3 K [28, 29]. As shown in Fig. 19, the 

polymers PTCA and PTCM display mixed type-II/IV nitrogen sorption 

isotherm characteristics which signify the co-existence of micropores 

and mesopores [30, 31]. A rapid rise of nitrogen gas uptake at low 

relative pressures (P/P0 < 0.1) also suggests the microporous and 

mesoporous nature of synthesized polymers [32, 33]. Strong nitrogen 

gas adsorption exists in the relative pressure range greater than 0.8 

revealing the coexistence of mesopores and macropores as well [34]. 

PTCA   and   PTCM   possess a   surface area of   34.31 m2 g-1    and 

22.13 m2 g-1 respectively as calculated from the BET model. The 

average pore diameters were centered around 4.14 nm and 4.96 nm for 
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PTCA and PTCM  respectively, as calculated by the  Barrett-Joyner-

Halenda (BJH) method (Fig. 20) [33]. 

 

Fig. 17. (a,b) SEM images of the polymer PTCA; (c,d) SEM images of 

the polymer PTCM. 

The surface element composition and the binding atmospheres of the 

polymers were studied by using XPS [35]. The XPS survey spectra of 

polymers PTCA and PTCM (Fig. 21a and Fig. 22a) show peaks 

corresponding to C 1s, O 1s, and S 2p as common peaks. The 

deconvoluted XPS spectra (Fig. 21b) of C 1s electrons of PTCA exhibit 

four peaks at the binding energies of 284.5, 285.3, 286.4, and 288.5 eV 

corresponding to C=C, C-C, C-S, C=O respectively. The O 1s spectrum 
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(Fig. 21c) of PTCA shows a peak at the binding energy of 531.6 eV 

corresponding to the carbonyl oxygen [36]. Two characteristic peaks at 

164.0 and 165.2 eV are assigned to S 2p3/2 and S 2p1/2 respectively in 

the S 2p spectrum (Fig. 21d) of PTCA [37]. Similarly, the deconvoluted 

XPS spectra of C 1s electrons (Fig. 22b) of PTCM exhibit four peaks at 

the binding energies of 284.5, 285.0, 285.4, and 287.0 eV corresponding 

to C=C, C-C, C-S, C=O respectively. The O1s spectrum (Fig. 22c) of 

PTCM shows a peak at the binding energy of 531.7 eV corresponding 

to the carbonyl oxygen. Two characteristic peaks at 164.2 and 165.4 eV  

 

Fig. 18. (a,b) TEM images of the polymer PTCA; (c,d) TEM images of 

the polymer PTCM. 
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Fig. 19.  Nitrogen adsorption/desorption isotherms of the polymers 

PTCA and PTCM. 

 

Fig. 20. Pore size distribution of the polymers PTCA and PTCM. 
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Fig. 21.  XPS spectra of the polymer PTCA (a) survey, (b) C 1s, (c) O 

1s, and (d) S 2p  

 

Fig. 22.  XPS spectra of the polymer PTCM (a) survey, (b) C 1s, (c) O 

1s, and (d) S 2p s 



Materials, Methods, and Characterization 

89

are assigned to S 2p3/2 and S 2p1/2 respectively in the S 2p spectrum (Fig. 

22d) of PTCM. 

Overall, in this chapter, we verified the synthesis of monomers and 

polymers and investigated several structural and chemical properties of 

the produced polymers using the characterization techniques outlined 

above. 
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A probe based on surfactant 
mediated Michael addition 
reaction was developed for  
rapid, colorimetric, and 
selective detection of 
bisulfite/ sulfite anions in 
aqueous solutions as well as 
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3.1. Introduction 

Sulfur dioxide (SO2) is a well-known air pollutant released in many 

industrial processes and it exhibits significant impacts on human health 

and the environment [1, 2]. Studies have shown that frequent exposure 

to SO2 induces many health issues such as lung and brain cancer, 

cardiovascular diseases, respiratory problems, and neurological 

disorders [3-6]. The toxicity of SO2 is determined mainly by bisulfite 

(HSO3
-) and sulfite (SO3

2-) ions which are its main form in aqueous 

media [7]. These sulfite and bisulfite anions have been widely used as 

preservatives and additives in many food items, beverages, and 

pharmaceutical products to preserve freshness and increase their shelf 

life [8]. However, the excessive intake of bisulfites/sulfites would 

induce adverse effects on human health [9]. Hence, the sulfite intake by 

the human body must be limited. This demands the development of 

rapid, selective, and sensitive methods for the detection and 

quantification of SO2 derivatives. In this study, we have employed the 

spectroscopic technique [10-13] for the detection of HSO3
-/SO3

2- ions 

because of the great advantages of the aforesaid method such as high 

selectivity, simplicity, high sensitivity, and suitability for real-time 

monitoring. The developed 1,4 - Michael addition-based colorimetric 

probe (MTCA) shows a rapid, highly selective, and sensitive sensing of 

HSO3
-and SO3

2- ions in an aqueous solution as well as in real food 

samples [14-16].  

3.2. Results and discussion 

Fig. 1 shows the time-dependent absorbance of the probe in the presence 

of bisulfite/sulfite in HEPES buffer (20 mM, pH 7.4) containing 1 mM 
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CTAB. As the reaction progressed, the absorption peak centered at 383 

nm decreased, along with the simultaneous emergence of a new 

absorption at 328 nm; after that, the absorption at 328 nm gradually 

increased first and then decreased accompanied by the solution color 

changing from yellow to colorless (inset of Fig. 1). The isosbestic point 

(337 nm) indicates a clear formation of a new compound and decrease 

in the peak intensity at 328 nm may be due to the decomposition or 

aggregation of product molecules. The probe was transformed to the 

addition product within 10 minutes after the addition of HSO3
- and SO3

2- 

[16]. Therefore, the assay time of 10 min was used in the evaluation of 

the selectivity and sensitivity of the probe toward the analytes. 

To investigate the spectral changes of the probe toward HSO3
- and SO3

2, 

the absorption titration was performed at optimal experimental 

conditions. Fig. 2 shows the spectral behavior upon the addition of 

HSO3
- and SO3

2- to the probe solution, which indicates a behavior 

similar to that of a time-dependent study. A notable color change with 

increasing the concentration of the analyte was observed, suggesting 

that the present probe could serve as a colorimetric probe for the 

detection of SO2 derivatives. 

The marked blue shifts in the absorbance spectra could be attributed to 

the Michael addition of bisulfite/sulfite to the electrophilic C = C double 

bond in the probe, leading to a non-conjugated structure of the reaction 

product [16]. To confirm the formation of the addition product probe-

SO3H, the probe was treated with Na2SO3, and the reaction product was 

isolated. 
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Fig. 1. (a) Time-dependent absorption of the probe (10 µM) in the 
presence of 20 eq. of bisulfite and (b) sulfite respectively in CTAB–
HEPES (1 mM) system. The inset shows the visible color change of the 
probe with 20 eq. of bisulfite/sulfite for 10 minutes in CTAB–HEPES 
system (20 mM HEPES, pH 7.4) at 25 oC. 
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Fig. 2. (a) Absorption spectra of probe (10 µM) upon the addition of 
increasing concentration of NaHSO3 and (b) Na2SO3 respectively from 
0 to 40 µM in HEPES buffer solution (20 mM, pH 7.4) at 25oC. 
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To provide evidence for the sensing mechanism, 1H NMR,13C NMR, 

HR-MS, and IR analysis of the probe and its reaction product with 

HSO3
-/SO3

2- (probe-SO3H) were performed. Surprisingly, the result 

from the HRMS-ESI (Fig. 3) shows a major ion peak at m/z = 359.2409 

which is identical to the theoretical molecular mass of the probe-OH 

adduct ([probe-2OH 2K]2+ calculated molecular mass = 359.97) rather 

than probe-SO3H adduct. 

The proposed mechanism of formation of the probe-OH adduct is shown 

in Scheme 1. These data strongly support the 1: 2 adduct (probe-SO3H 

adduct) formation of the probe with HSO3
-/SO3

2- which undergoes an 

elimination reaction to form probe-OH adduct as the final product. 

 

 

Scheme 1. The proposed mechanism of the probe for SO2 derivatives 
HSO3

- / SO3
2-  

Furthermore, the formation of the adduct was also confirmed by 13C 

NMR (Fig. 4), DEPT (Fig. 5), and 1H NMR (Fig. 6) analysis. As shown 

in Fig. 7, the resonance signal corresponding to the alkene proton Hβ at 

7.8 ppm (d) of the probe disappeared, and a new peak at 4.71 ppm (dd)
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Fig. 3. HRMS-ESI of the adduct (probe-OH) formed by the reaction between the probe and HSO3
- / SO3

2- . 
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Fig. 4. 13C NMR spectra of the probe-OH adduct in CD3OD. 
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Fig. 5. DEPT analysis spectra of the probe-OH adduct in CD3OD. 
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Fig. 6. 1H NMR spectra of the probe-OH adduct in CD3OD. 
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Fig. 7. 1H NMR spectra of the probe and probe-OH in CDCl3 and CD3OD respectively. 
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Fig. 8. 13C NMR spectra of the probe and probe-OH in CDCl3 and CD3OD respectively. 
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emerged from the protons at Cβ carbon of the probe–OH adduct, which 

confirms the addition of bisulfite/sulfite to the C=C group. Also, the 

addition of bisulfite/sulfite to C=C resulted in the formation of a chiral 

center at Cβ of the probe–OH adduct, and as a result, the two protons of 

the methylene group at Cα of the probe–OH adduct were found to be 

non-equivalent. Therefore, the signal for Hα of the probe at 6.8 ppm (d) 

shifted to a higher field in the probe–OH adduct and appeared as two 

doublets of a doublet in the range of 3.15-3.51 ppm. 13C resonance peaks 

of Cα and Cβ (Fig. 8) show a shift from 135.6 and 128.8 ppm to 46 and 

56.6 ppm respectively on moving from the probe to probe–OH adduct, 

which also confirms the addition of bisulfite/sulfite to the double bond 

to form a Michael adduct. 

IR spectra of the probe (Fig. 9) show two characteristic peaks at 1604 

cm-1 and 1661 cm-1 which correspond to the C=C group and C=O group 

respectively. In the case of probe-OH, the peak at 1604 cm-1 disappeared 

and a new peak appeared at 2972 cm-1 (C-H stretching of alkane) due to 

the addition of HSO3
-/SO3

2- to the C=C group during the step leading to 

the formation of final product probe-OH adduct. On the other hand, the 

carbonyl peak at 1661 cm-1 was shifted to 1650 cm-1 may be due to the 

formation of a hydrogen bond with the -OH group of the probe-OH 

adduct. IR spectra of the probe-OH show two more new peaks around 

3394 (broad) and 1402 cm-1 which corresponds to O-H stretching and 

O-H bending of alcohol respectively. This result is consistent with the 

addition of HSO3
-/SO3

2- to the C=C group and the formation of the 

probe-OH adduct from the probe-SO3H adduct. 
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Fig. 9. FT-IR spectrum of the probe and probe-OH. 

 

To confirm the proposed sensing mechanism of HSO3
-/SO3

2- by the 

probe, the density functional theory (DFT) was carried out at the 

B3LYP/6-311+G(d,p) level by the Gaussian 09 program [17]. The 

optimized structures in the ground states of the probe and possible 

products of the reaction between the probe and SO2 derivatives were 

shown in Fig. 10, in which A represents the product formed by the 1,2 

addition of SO2 derivatives to the probe, and B represents the product 

formed by the 1,4 addition of SO2 derivatives to the probe at only one 

olefinic site. The stabilization energy of A and B differ slightly but are 

almost the same as -5.2 x 106 KJ/mol. C represents the product formed 

by the 1,4 addition of SO2 derivatives to the probe at both olefinic sites. 
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We found that the stabilization energy of C (-6.9 x 106 KJ/mol) is higher 

than that of A (-5.2 x 106 KJ/mol), B (-5.2 x 106 KJ/mol), and that of the 

probe   (-3.6 x 106 KJ/mol). Since C is the more stable product, these 

results confirm that the Michael addition of HSO3
-/SO3

2- to the probe 

takes place at both olefinic sites of the probe. This result was consistent 

with the experimental data. 

Normally, the addition of bisulfite/sulfite to olefin takes place in organic 

solvents at elevated temperatures or in the presence of catalysts. Here 

we report the addition of sulfite to olefin under aqueous conditions. To 

further investigate the reaction mechanism, we also studied the spectral 

response of the probe toward bisulfite/sulfite in HEPES buffer solution 

(20 mM, pH 7.4) in the presence and absence of CTAB. No new 

absorption peak was found even after 1h in the absence of CTAB (Fig. 

11), which implies that the addition reaction between bisulfite/sulfite 

and probe cannot occur without CTAB. The slight decrease in the 

absorbance at 383 nm might be caused by the aggregation or 

precipitation of probe molecules. 

3.2.1. Effect of pH on the absorbance of the probe towards SO2-

derivatives 

To investigate the effect of pH on the absorbance of the probe, the 

reaction was executed at different pH by adjusting the pH by HCl and 

NaOH. As shown in Fig. 12 and Fig. 13, the absorbance of the probe 

was almost pH insensitive, whereas, upon the interaction with NaHSO3 

and Na2SO3, important changes were observed depending on the pH 

values. The reaction proceeds slowly when the solution’s pH was less 
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than 6, but it was greatly speeded up when the pH was near and above 

7, which shows that a basic environment is essential for this reaction 

[18]. This behavior allows the detection of bisulfite/sulfite in 

physiological conditions; hence we choose a pH of 7.4 for our study. 

 

Fig. 11. (a) Absorption spectra of probe (10 µM) upon the addition of 
NaHSO3 (200 µM) and (b) Na2SO3 (200 µM) respectively in HEPES 
buffer solution (20 mM, pH 7.4) in the absence of CTAB. 

 

 

Fig. 12. (a) Spectra for the reaction between probe (10 µM) and NaHSO3 
(200 µM) and (b) Na2SO3 (200 µM) respectively at different pH values. 
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3.2.2. Effect of various surfactants on the absorbance of the probe 

towards SO2-derivatives 

To investigate the effect of various surfactants on the absorbance of the 

probe, the study was conducted using cationic, anionic, and zwitterionic 

surfactants. Surfactants affect the chemical reaction in the following 

ways: changing the local concentrations of the reactants, altering the 

local pH value, and providing a nonpolar microenvironment [19, 20].  

Cationic surfactant CTAB can adsorb counter ions such as OH-, HSO3
-, 

SO3
2- etc, so the pH value, as well as bisulfite/sulfite concentration, 

should be much higher on the CTAB micelle surface than in the bulk 

solution. Therefore, the reaction was accelerated greatly in CTAB–

HEPES because the CTAB micelle offered a basic and nonpolar 

microenvironment. The anionic surfactant sodium dodecylbenzene 

sulfonate 

 

Fig. 13. Effect of pH on the absorbance of the probe (10 µM) alone and 
after its reaction with (a) NaHSO3 (200 µM) and (b) Na2SO3 (200 µM) 
respectively at 25 ◦C after 10 minutes of reaction. Absorbance at 383 
nm is recorded. 
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Fig. 14. (a) Absorption spectra of probe (10 µM) upon the addition of 
NaHSO3 (200 µM) and (b) Na2SO3 (200 µM) respectively in HEPES 
buffer solution (20 mM, pH 7.4) in the presence of anionic surfactant 
SDBS. 

 

Fig. 15. (a) Absorption spectra of probe (10 µM) upon the addition of 
NaHSO3 (200 µM) and (b) Na2SO3 (200 µM) respectively in HEPES 
buffer solution (20 mM, pH 7.4) in the presence of zwitter ionic 
surfactant CAPB. 

(SDBS) also can provide a nonpolar microenvironment, but it adsorbs 

positively charged ions, as a result, the H+ concentration around the 

SDBS micelle is higher than that of the bulk solution, this is why the 
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reaction conducted in SDBS-HEPES shows no significant change in the 

absorption even after 1h (Fig. 14). The presence of zwitter ionic 

surfactant cocamidopropyl betaine (CAPB) also didn’t bring any change 

in absorption spectra after 1h (Fig. 15), which suggests that the zwitter 

ionic micelle (CAPB) is less effective than the cationic micelle (CTAB) 

in binding hydrophilic ions such as SO2 derivatives [21]. This behavior 

of the probe verifies that the charge characteristic of the surfactant plays 

an essential role in this reaction.  

The detection limit (LOD) of the probe for bisulfite/sulfite detection was 

determined from a plot of absorption intensity as a function of 

NaHSO3/Na2SO3 concentration, as previously mentioned in Chapter 2 

[22]. A good linear relationship is observed for the probe with a 

correlation coefficient as large as 0.9955 and 0.9901, and LOD of 0.43 

µM and 0.23 µM for the detection of bisulfite (Fig. 16a) and sulfite (Fig. 

16b) respectively. 

 

Fig. 16. (a) Changes in absorbance at 383 nm upon the gradual addition 
of NaHSO3 and (b) Na2SO3 respectively in CTAB - HEPES buffer 
solution (20 mM, pH 7.4) from 4 to 24 µM. 
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The stability of the method was assessed as mentioned in Chapter 2. The 

relative standard deviation (RSD) associated with the probe was found 

to be 2.6% and 3.6% for the detection of bisulfite and sulfite 

respectively, which is <5% showing an acceptable performance and 

good stability of the method [23]. 

3.2.3. Selectivity and competition of the probe toward SO2- 

derivatives  

The selectivity of the probe toward SO2 derivatives over some 

interfering anions including F-, Cl-, Br-, I-, AcO-, HCO3
-, CO3

2-, HPO4
2-

, SO4
2-, NO3

-, S2O3
2-, CN-, SCN-, and biothiol (cysteine) in CTAB–

HEPES system was evaluated [24]. As illustrated in Fig. 17, there is no 

obvious spectral change associated with the probe even in the presence 

of 20 eq. of most of the interfering anions, which verifies that the probe 

is highly selective toward bisulfite/sulfite. 

Furthermore, competitive analysis of the different interfering anions 

with HSO3
-/SO3

2- was conducted, where the interfering anions were first 

introduced into the probe solution and followed by the addition of 10 eq. 

of HSO3
- or SO3

2-. Fig. 18 shows that there is not much change in the 

absorbance of the probe at 383 nm upon the addition of 20 eq. of 

different interfering anions, while there is a considerable change in the 

absorbance during the addition of bisulfite/sulfite to this test solution. 

This shows that all the tested anions have no interference with the 

absorbance response of the probe toward HSO3
-/SO3

2-, thereby 

indicating its high level of selectivity. 
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Fig. 17. (a) Absorption changes of probe (10 µM) in the presence of 
HSO3

- (100 µM), (b) SO3
2- (100 µM), and various other analytes (200 

µM). Other analytes are F-, Cl-, Br-, I-, AcO-, HCO3
-, CO3

2-, HPO4
2-, 

SO4
2-, NO3

-, S2O3
2-, CN-, SCN-, and biothiol (cysteine) respectively. All 

experiments were performed in HEPES buffer (20 mM, pH 7.4) at 25◦C 
and each spectrum was obtained 10 min after the addition of the analyte. 
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Fig. 18. (a) Absorbance of the probe (10 µM) in the presence of 20 eq. 
of various additives with (red) or without (black) HSO3

- (100 µM) and 
(b) SO3

2- (100 µM) in CTAB–HEPES for 10 minutes: (1) blank; (2) F- ; 
(3) Cl- ; (4) Br- ; (5) I-;  (6) AcO- ; (7) HCO3

-; (8) CO3
2- ; (9) HPO4

2- ; 
(10) SO4

2- ; (11) NO3
- ; (12) S2O3

2- ; (13) CN- ; (14) SCN-; and (15) 
cysteine.  
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3.2.4. Detection of SO2 derivatives in real samples 

To demonstrate the applicability of the tested probe, the compound was 

assessed to detect bisulfite/sulfite in realistic samples [25]. The crystal 

sugar and brown sugar were purchased from a supermarket and were 

dissolved and diluted in water as the real food sample for analysis. As 

shown in Table 1, we can see that probe was able to determine the 

concentration of spiked HSO3
- and SO3

2- in these real food samples with 

Table 1. Determination of bisulfite/sulfite in realistic samples. 

Sample 

Present 
concentration of 
SO2 derivatives 

(µM) 

Added 
HSO3

- 
(µM) 

Found 
HSO3

- 
(µM) 

Recovery 
(%) 

RSD 
(%) 

Crystal 
sugar 

2.19 
5 
10 

7.38 
11.95 

102.6 
98.0 

1.7 
5.0 

Brown 
Sugar 

3.41 
5 
10 

8.49 
13.07 

100.9 
97.5 

2.2 
1.3 

Sample 

Present 
concentration of 
SO2 derivatives 

(µM) 

Added 
SO3

2- 
(µM) 

Found 
SO3

2- 
(µM) 

Recovery 
(%) 

RSD 
(%) 

Crystal 
sugar 

2.13 
5 
10 

7.07 
11.81 

99.2 
97.4 

2.4 
1.7 

Brown 
Sugar 

3.39 
5 
10 

8.63 
13.93 

102.9 
104.0 

2.3 
1.3 

• In the sample solution, the concentration of sugar was 25g/100 mL.  
• Sulfite was spiked to the samples directly and calculated as SO2.  
• Relative standard deviations were calculated based on three 

measurements. 
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good recovery ranging from 97.5% to 102.6% and 97.4% to 104.0% 

respectively, indicating that this probe could potentially be used for 

quantitatively detecting bisulfite/sulfite in real food samples.  

3.3. Conclusions 

In summary, we have synthesized a colorimetric probe for the detection 

of bisulfite/sulfite anions, that works based on the Michael addition of 

anions to α, β-unsaturated ketones. The basic and nonpolar 

microenvironment provided by cationic surfactant CTAB enables the 

easy occurrence of the reaction in an aqueous solution, which allows the 

detection of both of the analytes (HSO3
- and SO3

2-). The obtained results 

indicate that the probe could potentially be used in the selective 

recognition of bisulfite/sulfite in real food samples. 
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Chapter 4 

Two novel thiophene-
containing bis-chalcone-
based polymers PTCA and 
PTCM were tested for their 
iodine capture performance. 
The maximum iodine capture 
capacity obtained for PTCA 
and PTCM were 242 and 221 
wt.% respectively. The 
adsorption follows pseudo-
second-order kinetics, and 
chemisorption is the major 
process involved in the 
process of adsorption.
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4.1. Introduction 

Since fossil fuels are non-renewable, there is a great demand for 

developing an alternative source to meet the necessary energy 

requirements for the future without the emission of greenhouse gases. 

Although nuclear energy is considered an efficient alternative source, 

the main safety concern related to nuclear energy is the appropriate 

management of nuclear wastes (129I, 127Xe, 85Kr, etc) generated from 

nuclear reactions [1-4]. Among them, 129I generates strong interest and 

concern, mainly because of its very long radioactive half-life (1.57 × 107 

years) and radiological effects on human health and the environment. 

The major approaches for iodine vapour removal are wet scrubbing and 

physical adsorption. While considering different adsorbents, adsorption 

by using porous polymers is considered one of the efficient methods for 

the effective capture and reliable storage of radioactive iodine due to its 

remarkable advantages, such as simplicity, low operating cost, and 

speedy operation conditions. In this context, we attempted to use 

thiophene-containing monomers to develop a new class of porous 

sorbents with very good iodine capture properties. In light of previous 

studies, we expect that the electron-rich heteroatoms on the polymer 

network boost different types of interactions between the adsorbent and 

adsorbates which may lead to enhanced iodine capture irrespective of 

their low surface area [5]. Moreover, FeCl3-promoted oxidative 

coupling polymerization offers an advantage of facile, low-cost, and 

large-scale syntheses. 
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4.2. Results and discussion 

4.2.1. Iodine capture 

The porous character, remarkable stability, and electron-rich sites of as-

synthesized polymeric samples prompted us to examine its adsorption 

properties for iodine. The adsorption capacity of iodine was calculated 

based on the sorption curves of the samples where iodine uptake (wt.%) 

was plotted as a function of time (Fig. 1).  

During the iodine uptake, gravimetric measurements were performed at 

different time intervals, and the results showed that the mass of 

polymeric samples increased significantly with prolonged exposure 

time. The curve shows a steep increase of iodine uptake in the initial 3 

h, while no significant weight gain of the sample was observed after 24 

h, indicating that the system is saturated. The saturated iodine loading is 

242 and 221 wt.% for PTCA and PTCM respectively, which are 

comparable to most of the reported porous adsorbents such as NiP-CMP 

(202 wt%) [6], PAF-23 (271 wt%), PAF-24 (276 wt%), and PAF-25 

(260 wt%) [7], SCMPs (222 wt%) [8], SCMP-600@3 (204 wt%) [9], 

and so on. We also compared our adopted adsorption method and 

material with the existing wet scrubbing method.  The wet scrubbing 

process shows the disadvantages of poor stability, complex operation 

procedures, and low capture performance, which is evident from the 

zeolitic imidazolate framework-8 [10] reported by Sava et.al ( efficiency 

of 100 wt%) and Cu-BTC metal–organic framework [11] reported by 

the same group ( efficiency of 175wt%).  Hence adsorption is considered 

an effective method and porous polymers are considered competent 

materials for efficient volatile iodine capture. The considerable iodine 
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uptake may be due to the porous nature as well as due to the collective 

effect of electron-rich heteroatoms and π conjugated structures [12-14]. 

 

Fig. 1. Gravimetric uptake of iodine as a function of time at 77oC and 
ambient pressure. 

 

4.2.2. Kinetics of iodine capture 

The results obtained from the kinetic study (Fig. 2 and Table 1) suggest 

that the adsorption process of iodine onto the polymers fit well in the 

pseudo-second-order kinetic model, and a good linear correlation 

coefficient R2 > 0.99 was achieved for both of the polymers. Further 

concluded that the pseudo-second-order kinetic model supports the 

assumption of the strong interaction, indicating that chemical adsorption 

may be the main process in these adsorbents [15]. Furthermore, the  
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Fig. 2. (a,b) Pseudo-first-order, (c,d) pseudo-second-order, and (e,f) 
intraparticle diffusion model plots for the iodine uptake by the polymer 
PTCA  and PTCM respectively. 
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Table 1. Kinetic parameters for iodine vapour uptake into the polymers PTCA and PTCM. 

 

 

PTCA 

qe (exp) 

2.418 

(g g-1) 

Pseudo-first order Pseudo-second order Intraparticle diffusion 

qe 

(g g-1) 

k1 

(h-1) 
R2 

qe 

(g g-1) 

k2 

(g g-1h-1) 
R2 

kint 

(gg-1h-1/2) 

C 

(g g-1) 
R2 

1.965 0.5208 0.9548 2.669 0.3813 0.9941 0.9674 0.3178 0.9122 

PTCM 

qe (exp) 

2.222 

(g g-1) 

Pseudo-first order Pseudo-second order Intraparticle diffusion 

qe 

(g g-1) 

k1 

(h-1) 
R2 

qe 

(g g-1) 

k2 

(g g-1h-1) 
R2 

kint 

(gg-1h-1/2) 

C 

(g g-1) 
R2 

1.728 0.5605 0.9719 2.331 0.610 0.9975 0.7487 0.5616 0.9812 
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maximum iodine uptake (2.669 g g-1 for PTCA and 2.331 g g-1 for 

PTCM) obtained from the pseudo-second-order kinetic model is in good 

agreement with the maximum iodine uptake (2.418 g g-1 for PTCA and 

2.222 g g-1 for PTCM) obtained from the experimental data. 

4.2.3. Mechanism of Iodine capture 

The interactions expected to exist between the iodine and the 

synthesized polymers could be studied by employing, XRD, TGA, UV 

- Vis, FT-IR, XPS, and Raman spectroscopy. FT-IR spectrum (Fig. 3) 

shows that compared with polymers, the peak corresponds to C-S-C 

stretching vibration, and C-S deformation was almost absent in iodine-

loaded polymers which indicates the involvement of thiophene ring in 

the iodine capture process [15]. A shift in C=O stretching vibration 

frequency observed in the iodine-loaded polymers PTCAI and PTCMI 

(1637 to 1634 cm-1 for PTCAI and 1657 to 1631 cm-1 for PTCMI) 

compared to that of the pure polymers indicates the possibility of strong 

interaction between the C=O group and iodine molecules during the 

capture process. 

 

Fig. 3.  FT-IR spectra of (a) PTCA and PTCAI (b) PTCM and PTCMI. 
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UV-DRS spectra (Fig. 4) indicate that the iodine-loaded polymers show 

a band broadening around 760 nm, indicating that the adsorbed iodine 

may exist as iodine molecules [16]. For the I2-loaded polymeric 

samples, the TGA curve (Fig. 5a) shows an obvious mass loss from 90 

to 400oC (I2 subl. = 184oC), where the mass loss associated with surface 

desorption occurs at 90–170oC, and a further loss range at 170–400oC 

 

Fig. 4.  UV-DRS spectra of (a) iodine, PTCA, and PTCAI and (b) iodine, 
PTCM, and PTCMI. 

 

 

Fig. 5.  (a) TGA curves and (b) XRD Patterns of the iodine-loaded 
polymers PTCAI and PTCMI. 
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was associated with the release of iodine being adsorbed inside the pores 

[7]. Weight loss after 400oC is due to the decomposition of polymers. 

Powder XRD measurements (Fig. 5b) show no obvious crystal 

diffraction peaks, so the iodine-loaded PTCA and PTCM are essentially 

amorphous.

The existence and form of the iodine captured by the polymers were also 

revealed by XPS and Raman spectroscopic analyses [17]. The XPS 

survey spectra (Fig. 6) of the iodine-loaded polymers show an extra peak 

near 617 and 629 eV corresponding to I 3d electrons, which indicates 

the adsorption of iodine onto the polymers.   

 

Fig. 6.  XPS survey spectra of iodine-loaded polymers PTCAI and 
PTCMI. 

Furthermore, the weight percentage of elements obtained from the XPS 

analysis of iodine-loaded polymers (Table 2) again confirms the 

successful adsorption of iodine. The deconvoluted I 3d XPS spectra 

indicate that iodine adsorbed on the surface of the polymers PTCA 
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coexists as neutral I2(632.2 and 620.4 eV), I3
-(627.7 and 616.1 eV), and 

I5
-(629.3 and 617.7 eV) respectively (Fig. 7a). Similarly the iodine 

adsorbed on the polymer PTCM also coexist as neutral I2(631.4 and 

618.3 eV), I3
-(627.3 and 615.7 eV) and I5

-(629.0 and 617.3 eV) 

respectively (Fig. 7b) [18]. These results reveal that physisorption along 

with chemisorption plays a major role in the iodine adsorption process. 

The thiophene unit is expected to be involved in the physisorption 

process and the carbonyl group is expected to be involved in the 

chemisorption process.  

Table 2. The weight percentage of elements obtained from the XPS 
analysis. 

Iodine-loaded polymers 
Weight % 

C O S Fe I 

PTCAI 35.08 13.49 13.85 0.66 36.93 

PTCMI 56.38 12.62 15.38 - 15.63 

 

The structure of the trapped iodine inside the polymeric pores was 

further confirmed by Raman spectroscopy. Raman spectrum of PTCA 

(Fig. 8a) shows three new peaks after iodine adsorption. The peaks at 

181 cm-1,174 cm-1 and 142 cm-1 are attributed to the characteristic 

stretching vibration of I2, I5
-, and I3

- respectively. The Raman spectra of 

PTCM (Fig. 8b) showed three new peaks at about 180, 168.6, and 139 

cm-1, also indicating the existence of I2, I5
-, and I3

- respectively. The 

above studies demonstrate that iodine exists both as molecular iodine 

and polyiodide ions. Polyiodide anions are expected to be formed due to 

the charge transfer interaction between iodine guest molecules and 
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electron-rich polymeric heteroatoms [15], which is in agreement with 

the previous findings [17, 19, 20].  

 

Fig. 7. Deconvoluted XPS spectra corresponding to the I 3d electrons of 
iodine-loaded polymer (a) PTCAI, and (b) PTCMI. 

 

The Zeta potential values for the pure polymers were found to be 2.9 

mV and 20.5 mV for PTCA and PTCM respectively. This positive value 

may be due to the acid doping taking place during the synthetic 
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procedure, where HCl is formed as a byproduct of the polymerization 

reaction. While the Zeta potential values for the iodine-loaded polymers 

are -2.04 mV and -12.4 mV for PTCAI and PTCMI respectively. 

Following the formation of negatively charged polyiodide anions by the 

charge transfer interaction, the positively charged polymeric structure 

may engage in electrostatic interaction to keep the polyiodide anions 

 

Fig. 8.  Raman spectra of (a) PTCA and PTCAI (b) PTCM and PTCMI. 

attached to the polymeric structure. These polyiodide anions adsorbed 

on the surface of the polymers are responsible for the negative zeta 

potential values of polymers after iodine capture. A pictorial 

representation of the iodine capture mechanism is given in Scheme 1. 

4.2.4. Iodine release and recyclability 

When the iodine-loaded polymers were heated in the air under ambient 

pressure and at 398 K for 360 min, iodine release efficiency was as high 

as 89% and 93% for PTCA and PTCM respectively (Fig. 9a). Cyclic 

experiments were performed as per the procedure reported in chapter 2. 
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As shown in Fig. 9b, the I2 uptake capacity of recovered PTCA and 

PTCM was found to be 89.2% and 86.5% upon completion of the five  

 

 

Scheme 1. Mechanism of iodine capture by the polymers. 

 

Fig. 9. (a) Release of iodine from the iodine-loaded polymers PTCAI 
and PTCMI at 398 K. (b) Reusability of the polymers PTCA and PTCM 
for iodine adsorption. 

cycles. The polymers can be competently recycled and reused for five 

cycles without significant loss of iodine uptake [6, 19]. The iodine 
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released at 125oC was the iodine adsorbed on the surface or in the 

mesopores of the material, and the iodine captured deeply in the 

micropores could only be released when the framework collapsed at 

over 300oC. Based on the release studies, only about 11% and 7% of the 

adsorbed iodine was trapped in the micropores of PTCA and PTCM 

respectively [20]. 

4.3. Conclusions 

In summary, we have designed and synthesized two novel mesoporous 

polymers PTCA and PTCM via FeCl3-promoted oxidative coupling 

polymerization of thiophene-based bis-chalcone type monomers MTCA 

and MTCM. The designed polymers are highly promising in the field of 

iodine capture owing to their high thermal and chemical stability, and 

the presence of mesopores and electron-rich heteroatoms. PTCA 

exhibited a maximum iodine capture capacity of 242 wt% and PTCM 

exhibited a maximum iodine capture capacity of 221 wt%, and the 

experimental maximum capture capacity is in good agreement with the 

theoretical value (2.669 g g-1 for PTCA and 2.331 g g-1 for PTCM) 

calculated from the pseudo-second-order kinetic model. The XPS and 

Raman studies demonstrated that the iodine exists both as molecular 

iodine and polyiodide ions in the polymeric samples. The recyclability 

test shows that both the polymers are suitable for reuse even after five 

cycles with a retention of iodine uptake efficiency of 89.2% and 86.5% 

for PTCA and PTCM respectively.  Also, we suggest that these 

polymers may also open up opportunities for the template-free design of 

the same kind of novel porous polymers with desired porosity and 
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functionalities by modifying the structures and composition of 

monomers.  
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Chapter 5 

The polymers PTCA and 
PTCM were tested for the 
adsorption of heavy metal 
ions from aqueous solutions 
and found to be promising in 
the effective removal of Zn2+ 
and Pb2+ ions. The maximum 
adsorption capacity of the 
polymer PTCA for Zn2+ and 
Pb2+ was calculated as 729.4 
mg/g and 569.1 mg/g 
respectively, and the 
maximum adsorption 
capacity of the polymer 
PTCM for Zn2+ and Pb2+ was 
calculated as 652.7 mg/g and 
545.1 mg/g respectively.
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5.2. Results and discussion  

5.2.1. Adsorption of heavy 
metal ions  

5.2.2. Adsorption 
mechanism  

5.2.3. Adsorption isotherm  

5.2.4. Kinetics of metal ion 
adsorption  

5.2.5. Desorption and 
reusability study  

5.2.6. Computational study  

5.3. Conclusions  
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5.1. Introduction  

The removal of toxic metal ions from industrial run-offs has acquired 

great interest due to their long-standing harmful effects on human health 

and the environment [1, 2]. Thus, it is necessary to develop new methods 

and materials for removing such contaminants by effective means. 

Several conventional methods such as solvent extraction [3], membrane 

separation [4], ion exchange [5], reverse osmosis [6], precipitation [7], 

and electrolysis [8], etc have been applied for the removal of metal ions 

from wastewater. However, adsorption by porous solid adsorbents is 

considered one of the most cost-effective, simple, and competent 

methods among all of the aforesaid methods. Here in this chapter, we 

mainly test the potentiality of two porous polymeric sorbents (PTCA and 

PTCM) in the field of heavy metal ion adsorption. Based on previous 

reports, we assume that the synthesized polymers may show excellent 

metal adsorption properties due to the presence of electron-rich 

heteroatoms such as O and S [9, 10]. 

5.2. Results and discussion  

5.2.1. Adsorption of heavy metal ions  

Considering the porous nature and high content of heteroatoms, we 

investigated the adsorption efficiency of synthesized polymers towards 

the heavy metal ions. Co2+, Cu2+, Ni2+, Cd2+, Zn2+, and Pb2+ were 

selected to examine the adsorption behaviors in this study. As shown in 

Fig. 1a, Fig. 1b, and Table 1, the single-heavy metal ion adsorption 

experiment reveals that both the polymers PTCA and PTCM show high 

removal efficiency towards Zn2+ (greater than 99%), and Pb2+ (greater 
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than 97%) ions with a distribution coefficient (Kd) value > 104. Since the 

distribution coefficient signifies the affinity of polymers towards the 

metal ions and also the sorbents with Kd value > 104 are regarded as 

exceptional sorbents [11], the polymers synthesized by us can be 

considered as exceptional sorbents for the removal of Zn2+ and Pb2+ ions. 

 

Fig. 1. (a,b) Removal efficiency of six individual metal ions (Co2+, Cu2+, 
Ni2+, Cd2+, Zn2+, and Pb2+ ) by PTCA and PTCM respectively. (c,d)  The 
removal efficiency of six mixed metal ion systems (Co2+, Cu2+, Ni2+, 
Cd2+, Zn2+, and Pb2+ by PTCA and PTCM respectively.  

  

Next, all of the six ions were mixed to conduct a mixed-heavy metal ion 

adsorption experiment and the results are summarized in Fig. 1c, Fig. 

1d, and Table 2. The results show that the synthesized polymers show 
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greater affinity towards Zn2+ (greater than 98%), and Pb2+ (greater than 

90%) than other metal ions [11]. 

 

Table 1. Adsorption results of PTCA and PTCM toward six individual 
metal ions (10 ppm).  

  

Mn+ 
C0 

(ppm) 
Ce 

(ppm) 

Removal 

(%) 
Kd 

(mL/g) 

PTCA 

Zn2+ 10 0.063 99.4 1.5 x 105 

Cd2+ 10 1.345 86.6 6437.7 

Ni2+ 10 1.738 82.6 4752.3 

Pb2+ 10 0.177 98.2 5.5 x 104 

Co2+ 10 7.404 26.0 350.6 

Cu2+ 10 0.507 94.9 1.8 x 104 

PTCM 

Zn2+ 10 0.024 99.8 4.2 x 105 

Cd2+ 10 0.648 93.5 1.4 x 104 

Ni2+ 10 1.491 85.1 5709.2 

Pb2+ 10 0.253 97.5 3.8 x 104 

Co2+ 10 4.760 52.4 1100.7 

Cu2+ 10 1.626 83.7 5152.0 

m = 0.010 g, V = 10 mL, V:m = 1000 mL/g, 24 h contact time.  
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Table 2. Adsorption results of PTCA and PTCM toward six mixed ion 
systems (10 ppm).  

  

Mn+ 
C0 

(ppm) 
Ce 

(ppm) 

Removal 

(%) 
Kd 

(mL/g) 

PTCA 

Zn2+ 10 0.034 99.7 3.0 x 105 

Cd2+ 10 4.902 51.0 1039.8 

Ni2+ 10 7.276 27.2 374.5 

Pb2+ 10 0.554 94.5 1.7 x 104 

Co2+ 10 6.447 35.5 551.2 

Cu2+ 10 0.759 92.4 1.2 x 104 

PTCM 

Zn2+ 10 0.165 98.3 6.0 x 104 

Cd2+ 10 8.967 10.3 115.2 

Ni2+ 10 7.894 21.1 266.8 

Pb2+ 10 0.923 90.8 9831.9 

Co2+ 10 9.190 8.1 88.1 

Cu2+ 10 3.745 62.6 1670.5 

m = 0.010 g, V = 10 mL, V:m = 1000 mL/g, 24 h contact time.  

  

The greater affinity of the polymers toward Zn2+, and Pb2+ are mainly 

due to the following reasons. Firstly, the mesoporous structure of 

polymers ensures the easy diffusion of metal ions into the polymeric 

pores, and secondly, the high content of electron-rich heteroatoms (O 
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and S) helps the polymers to bind with metal ions through coordination 

or electrostatic interaction [12]. 

5.2.2. Adsorption mechanism  

To understand the possible mechanism of adsorption of metal ions onto 

the polymers, FTIR spectra of the polymers before and after the 

adsorption were recorded. For PTCA, as shown in Fig. 2, the peak at 

1637 cm-1, ascribed to the C=O bond stretching was found to be shifted 

to 1635 cm-1 after the adsorption of heavy metal ions. The small shift of 

2 cm-1 could be due to the combined effect of two factors- first, the 

coordination of the carbonyl group to the metal ion which reduces the 

C=O stretching frequencies, and second, the electron density shift to the 

carbonyl group via an enhanced mesomeric effect by the coordination 

between the oxygen atom and metal center which increases the C=O 

stretching frequencies. These two effects nearly nullify the change in 

C=O stretching frequencies.  The peak at 1597 cm-1 attributed to C=C 

stretching of α, β- unsaturated ketone was found to be shifted to 1594 

cm-1, and the peak at 1423 cm-1 which corresponds to C=C stretching of 

thiophene was shifted to around 1418 cm-1 after the adsorption of heavy 

metal ions. The shift to a lower wavenumber value arises due to the 

partial single-bond character acquired by the electron delocalization 

during the interaction. The peak at 1118 cm-1 ascribed to the C-S-C 

stretching vibration of the thiophene unit was shifted to around 1124   

cm-1, which attributes to the partial double bond character of the C-S 

bond arises by the enhanced delocalization of the lone pair of electrons 

on the S atom of the thiophene moiety during the adsorption of metal 

ions.  All of the above shreds of evidence point to the possibility of 
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electron delocalization and coordination interaction between the 

carbonyl group and metal ions [13, 14]. 

For PTCM, as shown in Fig. 3, the peak at 1657 cm-1, which is ascribed 

to stretching of the C=O bond found to be shifted to 1651 cm-1 after the 

adsorption of heavy metal ions. Again, the shift of 6 cm-1 could be due 

to the combined effect of two factors- first, the coordination of the 

carbonyl group to the metal ion which reduces the C=O stretching 

frequencies, and second, the electron density shift to the carbonyl group 

via an enhanced mesomeric effect by the coordination between the 

oxygen atom and metal center which increases C=O stretching 

frequencies. But this mesomeric effect is not predominant as in PTCA 

due to the steric hindrance of methyl substituents.  A peak that appeared 

around 1617 cm-1 attributed to C=C stretching of α, β- unsaturated 

ketone was shifted to around 1614 cm-1 and the peak at 1439 cm-1 which 

corresponds to C=C stretching of thiophene was shifted to 1434 cm-1 

after the adsorption of heavy metal ions. The peak at 1049 cm-1 attributed 

to the stretching frequency of the skeleton of the thiophene ring also 

shows a shift to a lower wavenumber around 1037 cm-1 after adsorption. 

The peak at 1116 cm-1 ascribed to the C-S-C stretching vibration of the 

thiophene moiety appeared around 1120 cm-1 after interaction between 

PTCM and metal ions. The reasons for the shift to lower wavenumbers 

and higher wavenumbers are the same as explained above. The pieces 

of evidence indicate the involvement of the carbonyl group in the metal 

adsorption process [15]. The bands appear at a lower frequency range of 

around 420–670 cm-1 for both the polymers and are assigned to M(II)–

O stretching frequencies [16]. 
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Fig. 2. FTIR spectra of PTCA (black) and PTCA loaded with Zn2+ (red), 
and Pb2+ (blue) ions.  

 

Fig. 3. FTIR spectra of PTCM (black) and PTCM loaded with Zn2+ (red), 

and Pb2+ (blue) ions.  

  
From FTIR analysis we found that the adsorption of both metal ions on 

PTCA results in almost the same shift to the characteristic IR 
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frequencies associated with the polymer before the adsorption of metal 

ions. So, we concluded that the adsorption of both metal ions on polymer 

PTCA follows the same mechanism. The same is true for the polymer 

PTCM also. So, to understand the mechanism in detail we performed 

XPS analysis on polymer PTCA before and after the adsorption of Zn2+ 

ions, and on PTCM before and after the adsorption of Pb2+ ions. 

The XPS survey spectrum of   PTCA after the adsorption of Zn2+ 

exhibits a strong signal peak of Zn 2p which confirms the successful 

adsorption of Zn2+ onto the polymer PTCA (Fig. 4a). After the 

adsorption of Zn2+, the deconvoluted C 1s peaks of PTCA appeared at 

284.5, 285.3, 286.5, and 288.4 eV corresponding to C=C, C-C, C-S, 

C=O respectively (Fig. 5a). A peak shift corresponding to C-S, and C=O 

was observed after adsorption, which indicates the possible interaction 

of thiophene moiety and the carbonyl group of PTCA with Zn2+ ions. 

The O 1s peak of PTCA (Fig. 5b) exhibited a shift to 531.5 eV from 

531.6 eV after the adsorption of Zn2+, illustrating the coordination of 

oxygen to Zn2+ions [17]. After the adsorption of Zn2+, the lone pair of 

oxygen coordinates with the metal resulting in increased electron density 

and decreased binding energy which is also evident from the theoretical 

calculations discussed in the coming section [18]. A new peak at 533.4 

eV generated after Zn2+ adsorption could be related to the oxygen atom 

involved in the formation of new Zn-O bonds. Furthermore, the two 

characteristic peaks at 164.0 and 165.2 eV corresponding to S 2p3/2 and 

S 2p1/2 in the S 2p spectrum of PTCA (Fig. 5c) show an increase in the 

binding energy of 164.1 and 165.3 eV after the adsorption, which also  
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indicates the involvement of the thiophene in the adsorption process 

[13]. 

 

Fig. 4.  XPS survey spectra of the polymer (a) PTCA before and after 
the adsorption of Zn2+ ions and (b) PTCM before and after the adsorption 
of Pb2+ ions.  

 

Fig. 5. (a) C 1s, (b) O 1s, and (c) S 2p XPS spectra of the polymer PTCA 
after the adsorption of Zn2+ ions. (d) XPS spectra of Zn 2p in the 
polymer.  
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As shown in Fig. 5d, the Zn 2p spectra of PTCA after the adsorption 

shows two main peaks at 1020.9 and 1043.9 eV corresponding to Zn 

2p3/2 and Zn 2p1/2, respectively, which are different from the Zn 2p peaks 

centered at 1022.2 and 1045.2 eV in the spectra of Zn(NO3)2. In addition, 

a satellite peak at 1035.8 eV was also found which may represent the 

change in the electron density of zinc ions after the adsorption. 

Similarly, the survey spectrum of   PTCM after the adsorption of Pb2+ 

ions exhibits a strong signal peak of Pb 4f which confirms the successful 

adsorption of Pb2+ onto the polymer PTCM (Fig. 4b). After the 

adsorption of Pb2+, the deconvoluted C 1s peaks of PTCM (Fig. 6a) 

appeared at 284.5, 285.0, 285.8, and 286.8 eV corresponding to C=C, 

C-C, C-S, C=O respectively. The shift of peak corresponds to C-S, and 

C=O indicates the possible interaction of thiophene moiety and the 

carbonyl group with Pb2+ ions. The O 1s peak of PTCM (Fig. 6b) 

exhibited a shift to 530.9 eV from 531.7 eV after the adsorption of Pb2+ 

illustrating the coordination of oxygen to Pb2+. After the adsorption of 

Pb2+, the lone pair of oxygen coordinates with the metal resulting in 

increased electron density and decreased binding energy. A new peak at 

532.3 eV generated after Pb2+ adsorption could be related to the oxygen 

atom involved in the formation of new Pb-O bonds. Furthermore, the 

two characteristic peaks at 164.2 and 165.4 eV corresponding to S 2p3/2 

and S 2p1/2 in the spectrum of S 2p of PTCM (Fig. 6c) show an increase 

in the binding energy of 164.6 and 165.8 eV after the adsorption of Pb2+, 

which also indicate the strong involvement of thiophene unit in the 

adsorption process. As shown in Fig. 6d, the spectra of Pb 4f in PTCM 

after the adsorption shows two peaks at 137.6 and 142.5 eV 
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corresponding to Pb 4f7/2 and Pb 4f5/2, respectively, which are different 

from the Pb 4f peaks centered at 139.2 and 144.1 eV in the spectra of Pb 

(NO3)2 [19]. Therefore, we can conclude that the carbonyl and thiophene 

group of the polymers play a key role in the adsorption of metal ions 

from the aqueous solution. 

 

Fig. 6. (a) C 1s, (b) O 1s, and (c) S 2p XPS spectra of the polymer 
PTCM after the adsorption of Pb2+ ions. (d) XPS spectra of Pb 4f in the 
polymer. 

5.2.3. Adsorption isotherm  

 The sorption study was conducted using a series of aqueous solutions 

of Zn2+ and Pb2+ with a concentration ranging from 20 to 1000 ppm. Fig. 

7, Table 3, and Table 4 reveal that as the initial concentrations of metal 

ions increase, the amount of metal ions adsorbed onto the polymer 

increases, and becomes saturated. As indicated by the sorption 

isotherms, the maximum capacity of the polymer PTCA for Zn2+ and 



 
 

Chapter 5

146

Pb2+ was calculated as 729.4 mg/g and 569.1 mg/g respectively, and the 

maximum capacity of the polymer PTCM for Zn2+ and Pb2+ was 

calculated as 652.7 mg/g and 545.1 mg/g respectively.  

  

Fig. 7. Sorption isotherms for Zn2+ and Pb2+ for (a) PTCA and (b) 

PTCM.  

As shown in Fig. 8, Fig. 9, and Table 5, the Langmuir and Freundlich 

models were used to analyze the experimental adsorption data. The 

fitting results exposed that the adsorption nature of Zn2+ and Pb2+ on 

PTCA fits well with the Langmuir isotherm model with a correlation 

coefficient R2 = 0.9957 and R2 = 0.9939 respectively. R2 = 0.9475 and 

R2 = 0.9755 are the correlation coefficient obtained from the Freundlich 

models for the adsorption of Zn2+ and Pb2+ respectively on PTCA. Since, 

the experimental data fits better with the Langmuir model, which 

indicates that the adsorption of metal ions on polymer PTCA mainly 

occurs through a monolayer adsorption process which may be due to the 

availability of a large number of adsorption sites on the surface of the 

polymer PTCA, and this homogenous adsorption points to negligible 

interaction between the adsorbed molecules [20]. Furthermore, the 

theoretical maximum adsorption capacities (Qe) of the polymer PTCA  
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Table 3. Sorption isotherm data of PTCA towards Zn2+ and Pb2+ ions. 
 

PTCA 

 Zn2+ Pb2+ 

C0 

(ppm) 

Ce 

(ppm) 

Removal 

(%) 

Kd 

(mL/g) 

Qe 

(mg/g) 

Ce 

(ppm) 

Removal 

(%) 

Kd 

(mL/g) 

Qe 

(mg/g) 

20 0.110 99.5 1.8 x 105 19.9 0.342 98.3 5.7 x 104 19.7 

50 0.359 99.3 1.4 x 105 49.6 1.726 96.5 2.8 x 104 48.3 

100 1.322 98.7 7.5 x 104 98.7 6.942 93.1 1.3 x 104 93.1 

250 3.716 98.5 6.6 x 104 246.3 25.654 89.7 8745.2 224.3 

500 37.058 92.6 1.2 x 104 462.9 68.855 86.2 6261.6 431.1 

750 63.263 91.6 1.1 x 104 686.7 184.515 75.4 3064.7 565.5 

1000 270.560 72.9 2696.0 729.4 430.875 56.9 1320.9 569.1 
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Table 4. Sorption isotherm data of PTCM towards Zn2+ and Pb2+ ions. 
 

PTCM 

 Zn2+ Pb2+ 

C0 

(ppm) 

Ce  

(ppm) 

Removal 

(%) 

Kd  

(mL/g) 

Qe 

(mg/g) 

Ce  

(ppm) 

Removal 

(%) 

Kd  

(mL/g) 

Qe 

(mg/g) 

20 0.199 99.0 9.9 x 104 19.8 0.519 97.4 3.7 x 104 19.5 

50 1.242 97.5 3.9 x 104 48.8 1.952 96.1 2.5 x 104 48.0 

100 4.696 95.3 2.0 x 104 95.3 11.450 88.6 7734.0 88.6 

250 26.126 89.5 8568.9 223.9 47.379 81.0 4276.6 202.6 

500 65.498 86.9 6633.9 434.5 133.150 73.4 2755.2 366.9 

750 121.760 83.8 5159.7 628.2 254.231 66.1 1950.1 495.8 

1000 347.345 65.3 1879.0 652.7 454.945 54.5 1198.1 545.1 
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for the metal ions, Zn2+ and Pb2+ were calculated by the Langmuir 

adsorption model and found to be comparable with the experimental 

equilibrium adsorption capacities.  

 

Fig. 8. (a,c) Freundlich adsorption isotherms of Zn2+ and Pb2+  

respectively on PTCA. (b,d) Langmuir adsorption isotherms of Zn2+ and 

Pb2+  respectively on PTCA. 

While the adsorption behavior of Zn2+ and Pb2+ on PTCM showed a 

better linear fitting with the Freundlich isotherm model with a 

correlation coefficient R2 = 0.9863 and R2 = 0.9925 respectively. R2 = 

0.9824 and R2 = 0.9721 are the correlation coefficient obtained from the 

Langmuir models for the adsorption of Zn2+ and Pb2+ respectively on 

PTCM. A better linear fit with the Freundlich isotherm model is an 
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indication of multilayer adsorption occurring on the surface of the 

polymer PTCM, hence the occurrence of physisorption along with 

chemisorption. This may be due to the greater involvement of the 

thiophene group in the adsorption process of PTCM compared to 

PTCA, which is evident from XPS analysis [12].  

 

Fig. 9.  (a,c) Freundlich adsorption isotherms of Zn2+ and Pb2+  

respectively on PTCM. (b,d) Langmuir adsorption isotherms of Zn2+ and 
Pb2+  respectively on PTCM.  

5.2.4. Kinetics of metal ion adsorption  

The time dependence of the adsorption process was investigated by a 

kinetic adsorption experiment. The result (Fig. 10, Table 6, and Table 7) 

reveals that, as the contact time increases the adsorption increases, 
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reaches a maximum after a particular time, and then turns out to be 

almost saturated subsequently [20]. 

Table 5. Sorption isotherm data of PTCA and PTCM towards Zn2+ and 
Pb2+ ions.  

  

PTCA 

Adsorbate 

Langmuir Freundlich 

Qm 
(mg/g) 

KL 
(L/mg) 

R2 
KF 

(L/mg) 
n R2 

Zn2+ 769.2 0.11 0.9957 117.82 2.12 0.9475 

Pb2+ 625.0 0.04 0.9939 40.63 1.97 0.9755 

PTCM 

Adsorbate 

Langmuir Freundlich 

Qm 
(mg/g) 

KL 

(L/mg) 
R2 

KF 
(L/mg) 

n R2 

Zn2+ 714.3 0.03 0.9824 45.62 1.99 0.9863 

Pb2+ 588.2 0.02 0.9721 32.29 2.01 0.9925 

 

The rate of adsorption of metal ions on PTCM was found to be slower 

than that of PTCA, especially for Pb2+ ions. Due to the steric hindrance 

offered by the methyl group of PTCM, the ions cannot easily approach 

the carbonyl group of PTCM as easily as approaching the carbonyl 

group of PTCA. So, PTCM shows a slower rate of adsorption compared 

to PTCA. Since the ionic radius of Zn2+ ions (74 pm) are less than that 
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of Pb2+ ions (119 ppm), Zn2+ ions can easily approach the carbonyl group 

compared to the Pb2+ ions, hence Zn2+ ions exhibit a faster rate of 

adsorption compared to Pb2+ ions. 

Both the polymers PTCA and PTCM showed a fast removal >95%, of 

Zn2+ within an initial 1h, and there is not much change in the removal 

efficiency afterwards. While both of the polymers exhibited a slow 

removing tendency towards Pb2+ ions, even though the percentage 

removal after 24h reaches 93.4% and 90.5% by PTCA and PTCM 

respectively. Owing to the excellent removal efficiency, these polymers 

can be considered a promising porous absorbent, especially for Zn2+ 

ions. 

 

Fig. 10. Sorption kinetic curve of adsorption of metal ions on (a) PTCA 
(b) PTCM

To analyze the adsorption kinetics of metal ions onto the polymers, the 

adsorption data were fitted with three kinetic models pseudo-first-order 

kinetics, pseudo-second-order kinetics, and intraparticle diffusion model 

respectively (Fig. 11 and Fig. 12)[21]. The results (Table 8) suggest that 

the adsorption of metal ions to the polymers fits very well in the pseudo-

second-order kinetic model with an extremely high correlation 
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coefficient R2 > 0.99. This proposes that the rate of adsorption of metal 

ions on the polymers depends on the availability of adsorption sites on 

the polymeric adsorbents, and chemisorption may be the major process 

involved in the metal removal. Also, there is a good agreement exists 

between the experimental values of the amount of metal ions adsorbed at 

equilibrium and the values calculated from the pseudo-second-order 

kinetic model. 

5.2.5. Desorption and reusability study  

The desorption study was conducted as explained in Chapter 2. The 

study showed that the metal ions adsorbed onto the polymer PTCA could 

be desorbed by using 2M HCl with a maximum percentage recovery of 

Zn2+ and Pb2+ ions of 76.9% and 79.9% respectively. Similarly, for 

PTCM maximum percentage recovery of Zn2+ and Pb2+ ions was found 

to be 68.5% and 73.7% respectively. The elution effect of hydrochloric 

acid is responsible for high desorption productivity [18]. Moreover, in a 

strongly acidic solution, the sulfur atom and carboxyl group may lose 

their interaction with heavy metal ions which also makes the desorption 

of heavy metal ions an easy task [22].  

The reusability of the polymers was tested by carrying out five 

consecutive adsorption-desorption cycles [23]. As the number of cycles 

increases both the polymers show a decrease in the removal efficiency 

towards Zn2+ and Pb2+ ions. As shown in Fig. 13, the % removal of 

PTCA and PTCM was found to be decreased to nearly 50% after five 

successive cycles. 
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Table 6. Kinetic data of PTCA towards Zn2+ and Pb2+ ions. 

PTCA  
Zn2+ Pb2+ 

Time 
(h) 

Ce  
(ppm) 

Removal  
(%) 

Kd  
(mL/g) 

Qe  
(mg/g) 

Ce  
(ppm) 

Removal  
(%) 

Kd  
(mL/g) 

Qe  
(mg/g) 

1 0.860 95.7 2.22 x 104 19.1 4.396 78.0 3549.7 15.6 
3 0.855 95.7 2.24 x 104 19.1 3.826 80.9 4227.1 16.2 
6 0.854 95.7 2.24 x 104 19.1 3.322 83.4 5021.2 16.7 
12 0.832 95.8 2.30 x 104 19.2 2.553 87.2 6834.2 17.4 
24 0.807 96.0 2.37 x 104 19.2 1.311 93.4 1.43 x 104 18.7 
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Table 7. Kinetic data of PTCM towards Zn2+ and Pb2+ ions. 

PTCM 

 Zn2+ Pb2+ 

Time 
(h) 

Ce 

(ppm) 

Removal 

(%) 

Kd 

(mL/g) 

Qe 

(mg/g) 

Ce 

(ppm) 

Removal 

(%) 

Kd 

(mL/g) 

Qe 

(mg/g) 

1 0.940 95.3 2.03 x 104 19.1 10.148 49.3 970.8 9.9 

3 0.747 96.3 2.58 x 104 19.3 6.049 69.8 2306.6 14.0 

6 0.635 96.8 3.05 x 104 19.4 3.723 81.4 4372.2 16.3 

12 0.616 96.9 3.15 x 104 19.4 2.306 88.5 7671.5 17.7 

24 0.547 97.3 3.56 x 104 19.5 1.895 90.5 9551.9 18.1 
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Fig. 11. (a,b) Pseudo-first-order, (c,d) pseudo-second-order, and (e,f) 
intraparticle diffusion model plots for the adsorption of Zn2+  and Pb2+ 

respectively on the polymers PTCA.  
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Fig. 12. (a,b) Pseudo-first-order, (c,d) pseudo-second-order, and (e,f) 
intraparticle diffusion model plots for the adsorption of Zn2+  and Pb2+ 

respectively on the polymers PTCM. 
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Table 8. Kinetic parameters for the adsorption of Zn2+ and Pb2+ ions on the polymers PTCA and PTCM. 

PTCA 

Adsorbate 

pseudo-first order pseudo-second order Intraparticle diffusion 

Qe 

(mg/g) 

k1 

(h-1) 
R2 

Qe 

(mg/g) 

k2 

(g/mg h) 
R2 

kint 

(mg g-1 h-1/2) 

C 

(mg/g) 
R2 

Zn2+ 0.633 0.340 0.3537 19.194 5.429 1 0.014 19.120 0.9319 

Pb2+ 6.670 0.164 0.5816 18.939 0.092 0.9987 0.786 14.790 0.9984 

PTCM 

Adsorbate 

pseudo-first order pseudo-second order Intraparticle diffusion 

Qe 

(mg/g) 

k1 

(h-1) 
R2 

Qe 

(mg/g) 

k2 

(g/mg h) 
R2 

kint 

(mg g-1 h-1/2) 

C 

(mg/g) 
R2 

Zn2+ 1.760 0.341 0.5183 19.455 1.554 1 0.090 19.060 0.7975 

Pb2+ 12.644 0.298 0.9724 18.868 0.056 0.9999 1.968 9.845 0.7842 
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Fig. 13. Reusability of the polymer (a) PTCA and (b) PTCM during five 
adsorption-desorption cycles.  

  

5.2.6. Computational study  

Theoretical calculations were done on monomers and monomer metal 

ion complexes to support the proposed interaction between polymers 

and metal ions. The energy of HOMO, the energy of LUMO, the band 

gap, the energy of monomers, the energy of monomer-metal ion 

complexes, C-O bond length, metal ion- oxygen (M(II)-O) bond length, 

and Mulliken charges on the carbonyl carbon, oxygen atom, and metal 

ion were calculated, and are enlisted in Table 9.   

The HOMO-LUMO orbital energies of monomers and monomer-metal 

ion complexes are shown in Fig. 14 and Fig. 15. The energy gap between 

HOMO and LUMO is known as the band gap, and it determines the 

reactivity of the molecule [24]. The molecule with a smaller band gap 

value was found to be more reactive than the one with a larger band gap 

[25]. Since the band gap of monomer MTCA is slightly smaller than that 

of monomer MTCM, the former is more reactive and the transfer of 

electrons from HOMO to LUMO occurs more easily in MTCA 
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compared to that of MTCM. This is responsible for the faster adsorption 

of heavy metal ions by the polymer PTCA compared to the polymer 

PTCM. The energy of monomer-metal complexes was found to be more 

negative than that of monomers, which indicates the formation of 

complexes during the interaction of monomer molecules and metal ions.  

The stabilization energy of the MTCA-M(II) complex is less than that 

of the energy of the corresponding MTCM-M(II) complex which 

indicates less stable interaction formed between polymer PTCA and 

metal ions compared to the interaction between polymer PTCM and 

metal ions. This provides theoretical evidence for better desorption from 

PTCA compared to PTCM.  On considering the bond length (Fig. 16 and 

Fig. 17), all C-C bond lengths fall in between characteristic C-C single 

bond length (1.54 Ao) and C-C double bond length (1.34 Ao) which 

points to complete electron delocalization existing in the polymeric 

structure. The Zn(II)-O bond lengths fall in the range of 

1.882–1.898 Ao and Pb(II)-O bond lengths fall in the range of 

1.948–1.952 Ao. Very short M(II)-O bond lengths obtained suggest 

strong covalent interaction between metal ions and monomer molecules 

[26].  The C-O bond length in monomer-metal complexes appeared 

between typical C-O single bond length (1.43 Ao) and C-O double bond 

length (1.23 Ao) which indicates the involvement of the carbonyl group 

in the interaction. 

We can also support the results related to the reaction kinetics with the 

help of theoretical calculations. Due to the small size, the Zn2+ ions 

approach the carbonyl group more easily, hence they are closer to the 

polymer chain and experience more steric repulsion, and results in the 
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angular configuration of C-O-Zn bond (Fig. 16 and Fig. 17). Similarly, 

due to the large ionic radius of Pb2+ ions, it cannot approach the carbonyl 

group as easy as Zn2+ ions, thereby less close to the polymer chain, and 

experience less steric hindrance, hence linear C-O-Pb bond (Fig. 16 and 

Fig. 17). This bond angle data confirms the conclusions related to the 

easiness of the approach of metal ions toward the carbonyl group, and 

hence support the findings associated to the reaction kinetics. Mulliken 

charge analysis (Fig. 18 and Fig. 19) of monomers reveals the highest 

negative partial charge on the carbonyl carbon atoms, which may be due 

to the л accepting nature of carbonyl groups. During the adsorption of 

heavy metal cations, this charge is found to be shifted to carbonyl 

oxygen, and negative formal charges on carbonyl oxygen increase. This 

is responsible for an increase in the C=O stretching frequencies as 

mentioned in the adsorption mechanism section. At the same time, the 

formal charge of +2 on metal ions was found to be decreased nearly to 

1 and 1.3 respectively for Zn2+ and Pb2+ ions upon coordination which 

is due to the charge transfer from the polymer molecules to the metal 

centers [26]. This is responsible for the decrease in the C=O stretching 

frequencies. ESP mapping (Fig. 20) also supports the above-mentioned 

findings. The charge density located on the carbonyl group of monomers 

was found to be shifted to metal ions, and the total electron density of 

the monomers was found to be decreased after the interaction with metal 

ions, which indicates the effective coordination between the carbonyl 

group and metal ions [21]. Hence the Mulliken charge analysis and ESP 

mapping support the IR data explaining the mechanism of adsorption of 

metal ions onto the polymers. Overall, the theoretical calculation 

outcomes are in good agreement with the experimental results.
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Fig. 14. The HOMO and LUMO frontier orbitals, and energies of the optimized geometric structures of (a) monomer 
MTCA and monomer-metal ion complexes (b) MTCA with Zn2+ and (c) MTCA with Pb2+ respectively. 
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Fig. 15. The HOMO and LUMO frontier orbitals and energies of the optimized geometric structures of (a) monomer 
MTCM and monomer-metal ion complexes (b) MTCM with Zn2+ and (c) MTCM with Pb2+ respectively. 
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Table 9. Computed properties of monomers and monomer-metal ion complexes. 

 MTCA 
MTCA with 

Zn2+ 
MTCA with 

Pb2+ 
MTCM 

MTCM 
with Zn2+ 

MTCM with 
Pb2+ 

EHOMO (eV) -6.43 -12.59 -12.03 -6.25 -12.37 -11.86 

ELUMO (eV) -2.52 -11.80 -10.64 -2.32 -11.65 -10.58 

Band gap ΔE (eV) 3.91 0.79 1.40 3.93 0.73 1.29 

Stabilization energy (eV) -37365.6 -39127 -37438.8 -39505.8 -41266.63 -39578.16 

Bond length C=O (Ao) 1.23 1.35 1.39 1.23 1.35 1.38 

Bond length M(II)-O (Ao) - 1.882 1.948 - 1.898 1.952 

Charge on carbonyl 
Carbon 

-1.04 0.38 0.42 -1.36 0.30 0.38 

Charge on Oxygen -0.28 -0.71 -0.83 -0.25 -0.69 -0.82 

Charge on metal ion - 1.03 1.37 - 0.96 1.35 
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Fig. 16. The calculated bond lengths of optimized geometric structures of (a) monomer MTCA and monomer-

metal ion complexes (b) MTCA with Zn2+ and (c) MTCA with Pb2+ respectively. (red - oxygen; gray - carbon; 

yellow - sulphur; white - hydrogen; purple-blue - zinc; dark gray - lead) 
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Fig. 17. The calculated bond lengths of optimized geometric structures of (a) monomer MTCM and monomer-
metal ion complexes (b) MTCM with Zn2+ and (c) MTCM with Pb2+  respectively. (red - oxygen; gray - carbon; 
yellow - sulphur; white - hydrogen; purple-blue - zinc; dark gray - lead) 
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Fig. 18. The Mulliken charge distribution of optimized geometric structures of (a) monomer MTCA and monomer-
metal ion complexes (b) MTCA with Zn2+ and (c) MTCA with Pb2+  respectively. (red - oxygen; gray - carbon; 
yellow - sulphur; white - hydrogen; purple-blue - zinc; dark gray - lead) 
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Fig. 19. The Mulliken charge distribution of optimized geometric structures of (a) monomer MTCM and 
monomer-metal ion complexes (b) MTCM with Zn2+ and (c) MTCM with Pb2+ respectively. (red - oxygen; gray - 
carbon; yellow - sulphur; white - hydrogen; purple-blue - zinc; dark gray - lead)
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Fig. 20. The Electrostatic potential surface of optimized geometric 
structures of (a) monomer MTCA and its metal ion complexes with (b) 
Zn2+ and (c) Pb2+ respectively; The Electrostatic potential surface of 
optimized geometric structures of (d) monomer MTCM and its metal 
ion complexes with (e) Zn2+ and (f) Pb2+ respectively.   

5.3. Conclusions  

In summary, we have studied the applicability of two thiophene-based 

mesoporous polymers (PTCA and PTCM) as attractive adsorbents for 

heavy metal removal and retrieval. The mesoporous and heteroatom (O 

and S) comprised framework of the polymers improve the guest-host 

interaction and pay off for the low surface area of the polymers. The 

sorption study displays that the maximum adsorption capacity of the 

polymer PTCA for Zn2+ and Pb2+ was obtained as 729.4 mg/g and 569.1 

mg/g respectively, and the maximum adsorption capacity of the 

polymer PTCM for Zn2+ and Pb2+ was obtained as 652.7 mg/g and 545.1 

mg/g respectively. Also, there is a good agreement exists between the 
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experimental values of the maximum amount of metal ions adsorbed 

and the values calculated from the pseudo-second-order kinetic model. 

The desorption study proposes that the polymers are suitable to reuse in 

the water treatment process after acid washing. The theoretical study 

conducted is in good agreement with the experimental results. 
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The polymers PTCA and 
PTCM show high removal 
efficiency towards cationic 
dyes compared to the anionic 
dyes. Since both of the 
polymers show the highest 
removal efficiency towards 
CV dye, it was chosen as a 
model cationic dye to study 
various factors affecting the 
adsorption process. The 
maximum adsorption 
capacity of CV obtained was 
151.49 mg/g for PTCA and 
142.28 mg/g for PTCM.
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6.1. Introduction 

Water pollution is a serious issue on a global scale and is caused by the 

enormous volume of effluents that industries discharge [1]. Among 

these effluents, organic dyes are one of the most considered 

contaminants due to their severe adverse effect on aquatic life and the 

environment [2]. Several industries such as food processing, cosmetics, 

paper, textile, leather, pharmaceutical, and printing sectors, employ a 

variety of dyes to colour their goods and release a large amount of dye-

tainted water into nearby water bodies [3-7]. To protect public health, 

removing these harmful dyes from wastewater is crucial before releasing 

them into the environment [8]. Adsorption has drawn the most attention 

among various methods of dye removal because of its benefits, 

including high efficiency, high practicability, simple operational mode, 

and cost-effectiveness. The efficiency of the adsorption process depends 

on the nature of the adsorbent employed. Thus, in this study, we are 

focusing on two porous polymers having a great potential for dye 

removal. Since the cationic dyes cause more toxicity than the anionic 

dyes [9], it should be of utmost importance to get rid of these cationic 

dyes practically. The polymers used in this study are highly effective at 

removing cationic dyes like methylene blue, malachite green, and 

crystal violet. By using crystal violet as a model cationic dye in this 

study, various parameters that affect the adsorption of cationic dyes 

were thoroughly examined. 
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6.2. Results and discussion  

6.2.1. Adsorption performance test 

The UV–Vis spectra and the removal efficiency of a single dye solution 

(MB, MG, CV, RhB, MO, MR, and CR) before and after the adsorption 

are displayed in Fig. 1 and Fig. 2 respectively. The polymers were found 

to remove cationic dyes MB, MG, CV, and RhB more efficiently than 

anionic dyes, with removal efficiencies of 95.6%, 97.7%, 99.2%, and 

73.3% for PTCA and 92.7%, 96.3%, 97.3%, and 56.0% for PTCM, 

respectively. It indicates the predominant effect of electrostatic 

interaction on the adsorption process, meanwhile, chemical interactions 

may play a minor role in the adsorption process [10]. 

Additionally, we compared the efficiency of the polymers towards 

different cationic dyes in a multi-cationic dye system. Fig. 3 and Fig. 4 

display the UV–Vis spectra of the MB/MG/CV mixture solution during 

the adsorption by the polymers. The percentage removal of MB, MG, 

and CV by the polymer PTCA was found to be 95%, 92%, and 96% 

respectively, and by the polymer PTCM was found to be 75.6%, 69.0%, 

and 77.6% respectively. Hence, we conclude that the removal efficiency 

of cationic dyes in the MB/MG/CV mixture solution is lower than that 

of a single dye system, which may be the result of competing adsorption 

between the cationic dyes. Both polymers exhibit a higher removal 

efficiency for CV than the other two dyes, which may be due to the 

improved interaction of the polymers with CV dye molecules. So, in this 

study, we have chosen CV as the model cationic dye to explore various 

factors affecting the removal efficiency of the polymers [10]. 
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Fig. 1. The UV–Vis spectra of single dye (MB, MG, CV, RB, MO, MR, 
and CR) solution before and after adsorption by the polymers PTCA and 
PTCM. 

 

Fig. 2. The % removal efficiency of the dyes by the polymers PTCA and 
PTCM (C0 = 4 ppm, absorbent dosage = 1.6 mg, volume of solution = 
50 mL, t = 24h). 
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Fig. 3.  The UV–Vis spectra of MB/MG/CV mixture solution during the 
adsorption by the polymers PTCA. The inset images show the color 
change of the mixed dye solution during the adsorption. 

 

Fig. 4.  The UV–Vis spectra of MB/MG/CV mixture solution during the 
adsorption by the polymer PTCM. The inset images show the color 
change of the mixed dye solution during the adsorption. 
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6.2.2. Effect of adsorbent dosage 

The effect of the adsorbent amount on the removal of CV was assessed 

by adding different quantities of polymers to a fixed volume and 

concentration of dye solution at natural pH. Fig. 5a demonstrates that 

when the amount of polymer increases, the CV removal efficiency 

initially rises, reaches a maximum, and then nearly stays constant. The 

greater number of adsorption sites made available by the increased 

volume of adsorbents may have contributed to the initial improvement 

in removal efficiency [11]. Even in the presence of a large number of 

adsorption sites, the removal efficiency remains constant at greater 

concentrations of adsorbent, possibly because of the increased surface 

area and the quick formation of adsorption equilibrium. The maximum 

CV adsorption efficiency was observed with 1.6 mg of polymers for a 

4-ppm dye solution. As a result, 1.6 mg of polymers were chosen for 

more studies.  

6.2.3. Effect of pH 

The CV adsorption effectiveness of PTCA ranged from 83.37% to 

95.4% and that of PTCM ranged from 97.05% to 99.19% when the 

initial solution pH range was altered between 2 and 12 (Fig. 5b). It 

suggests that the material is usable in a wide pH range because the initial 

pH had little to no influence on CV adsorption by the polymer PTCA 

and nearly no effect on CV adsorption by the polymer PTCM [12]. 

Significantly, the pH of the final solution was in the range of 4.65 to 

6.01, showing that the addition of the polymers significantly changed 

the pH of the solution. The acidic pH of the final solution may be due to 

the release of doped H+ ions during the adsorption process. For both the  
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Fig. 5. (a) The effect of adsorbent dosage on the removal of CV (C0 = 4 
ppm, volume of solution = 50 mL, t = 24h, pH = natural pH); (b) The 
effect of pH on the removal of CV (C0 = 4 ppm, absorbent dosage = 1.6 
mg, volume of solution = 50 mL, t = 24h). 
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polymers, the CV removal efficiency is found to be maximum around a 

neutral pH level. At lower pH values, the electron-rich heteroatoms of 

the polymer may involve in interaction with the competitive H+ ions 

making them less available to interact with the dye molecules and 

leading to reduced adsorption efficiencies. The competing action of H+ 

ions is lessened as pH rises, and more dye molecules can bind to these 

adsorption sites, thereby increasing the removal efficiency. However, 

due to the presence of competing adsorption of Na+ ions produced by 

the addition of alkaline media, the removal efficiency marginally 

reduces in the higher pH range [10]. 

6.2.4. Effect of initial concentration and adsorption isotherms 

The equilibrium uptake of the dye at different initial concentrations was 

examined as explained in the experimental section. As shown in Fig. 6a 

the adsorption capacity of both polymers was found to be increased with 

an increase in the initial concentration of the dye, reached a maximum 

value, and then practically remained constant. The maximum adsorption 

capacity obtained for PTCA and PTCM is 151.49 mg/g and 142.28 mg/g 

respectively. Also found that the % removal efficiency decreases as the 

initial dye concentration increases (Fig. 6b). At higher dye 

concentrations there is a greater chance of mass transfer due to the 

concentration variance between the bulk of the solution and the interface 

of the adsorbent [13].  

The Freundlich adsorption isotherm and the Langmuir adsorption 

isotherm were used to fit the adsorption data to further examine the 

adsorption process of CV onto the polymers (Fig. 7). Table 1 displays 
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the calculated parameters for these two models. The parameter Qm 

(mg/g) obtained from the Langmuir equation is the measure of 

monolayer adsorption capacity and KL is a constant associated with the 

energy of adsorption. The bond energies and bond strengths between the 

dye molecule and the adsorbent are represented, respectively, by the 

parameters KF and n derived from the Freundlich equation. The R2 

values are viewed as a gauge of how well the experimental data fit the 

isotherm models [11]. Since R2 related to the Langmuir model is greater  

 

Fig. 6. (a,b) The effect of initial dye concentration on the removal of CV 
(Adsorbent dosage = 1.6 mg, volume of solution = 50 mL, t = 24h, pH 
= natural pH). 

 

than 0.999 which is very close to one for both the polymers, we conclude 

that the adsorption process follows the Langmuir adsorption isotherm. 

Thus, it is anticipated that chemical adsorption is the major process 

involved in the adsorption of dye molecules. The value of Qm was 

reliable with the experimentally attained values, which confirms the 

monolayer adsorption. Meanwhile, the R2 value related to the Freundlich 

adsorption isotherm model is only in the range of 0.83-0.86, which rules 
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out the likelihood of a larger contribution of the physisorption process 

in the adsorption of dye molecules. 

 

Fig. 7. (a,b) The Freundlich adsorption isotherms of CV adsorption on 
the polymer PTCA and PTCM respectively; (c,d) The Langmuir 
adsorption isotherms of CV adsorption on the polymer PTCA and 
PTCM respectively. 

 

The Langmuir isotherm model also provides a parameter called 

separation factor RL which is used to determine the suitability and shape 

of the isotherm and also helps to predict whether an adsorption system 

is favorable or not. RL is given by equation 6.1 

�௅ =
ଵ

ଵା௄ಽ஼బ
        (Equation 6.1) 
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where C0 (mg/L) is the concentration of CV solution before adsorption, 

and KL (L/mg) is the Langmuir adsorption equilibrium constant. RL = 0, 

0 < RL < 1, RL = 1, and RL > 1 represent irreversible adsorption, favorable 

adsorption, linear adsorption, and unfavorable adsorption respectively 

[10]. The RL values obtained for both polymers lie in the range of 0 to 1 

for all initial dye concentrations between 1-7 ppm (Table 1), signifying 

that the dyes exhibit favorable adsorption on both of the polymers. 

Table 1. The parameters obtained from Freundlich and Langmuir 

adsorption isotherms. 

Sorption Studies 

Adsorbate 

Langmuir Freundlich 

Qm 

(mg/g) 

KL 

(L/mg) 
R2 RL 

KF 

(L/mg) 
n R2 

PTCA 153.85 32.5 0.9999 

0.004  

to 

0.030 

152.56 3.86 0.8569 

PTCM 144.93 34.5 0.9997 

0.004 

to 

0.028 

138.21 7.08 0.8335 

 

6.2.5. Effect of contact time and adsorption kinetics 

The UV-Vis spectra and images of the CV dye solution at different time 

intervals are shown in Fig. 8 and Fig. 9. Meanwhile, Fig. 10a and Fig. 

10b represent the percentage removal of the dye and the adsorption. The 

results of the analysis of the adsorption data using the pseudo-first-order, 

pseudo-second-order, and intraparticular diffusion model kinetics are 
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shown in Fig. 11 and Table 2. The first-order rate equation of Lagergren 

is one of the most widely used equations for the adsorption of a solute 

from the liquid solution. The pseudo-second-order considers that rate of 

occupation of adsorption sites is proportional to the number of 

unoccupied sites [11]. The highest value of the correlation coefficient is 

obtained for the pseudo-second-order kinetic model (R2 = 0.9989 for 

PTCA and R2 = 0.9908 for PTCM) compared to the pseudo-first-order 

kinetic model (R2 = 0.9862 for PTCA and R2 = 0.9660 for PTCM), 

hence this result reveals that the pseudo-second-order kinetic model is 

better suited to describe the adsorption behavior of CV onto the 

polymers, with chemisorption as the primary process. 

 

Fig. 8. UV-vis spectra of CV dye solution at different stages of 
adsorption (a) by the polymer PTCA (C0 = 4 ppm, Adsorbent dosage = 
1.6 mg, volume of solution = 50 mL, pH = natural pH). The inset images 
show the color change of the CV dye solution during the adsorption. 
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Fig. 9. UV-vis spectra of CV dye solution at different stages of 
adsorption (a) by the polymer PTCM (C0 = 4 ppm, Adsorbent dosage = 
1.6 mg, volume of solution = 50 mL, pH = natural pH). The inset images 
show the color change of the CV dye solution during the adsorption. 

 

 

Fig. 10. (a) Percentage removal of the dye by the polymers PTCA and 
PTCM; (b) adsorption capacity of the polymers PTCA and PTCM. (C0 
= 4 ppm, Adsorbent dosage = 1.6 mg, Volume of solution = 50 mL, pH 
= natural pH). 
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6.2.6. Adsorption mechanism 

Multiple successive mass transfer steps are anticipated to be involved in 

the kinetic mechanism of the adsorption process. First, the adsorbate 

flows from the bulk of the solution to the boundary layer (film) on the 

outer surface of the adsorbent, then the adsorbate diffuses from the 

adsorbent surface into the internal pores of the adsorbent. Finally, the 

dye molecules are adsorbed into the active sites inside the adsorbent 

particles, which entails a comparatively extensive contact time [14, 15]. 

The kinetic study reveals that intra-particle diffusion also occurs during 

the adsorption process. The curve of Qt versus t1/2 should be linear if the 

intra-particle diffusion mechanism is involved in the adsorption. If it 

plays a major role in the rate-determining step of adsorption, the straight 

line should pass through the origin. However, an intra-particle diffusion 

process exhibiting multilinear plots indicates more than one 

simultaneous process during adsorption. Fig. 11e and Fig. 11f show two 

linear zones on the plot of Qt versus t1/2, which is an indication of 

multiple simultaneous processes taking place during the adsorption of 

CV onto the polymers. The steeply sloping linear region on the plot is 

connected to the diffusion of dye molecules through the aqueous 

solution to the boundary layer or film of the polymer. The second phase 

is related to the internal diffusion towards the interior of the adsorbent 

through the pores and particles of the adsorbent. Moreover, none of the 

plots passing through the origin shows the presence of a second 

adsorption mechanism operating in addition to the intra-particle 

diffusion process [11]. This conclusion is further supported by the 

increased value of intercept (C), which shows the thickness of the 
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boundary layer. So, we conclude that the high removal efficiency of the 

polymers towards the CV dye is due to the combined effect of surface 

adsorption along with the intra-particle diffusion process [16]. 

 

 

Fig. 11. (a,b) Pseudo-first-order, (c,d) pseudo-second-order, and (e,f) 
intraparticle diffusion model plots for the adsorption of CV on the 
polymers PTCA and PTCM respectively.  
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Table 2. Kinetic parameters for the adsorption of CV on the polymers PTCA and PTCM. 

 

Kinetic Studies 

Adsorbate 

pseudo-first order pseudo-second order Intraparticle diffusion 

Qe 

(mg/g) 

k1 

(h-1) 
R2 

Qe 

(mg/g) 

k2 

(g/mg h) 
R2 

kint 

(mg g-1 h-1/2) 

C 

(mg/g) 
R2 

PTCA 94.53 0.21 0.9862 131.58 0.0044 0.9989 
22.38 

4.38 

40.78 

102.12 

0.9944 

0.9653 

PTCM 94.27 0.13 0.9660 135.13 0.0023 0.9908 
19.26 

13.76 

33.47 

52.92 

0.9967 

0.9616 
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The FTIR spectra of the polymers were taken before and after the 

adsorption of CV dye to further understand the adsorption mechanism 

(Fig. 12 and Fig. 13).  

 

Fig. 12. FT-IR spectra of the polymer PTCA before and after the 
adsorption of CV dye. 

 

 

Fig. 13. FT-IR spectra of the polymer PTCM before and after the 
adsorption of CV dye. 
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Upon adsorption, the spectra of adsorbents showed distinctive peaks 

corresponding to the characteristic frequencies of dye molecules. The 

peak at 2917 cm-1 and 1360 cm-1 corresponds to C-H stretching of the -

CH3 group and C-N stretching of aromatic tertiary amine respectively, 

while a small shoulder peak around 1559 cm-1 corresponds to C=C 

stretching of the aromatic ring. Successful adsorption of CV onto the 

polymer is also indicated by changes in the position and intensity of the 

characteristic peaks of the polymers [17]. The peaks correspond to C=C 

stretching of α,β-unsaturated ketone displays a shift from 1597 cm-1 to 

1604 cm-1 and 1617 cm-1 to 1620 cm-1 for PTCA and PTCM 

respectively. Also, the peaks corresponding to C=C stretching of 

thiophene moiety show a shift from 1423 cm-1 to 1412 cm-1 and 1439 

cm-1 to 1425 cm-1 for PTCA and PTCM respectively. These shifts point 

to the probable π-π interaction between the extended π conjugative 

system of the adsorbent and the aromatic rings of the dye molecules. 

Similarly, the peak at 1118 cm-1 and 1049 cm-1 corresponds to the C-S-

C stretching vibration of the polymer PTCA and the thiophene skeletal 

vibration of the polymer PTCM was found to be shifted to 1123 cm-1 

and 1036 cm-1 respectively, indicating the involvement of thiophene 

group in the adsorption process through n-π interaction or π-π 

interaction. A large shift (1637 cm-1 to 1627 cm-1 for PTCA and 1657 

cm-1 to 1649 cm-1 for PTCM) exhibited by the characteristic peak 

attributed to the C=O group of the polymer indicates a strong 

electrostatic interaction between the tertiary amine group of the CV dye 

and the carbonyl group of the polymers. This possible potential 

interaction between the dye and the polymer is confirmed by the absence 

of a peak at 1178 cm-1 in the dye-adsorbed polymers, which is attributed 
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to the C-N stretching vibration of the tertiary amine of the dye molecules 

[17]. Therefore, we conclude that the remarkable adsorption 

performance of the adsorbents towards the CV dye results from the 

comprehensive combination of electrostatic interaction, n-π 

interactions, and π-π stacking interactions. The expected mechanism is 

shown in Scheme 1. 

 

Scheme 1. Possible interactions involved in the adsorption of CV onto 
the polymers. 

 

6.2.7. Selective adsorption experiments 

A mixture of CV (cationic) and MO (anionic) dye solution was used to 

conduct the selective adsorption experiment. Fig. 14 and Fig. 15 display 

the UV-Vis spectra and photos of the combined dye solution during the 

adsorption. The UV-Vis spectra demonstrate that as adsorption 

proceeds, the intensity of the distinctive peak of the CV/MO mixture 

solution at 590 nm (corresponding to CV) weakens and almost 
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disappears, whereas the intensity of MO characteristic peak at 465 nm 

undergoes only a slight change in the intensity. This can be seen from 

how the color of the CV/MO mixed solution gradually changes from 

purple grape to yellowish orange (the color of MO) (inset of Fig. 14 and 

Fig. 15). These findings demonstrate that the polymers are capable of 

selectively removing and adsorbing cationic dye (CV) from the mixed 

 

Fig. 14. UV-vis spectra of CV/MO mixed dye solution at different 
stages of adsorption by the polymer PTCA (C0 = 4 ppm, Adsorbent 
dosage = 3.2 mg, Volume of solution = 50 mL, t = 24h, pH = natural 
pH).  The inset images show the color change of the mixed dye solution 
during the adsorption.  

 

cationic/anionic dye solution. The carbonyl group of the polymers and 

the tertiary amine group of the CV dye molecules may interact 

chemically to cause preferential adsorption. The electrostatic interaction 
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between the anionic dyes and the polymers may be the cause of the 

negligible adsorption of anionic dyes [18]. 

6.2.8. Desorption and reusability studies 

The reusable, high-regenerative adsorbent can only be used in industrial 

settings. The adsorbed dyes must be desorbed from the polymer surfaces 

to free up the active sites for the next adsorption cycle. We employed  

 

Fig. 15. UV-vis spectra of CV/MO mixed dye solution at different 
stages of adsorption by the polymer PTCM (C0 = 4 ppm, Adsorbent 
dosage = 3.2 mg, Volume of solution = 50 mL, t = 24h, pH = natural 
pH).  The inset images show the color change of the mixed dye solution 
during the adsorption.  

 

ethanol as the desorbing agent in this study. The addition of ethanol 

decreases the extent of interaction between polymer and CV molecules, 

as a result, CV molecules get desorbed from the surface of the adsorbent. 



 
 

Chapter 6

193

The desorption efficiency obtained for PTCA and PTCM is 99.04% and 

93.78% respectively. To check the reusability of the polymers the 

adsorption-desorption cycles were carried out five times and the 

outcomes are presented in Fig. 16. According to the results, the removal 

efficiency of PTCA falls from 99.17% to 96.42% and PTCM falls from 

97.99% to 92.46%. Also, after five cycles, it was revealed that the 

desorption efficiency for PTCA and PTCM declined from 99.04% to 

92.08% and 93.78% to 87.43%, respectively. The occlusion of some 

active sites by dye molecules, which are challenging to desorb due to 

their strong chemical interactions with the polymer surface, may be the 

source of the predicted drop in the removal efficiency after each cycle 

[17]. 

 

Fig. 16. (a) Percentage removal efficiency and (b) Percentage desorption 
efficiency of the polymers PTCA and PTCM during five adsorption-
desorption cycles. 

6.3. Conclusions 

This study investigates the dye adsorption efficiency of two polymers 

PTCA and PTCM. Both the polymers exhibited high removal efficiency 
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towards cationic dyes. The study conducted using single dye solutions 

and mixed cationic dye solutions revealed that both of the polymers 

show the highest removal efficiency towards CV, hence it was selected 

as a model cationic dye to explore various factors influencing the 

adsorption process. The effect of adsorbent dosage, pH, initial dye 

concentration, and contact time were studied in detail. The maximum 

adsorption capacity obtained was 151.49 mg/g and 142.28 mg/g for the 

polymer PTCA and PTCM respectively. The Langmuir adsorption 

isotherm was satisfactorily used to describe the adsorption process. The 

kinetic studies demonstrate that the adsorption process adheres to 

pseudo-second-order kinetics, revealing chemisorption as the primary 

mechanism involved in the adsorption. Two linear plots observed in the 

intra-particle diffusion model confirmed the involvement of surface 

adsorption and intra-particle diffusion process in dye removal 

progression. FT-IR analysis pointed to the conclusion that a complex 

interplay of elctrostatic interaction, n- π interactions, and π-π stacking 

interactions is responsible for the outstanding adsorption ability of the 

adsorbents. The polymers PTCA and PTCM retained 96.42% and 

92.46% of removal efficiency even after five adsorption-desorption 

cycles, which shows exceptional reusability of the utilized polymers. 

Therefore, this study offers two polymers that could be employed as 

promising adsorbents for the selective removal of cationic dye 

molecules. 
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Summary and Future Outlook  
 

In this piece of work, we designed, synthesised and characterized two 

thiophene-bearing bis-chalcones; MTCA and MTCM. The chalcone 

MTCA acts as an excellent colorimetric probe for the rapid and selective 

detection of bisulfite/sulfite anions in aqueous solutions, as well as in 

real samples. This probe is based on the Michael addition reaction which 

is favoured in the presence of cationic micellar media CTAB. CTAB 

promoted Michael addition as an effective tool to determine SO2 toxicity 

which is mainly expressed in terms of the collective concentration of 

bisulfite and sulfite anions. The probe showed high selectivity and 

sensitivity toward bisulfite and sulfite over other interfering anions, with 

a detection limit of 0.43 µM and 0.23 µM respectively.  

Owing to the presence of terminal thiophene units, we attempted to use 

these monomers to develop a new class of polymers with a donor-л-

acceptor-л-donor type of repeating units. To the best of our knowledge, 

we are the first to report this kind of synthesized polymers; PTCA and 

PTCM. By employing FeCl3 mediated oxidative coupling reaction, we 

could achieve the template-free synthesis of mesoporous polymers 

which is not commonly known. The novelty of our work lies here. 

Moreover, FeCl3-promoted oxidative coupling polymerization offers an 

added advantage of facile, low-cost, and large-scale syntheses.  

The porous nature, presence of heteroatoms and electron-rich thiophene 

rings make the polymers excellent candidates for environmental 

applications such as iodine capture, heavy metal ion removal and 

organic dye adsorption. The maximum iodine capture capacity obtained 
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for PTCA and PTCM were 242 and 221 wt.% respectively. The 

maximum adsorption capacity of the polymer PTCA for Zn2+ and Pb2+ 

ions were obtained as 729.4 mg/g and 569.1 mg/g respectively, and the 

maximum adsorption capacity of the polymer PTCM for Zn2+ and Pb2+ 

was calculated as 652.7 mg/g and 545.1 mg/g respectively. 

Impressively, the maximum adsorption capacity of crystal violet 

obtained was 151.49 mg/g for PTCA and 142.28 mg/g for PTCM. These 

remarkable polymers can be recycled and reused without significant loss 

of efficiency towards various adsorbates, even after five cycles.

Scope for future work 

The present study has resulted in the development of two novel and 

innovative thiophene-bearing bis-chalcone-based polymers, with 

exceptional potential for environmental applications. Our study opened 

up several promising avenues for future research including: 

• Exploring the NLO properties of the synthesized polymers, and 

post-synthetic modification of the synthesized polymers. 

• Design and synthesis of substituted monomers and the same kind 

of monomers with different aromatic rings (pyrrole, benzene, 

furan etc instead of thiophene) for sensing and NLO 

applications. 

• Design and synthesis of substituted polymers and the same kind 

of polymers with different aromatic rings (pyrrole, benzene, 

furan etc instead of thiophene) for environmental and NLO 

applications. 
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