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Abstract 
During last three decades, calixarenes a family of macrocyclic oligophenols have 

attracted much attention because of their unique molecular structure, simple one-pot 

synthesis, stability and their application as recognition agents with high sensitivity toward 

the ionic as well as neutral guest molecules. However, the present study comprise the 

synthesis and derivatization of calix[n]arene based and/or simple polymeric resins by 

anchoring different groups (i.e. esteric, nitro, amino or thiourea) along with their 

analytical/environmental applications. The new synthetic compounds/resins were 

characterized by various analytical techniques (i.e. FT-IR, NMR, SEM, elemental 

analysis etc). 

In the first phase of study, the synthetic work was carried out by synthesizing 

5,11,17,23-p-tert-butyl-25,26,27,28-tetrahydroxycalix[4]arene (i) and 5,11,17,23,29,35-

hexa-tert-butyl-37,38,39,40,41,42-hexahydroxycalix[6]arene (ii) followed by their de-

tert-butylation from para-positions and Williumsons’ etherification to obtain iii, iv and 

v, vi, respectively. The synthesis of iii and iv was achieved by the treatment of i and ii 

with AlCl3 in the presence of phenol. Compounds v and vi, were prepared by the 

reaction of bromoethyl acetate in the presence of K2CO3 in acetone while, the ligand v 

was immobilized on to Amberlite XAD-4 resin (vii). The 5,11,17,23-p-tetranitro-

25,26,27,28-tetrahydroxycalix[4]arene (viii) was also synthesized from i by treating 

H2SO4/ NaNO3 in chloroform. Furthermore, the ligand viii was used to obtain a new 

derivative, i.e. 5,11,17,23-p-tetranitro-25,26,27,28-tetramethoxycarbonylmethoxy-

calix[4]arene (ix). 

The ligands (v,vi and ix) and resin (vii) were used in extraction (liquid-liquid 

and/or solid-liquid) studies for a series of metal cations (i.e, Li+, Na+, K+, Cs+, Mg2+, 

Ag+, Pb2+, Cu2+, Co2+, Cd2+, Ni2+, Hg2+, Al2+, Fe3+). The extraction results reveal that 

both vi and vii are highly suitable extractants selective for Pb2+ while ix is for Hg2+ even 

in the presence of other co-existing ions. 

Consequently, the anion receptors were also synthesized; the ligand viii was 

immobilized onto Marrifield resin to have x that was followed by catalytic reduction of 



 
 

ii

p-nitro groups of x to obtain a modified resin xi with amino groups. Finally, the p-amino 

groups of xi were converted to thiourea binding sites in order to obtain resin xii. 

The Amberlite XAD-4 resin (xiii) was modified to have nitro groups onto its 

surface through nitration (xiv). The nitro groups were converted to amino groups by 

catalytic reduction (xv) followed by conversion into thiourea (xvi) groups. for 

comparison with above resins i.e. xi and xii. 

In order to evaluate the fluoride extraction efficiency of newly synthesized 

anionophoric resins (xi, xii, xv and xvi) solid-liquid extraction experiments were 

performed. From the results it has been concluded that all resins have significant 

extraction efficiency for fluoride from aqueous media. It has also been noticed that there 

is no significant effect of co-existing anions (Cl-, Br-, I-, NO3
2-, NO2

-, SO3
2-, PO4

2-, CO3
2-

and HCO3
-) on the extraction behavior of these resins. A remarkable extraction efficiency 

for fluoride has been observed with the calixarene appended resins (xi and xii) as 

compared with the simply modified resins (xv and xvi). Moreover, the fluoride extraction 

efficiency of the resins was also found satisfactory when these were applied on real water 

samples collected from different places of Thar Desert. Thus, it has been deduced that the 

resins could be used as adsorbent material for the removal of fluoride from the ground 

water of Thar Desert. 
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Chapter – 1 

INTRODUCTION 

The ‘Thar Desert’ in Pakistan is the 9th largest desert of the world. It is bounded 

on the north by Mirpurkhas district, on east by Barmer and Jaisalmir districts of 

Ragisthan state of India, on west by district Badin. In the south, there are salt marshes 

and mud flats of the “Rann of Kutch” a former shallow arm of the Arabian Sea. 

The ‘Thar Desert’ covers an area of about 22,000 Sq Km with a population of 

more than one million (according to Census held in 1998). Peoples normally live in 

villages, which are spread throughout the desert area. Native of this area rely on 

groundwater for drinking purposes, which is available at the depth of 20 to 300 ft and is 

fetched by animals like camels and donkeys through hand-dug wells [1]. Several 

investigations were carried out for the water quality parameters of the ‘Thar Desert’ [1-

4]. The studies indicate that various toxic/or essential ions are present in ground water of 

this area (i.e. Li+, Na+, K+, Ca2+, Mg2+, Sr2+, Al3+, Cu2+, Pb2+, Hg2+, Fe2+, Mn2+, Zn2+, F-, 

NO3
-, CO3

-, HCO3
-, SO4

2-, PO4
2-) [1]. 

The study of environmental contaminants such as Pb2+, Hg2+ and F- in water have 

been exploited by a number of research groups [5-9]. These targeted metal ions are 

mostly present in the environment due to fossil fuel combustion, oil refineries, and 

wastewater of paint, smelting plants, battery and fertilizer industries; moreover, they are 

mixed with ground water during weathering and circulation of water in rocks and soils 

[4,10,11]. The exposure to these elements is known to cause severe health effects on 

humans all over the world [12-14]. Being highly toxic metals they are known to cause 

brain damage [15-17], nephropathy [18,19], sluggishness [20,21], hyperirritability [22], 

restlessness [23], infertility [24] and a number of diseases during childhood [17]. Among 

these toxicants in drinking water, fluoride has unique properties; it has significant 

advantages as well as detrimental effects to human health depending on its concentration 

[25]. Fluoride has major role for the proper growth of different organs in human beings. 

Generally, in order to strengthen teeth and to minimize cavities, fluoride is added in the 
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drinking water in low concentration [26]. However, maintaining fluoride concentration 

below the permissible limit (i.e. 1.5 mg L-1) in the dietary intake surely minimizes the 

skeletal and dental problems [27]. Nevertheless, when the concentration of fluoride is 

above this limit, it causes dental and skeletal fluorosis and lesions of the endocrine 

glands, thyroid and liver etc. All these serious health effects are observed in different 

areas of the world including China, India, Mexico, Africa and also in certain areas of 

‘Thar Desert’ of Pakistan [1-4]. The analytical investigation of groundwater quality 

regarding fluoride concentration of Thar Desert of Pakistan has been recently reported in 

the range of 0.09-30.25 mg L-1 [1]. For the remediation of excessive amount of the 

toxicants from drinking water, several methods, i.e. chemical precipitation, Donnan 

dialysis, electrodialysis, membrane filtration, osmosis and extraction [28-37] have been 

applied quite successively. 

1.1. Chemical Precipitation 

The chemical precipitation is the conversion of dissolved ions to solid material 

that can be removed by sedimentation or filtration. For the achievement of this object, 

one has to find a safe, inexpensive and suitable precipitant for each ion concerned. The 

ideal product of precipitation should be insoluble/filterable or that settles easily. 

Appropriate techniques are applied to optimize the properties of the precipitate such as 

cooling or adding precipitant slowly with rigorous mixing etc. [38]. For example, water 

softening through lime soda is an important technological application of chemical 

precipitation [39]. 

1.2. Membrane Technology 

Membranes are thin layers of various materials that allow the transmission of 

water retaining impurities. There are several types of membranes being applied for 

treating water such as reverse osmosis (RO), ultrafiltration (UF), nanofiltration (NF) and 

microfiltration (MF) [40]. However, these processes have certain limitations such 

utilization of high energy, expensive equipments as well as reagents and generation of 

toxic sludge along with other waste products.  On the other hand, liquid membrane (LM) 

techniques, i.e., organic liquid in contact with two separated aqueous phases have 
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provided the solution to analytical chemists due to its high potential for the separation of 

substrate even in cases of minute quantity of solute concentrations [41]. This technique is 

basically the same as that of liquid-liquid extraction, but the transport is governed by 

kinetic rather than equilibrium parameters by a non-equilibrium mass transfer. In LM 

processes, the extraction, stripping, and regeneration operations are combined in a single 

stage [41-43]. In LM technology carrier play a significant role for the separation of 

desired substances. Due to its simplicity and accessibility of constant mass transfer area, 

BLM is the simplest design for performing liquid membrane processes [41]. Thus, the 

present technology finds its use in small-scale operations and is a popular choice in 

applications that are in developmental stages [41,44-45]. 

1.3. Extraction 

Extraction is the withdrawing of active species/or waste substances from a solid 

or liquid mixture with a liquid solvent [46]. The solvent is not or only partial miscible 

with the solid or the liquid. By intensive contact the active species transfers from the 

solid or liquid mixture (raffinate) into the solvent (extract). After mixing, the two phases 

are separated either by gravity or centrifugal forces. For recovery of the solvent and to get 

the active agent in pure form, a further separation process is necessary (rectification or re-

extraction). 

1.3.1. Principles for choosing extractant 

Two strategies can be used in choosing extractants; these are steric and 

electrostatic stabilization [46]. Steric stabilization is usually achieved with a non-ionic 

extractant or polymer, and electrostatic stabilization with an ionic extractant or polymer. 

An extractant with a high hydrophile-lipophile balance (HLB) is used for aqueous media, 

and one with a low HLB for non-polar organic liquids. Metal ions are charged, and this 

property allows for electrostatic extraction to be effective. The metals Hg and Pb are 

present as divalent cations and an anionic extractant will have a strong electrostatic 

attraction with these cations. Another factor is the nature of the binding site of the 

extractant, since non-polarizable (hard) anions preferentially bind to non-polarizable 

(hard] cations, and polarizable (soft) anions to polarizable (soft) cations. The divalent 
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metal cations of Hg and Pb are soft. An additional factor that needs to be considered 

when choosing an extractant is the reversibility of the system. Ideally the extractant 

should be highly selective for the targeted cation, but it should readily release the metal 

ion under changed conditions and thus be repeatedly used. 

The amount of extractant used should be adequate to give monolayer coverage. 

This is preferred because tail group of the extractant should be compatible with the 

extracting solvent, and a bilayer with a tail-to-tail attraction leads to the metal compatible 

hydrophilic head group being at the outer periphery rather than the hydrophobic tail 

group. 

1.3.2. Choice of extractant 

In selecting an extractant the choice of functionality to act as an anchoring head 

group is important. The binding of the coordinating group to the metal ion must be 

stronger than its hydration. The use of oligomers such as calixarenes having multiple 

absorption anchoring groups also need to be considered; as this allows for additives of 

binding sites to be achieved. 

The attention must also be given to the solubility of the tail of the complexant in 

solvent because it acts as a boundary between the metal and the aqueous layer. An 

extractant is most effective if the complexant preferentially associates with the metal ion, 

and the organic moieties with the solvent into which the metal ion is being extracted. 

When the complexant binds the metal ion, a monolayer usually achieves the maximum 

extractability that can be attained for that system [46]. The use of less than a monolayer 

leaves open sites on the metal ion that can be hydrated, and if more than a monolayer is 

absorbed, then the second molecular layer will likely be orientated in the opposite 

direction from the first layer, thereby reducing the compatibility of the copper 

nanoparticle with the vehicle (Fig. 1). 

The quantity of complexant md required disperse a given mass of metal ion mc in 

a given volume of liquid V can be calculated from the surface area of the metal ion (A c ), 
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the molar mass of the surfactant Md, and the molar area coverage of the dispersant Ad by 

Eq. 1; 

d

ccd
d A

Amm
M                                                   (1) 

 

Fig. 1. Representation of a layer of extractant with a metal ion. The coordinating groups 

of the extractant are in red and the metal ion in blue 

Multiple head groups in polymeric dispersants can be advantageous because they 

can have multiple anchoring sites on the copper nanoparticle (Fig. 2). This may lead to 

increased attraction between the metal ion and the complexant, and since the later 

occupies multiple sites on the metal ion, lower concentrations can be used. 

 

Fig. 2. Representation of a layer of a polymeric extractant onto a metal ion. The 

coordinating groups of the extractant are in red and the metal ion in blue. 
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1.3.3. Types of extraction 

1.3.3.1. Liquid-liquid extraction 

The extraction data are analyzed by a classical slope analysis method [47]. 

Assuming the extraction of an ion-pair [Mn+, An-] by the anion receptor [L] according to 

the following equilibrium in equation 2. 
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The extraction constant Kex is then defined by equation 3. 
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Equation 4 can be rewritten as equation 4. 

 orgexA LnKD logloglog        (4) 

where the distribution ratio DA is defined as ratio of the concentrations of an ion-pair 

[Mn+, An-] in the two phases (eq. 5) 
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Therefore, stoichiometry of the extracted species into organic phase can be determined by 

the slope of plot log DA verses. log [L]. 

1.3.3.2. Solid-liquid extraction 

Sorption is a common term applied for both absorption and adsorption [48]. The 

incorporation of substances at different states (i.e., liquids or gases absorbed on solids 

and/or liquids] is known as absorption; while the adsorption is the physical adherence or 

bonding of ions and molecules onto the surface of another substance [48]. The removal of 

toxicant can be demonstrated by two mechanisms: chemio-sorption and physiosorption 
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[49], and is evaluated by many physio-chemical factors, i.e. adsorbate/adsorbent 

interaction, pH, contact time, particle size, adsorbent surface area and temperature [50]. 

The adsorption process has gained significant favor recently due to their high efficiency 

for the removal of toxicant/pollutants. Adsorption generates a high quality result, and is a 

process which is economically feasible. [51]. 

The physiochemical properties of a adsorbent such as mesh size, surface area, 

porosity, form (granular or powder), type of functional groups, extent of ionization on its 

surface and mode of application plays a significant role for the achievement of high 

adsorption capacity. The functional groups that are present on the surface of the 

adsorbent are responsible for the type of adsorption (physio and/or chemiosorption]. 

Adsorption may be divided into two classes, i.e. physical adsorption 

(physiosorption] and chemical adsorption (chemiosorption). In physiosorption processes, 

the adsorbate is held by physical factors (van der Waals forces, i.e. electrostatic 

attractions, induced dipole and dispersed forces caused by slight fluctuations of electron 

density) [52]. In this type of adsorption there is no direct bond between the adsorbate and 

adsorbent. The adsorbate is adsorbed without undergoing any significant electronic 

structural change. 

Chemiosorption involves a chemical bond between the adsorbate and adsorbent 

[52,53]. The bond formed may be covalent or ionic [54]. In general, enthalpy change due 

to adsorption < 10 kJ mol-1 may demonstrate physiosorption, whereas > 85 kJ mol-1 

corresponds to chemiosorption. 

 

1.4. Adsorption Isotherms 

The adsorption isotherms [55] are related to the amount of material (adsorbate) 

adsorbed per unit mass of adsorbent at its equilibrium concentration in solution [52,53]. 

In other words, it is the variation in accumulation of a substance as a function of its 

equilibrium concentration in the bulk (solution or gaseous phase) at constant temperature. 

The adsorption isotherms may be applied to predict the adsorbate behaviour that has not 
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been experimentally investigated. The distribution of adsorbate between the surface and 

solution for other hypothetical conditions can also be predicted through the adsorption 

isotherms those are briefly explained as follows. 

1.4.1. Freundlich adsorption isotherm 

Herbert Max Finley Freundlich in 1906, empirically formulated the adsorption 

isotherm that is based on theoretical origin and widely employed for mathematical 

description of adsorption on aqueous systems [56]. The assumptions of Freundlich 

isotherm are: it forms multilayer on a heterogeneous surface of the adsorbent, which 

demonstrates the exponential distribution of active sites of the adsorbent and their 

energies toward the adsorbate [57]. The linear form of Freundlich isotherm is tested in 

the following form [58]; 

emads C
n

CC ln
1

lnln        (6) 

where 1/n is a characteristic constant related to adsorption intensity, Cads is the adsorbed 

concentration of adsorbate onto adsorbent (mol g-1), Ce represents equilibrium 

concentration of adsorbate in solution (mol L-1], and Cm is the multilayer adsorption 

capacity of adsorbent (L mol-1). 

A plot of lnCads versus lnCe, would yield a straight line if it obeyed by the system. 

The slope and intercept of a linear plot gives the values of 1/n and lnCm, respectively. 

1.4.2. Langmuir adsorption isotherm 

Irving Langmuir, an American chemist who was awarded the Nobel Prize in 1932 

for his discoveries and researches in the realm of “surface chemistry” [55]. Thus, the 

Langmuir isotherm [59,60] generally demonstrates the equilibrium distribution of ions 

between solids and liquid phases. The assumptions of Langmuir isotherm are based on: 

 the sorbate/ion that is chemically sorbed on the predetermined number of well 

defined sites; 
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 each site can hold only one ion; 

 all sites are energetically equivalent and; 

 there is no interaction between the ions. 

By increasing the concentration of sorbate, adsorption will also increase till the 

complete saturation of binding sites. 

The linear form of Langmuir equation of isotherm is given below: 

Q

C

QbC

C e

ads

e 
1

       (7) 

where Cads (mol g-1) and Ce (mol L-1) are the adsorbed and equilibrium concentrations of 

adsorbate on adsorbent surface and in solution, respectively. Q is the monolayer 

adsorption saturation capacity (mol g−1) and b represents the enthalpy of sorption (L 

mol−1), independent of temperature. 

1.4.2.1. Dimensionless constant (RL) 

The essential characteristic of the Langmuir isotherm [61] can be expressed by the 

dimensionless constant called equilibrium parameter, RL, calculated as; 

 i
L bC

R



1

1
        (8) 

where b is the Langmuir constant and Ci is the initial concentration of sorbate (mol L-1), 

the RL values indicate the type of isotherm [50]. 

 RL = 0: irreversible isotherm 

 0 < RL < 1: favorable isotherm 

 RL =1: linear isotherm 

 RL >1: unfavorable isotherm 
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1.4.3. Dubinin-Radushkevich (D-R) isotherm 

Dubinin and co-workers investigate the adsorption on porous materials and 

resulted in the Dubinin-Polanyi theory of micropore filling (also known as the theory of 

volume filling of micropores (TVFM)). This theory is based on the postulate that the 

mechanism for adsorption in micropores is that of pore filling rather than a layer-by-layer 

formation of a film on the walls of the pores. The D-R equation is an adaptation of the 

earlier Polanyi potential theory of adsorption [62-64]. The linear form of D-R isotherm is; 

 ßlnln mads XC        (9) 

where Cads is the amount of adsorbate adsorbed onto adsorbent surface (mol g−1) and Xm 

represents the maximum adsorption capacity of adsorbent (mol g−1), β is a constant 

related to adsorption energy, while ε is Polanyi adsorption potential [65] which is equal 

to; 

)
1

1ln(
eC

RT          (10) 

R is a gas constant in kJ mol−1 K−1, T is the temperature in Kelvin, and Ce is the 

equilibrium concentration of adsorbate in solution (mol L-1). The plot of ln Cads versus ε2 

is a straight line with the slope of β and intercept of Xm and the value of adsorption 

energy, E, can be correlated to β using the following relationship [58], 

2

1


E          (11) 

E is the free energy of the transfer of one mole of solute to the surface of the adsorbent. 

 

1.5. Kinetics of Adsorption 

The adsorption onto or into adsorbent surfaces with respect to time is known as 

adsorption kinetics. The batch studies play a significant role in designing and evolution 
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for the performance of adsorption kinetics. The adsorption kinetics may be determined by 

following main stages [55]. 

 External diffusion: Diffusion of molecules from the bulk phase towards the 

interface space. 

 Internal diffusion: Diffusion of molecules inside the pores. 

 Surface diffusion: Diffusion of molecules in the surface phase. 

 Adsorption/desorption elementary processes. 

Several kinetics models were used to evaluate the adsorption efficiency of adsorbents. 

For the evaluation of adsorption kinetics, the experimental data is subjected to different 

kinetics equations such as Lagergren, pseudo-second order rate expression, Morris-

Weber and Reichenberg. 

1.5.1. Lagergren equation 

The Lagergren/pseudo-first order rate expression [66], is one of the most widely 

applied kinetic model to the adsorption processes. The specific rate constant k for any 

adsorbate-adsorbent system in equilibrium can be calculated from Lagergren rate 

equation [67-70] and is given as; 

tkqqq ete 1ln)ln(         (12) 

where qt and qe are amount of adsorbate (mol g-1) adsorbed onto adsorbent at time t, and 

at equilibrium, respectively. Whereas, k1 (min.-1) is the pseudo-first-order rate constant. 

Thus, k1 (min-1) and qe (mol g-1) values can be obtained from the slopes and intercepts of 

the linear plots. 

1.5.2. Pseudo-second-order equation 

The pseudo-second-order equation is also based on the sorption capacity of the 

solid phase and is expressed as [71]; 



 12

  ,/ 2
2 te qqKdtdq         (13) 

where K2 is the rate constant of second-order adsorption. For the same boundary 

conditions the integrated form of Eq. (13) becomes eq. (14) [61]; 

.)/1()/1()/( 2
2 tqqKqt ee         (14) 

If second-order kinetics is applicable, the plot of t/q against t of Eq. (14) should 

give a linear relationship, from which qe and K2 can be determined from the slope and 

intercept of plot [47]. 

1.5.3. Morris-Weber equation 

The rate of adsorption may be calculated by determining the change in 

concentration of the adsorbate in contact with the adsorbent as a function of time. In 

batch adsorption processes the adsorbate molecules diffuse into the interior of the porous 

adsorbent and the rate process usually depends upon t1/2 rather than on the contact time t 

[72]. 

The Morris-Weber equation is generally applied to evaluate the intraparticle rate 

constant, Rid using the following relationship; 

qt = Rid t         (15) 

where qt is adsorbed concentration at time t, Rid is rate constant of intraparticle transport. 

From the slope of the linear plot qt versus t1/2, rate constant Rid may be calculated. 

1.5.4. Reichenberg equation 

Reichenberg equation was applied to check the mechanism of adsorption that 

proceeds either through film diffusion or intraparticle diffusion [61]. The effectiveness of 

the diffusion of the adsorbate species within the adsorbent particles of radius ‘r’ and 

control of film diffusion in adsorption may be deduced from the linear fit of the data to 

the Reichenberg equation [73]; 
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tBe
Q




2

6
1

         (16) 

where Q=qt/qm, Bt= 2 Di/r
2 and qt and qm are adsorbed concentrations at time t and the 

maximum adsorption capacity of the adsorbent, respectively. Di is the effective diffusion 

coefficient of the adsorbate species inside the adsorbent particle. The value of Bt which is 

a mathematical function of Q, can be evaluated for each value of Q, using following 

equation [57]; 

)1ln(4977.0 QBt          (17) 

In case of intraparticle diffusion and by plotting Bt versus time, the plot passes 

through origin; while in case of film diffusion the plot does not pass through origin. 

 

1.6. Thermodynamics of Adsorption 

The thermodynamics of the surface was originally formulated by Gibbs in 1878, 

and subsequent studies were directed mostly to gas/liquid, gas/solid and liquid/solid 

interfaces [72, 74-78]. 

The thermodynamic parameters relating to adsorption process such as enthalpy of 

the adsorption ΔHo (KJ mol-1), entropy ΔSo (J mol-1 K-1) and Gibbs free ΔGo (kJ mol-1) 

were evaluated as follow: 

R

S

RT

H
Kc





ln ,       (18) 

KcRTG ln        (19) 

where ∆H, ∆S, ∆G and T are the enthalpy, entropy, Gibbs free energy, and absolute 

temperature, respectively, R the gas constant and KC the equilibrium constant [79]. Plot of 

ln KC against 1/T can be calculated from the slope and intercept, respectively. The 

negative value of ∆H and ∆S predict exothermic and spontaneous nature of adsorption. 
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The negative value of ∆G also indicates the feasibility of adsorption [79]. The increase in 

∆G indicates that the process of adsorption slows down by increasing the temperature 

[57, 80]. 

1.7. Aims and Objectives of the Project 

The aim of present study is to carry out research leading to design and synthesis 

of suitable toxic ion receptors including ‘Fluoride’ ion using calixarene building blocks. 

Because from environmental, health and economic viewpoints, there is a continuous need 

for more selective and effective extractants for fluoride anions. This proposal is focused 

on meeting this need. The study also includes the evaluation of efficiency and industrial 

application of those synthesized compounds by applying various analytical approaches. 

The objectives can be summarized as shown below: 

 To design and synthesize calix[n]arene derivatives containing different functional 

groups and linkers. 

 To characterize calix[n]arenes derivatives through different techniques, such as, 

thin layer chromatography, infrared spectroscopy and nuclear magnetic resonance 

spectroscopy. 

 To evaluate the efficiency of synthesized material in the separation of toxic ions 

especially fluoride from the underground water of ‘Thar Desert’ by applying 

different separation science and analytical techniques, such as, complexation, 

liquid-liquid extraction and solid-liquid extraction techniques. 

 

1.8. Impact of the Study 

Synthesis of ion selective ligands based on calix[n]arene frame work results in an 

expanded set of applications. The design of molecules with high ionic affinities is 

important for numerous applications in chromatography, catalysis and separations [81]. 

Up to now, most successful application of calixarenes was used for cation/anionic 
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receptor and recently their potential applications are highly specific ligands for analytical 

chemistry, sensor techniques, medical diagnostics to their use in the decontamination of 

waste water, the construction of artificial enzymes, the synthesis of new materials for 

non-linear optics or for ultrathin layers and sieve membranes with molecular pores. 

Developments in microfabrication technologies and surface characterization, calixarene 

based receptors will provide a solid basis for generating new materials with properties 

tailored to the needs of microanalytical systems and sensors. The approach will be 

beneficial for the enhancement of both teaching and training of the manpower, as well as, 

it will support in the institutional capacity building. 
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Chapter - 2 

LITERATURE REVIEW 

2.1. Overview of Calixarene Chemistry 

Inspired from the nature chemists have discovered new molecular architectures 

and changed their approach from molecular chemistry (chemistry of covalent bonds) to 

supramolecular chemistry (chemistry of non-covalent interactions) with more 

sophisticated molecular dimensions being constructed either through self-assembly of 

subunits or by selective host-guest interactions [82]. As chemistry beyond the molecule, 

supramolecular chemistry has developed enormously and its goal is to gain control over 

the intermolecular forces (non-covalent bonds) [83-85]. Starting with the investigation of 

host-guest phenomenon, it has explored the synthetic routes on the basis of design or with 

the selection of components that mimic natural enzyme activities, which are enabled 

owing to the presence of weak non-covalent forces based on hydrogen bonding, van der 

Waals interactions, electrostatic or cation–π interactions and hydrophobic effects, etc [86-

88]. 

The study of chemical pollutants into the environment, either through man-made 

or natural processes has generated substantial scientific interest and public concern in 

recent times [89-92]. Significant attention has been paid to chemical separation 

techniques that involve the design and synthesis of new sorption materials meant for their 

removal from the environment. Supramolecular chemistry has provided solutions in 

search for molecular structures that can serve as building blocks for the production of 

various receptors for charged species or neutral molecules [93]. A relatively new class of 

synthetic macrocyclic building blocks has recently emerged among molecular receptors 

of numerous types, capable of binding specific substrates with high efficiency and 

selectivity. The “Calixarenes” or “Calix[n]arenes” are a class of macrocyclic molecules 

(Fig. 3), which have been used extensively in supramolecular chemistry [94-101]. 

Calix[4]arene, calix[6]arene and calix[8]arene are very common and conveniently 

synthesizable members of the series. The highly ordered structures of calixarenes offer 
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not only boundless possibilities for chemical modification, but also make them extremely 

useful in the study of molecular recognition and supramolecular processes [102]. 

HO

OH HO

OH

HO OH
OH

HO

n

n = 1, 3, 5

3 n+

n

 

Fig. 3. Structural representation of p-tert-butylcalix[n]arenes. 

The name ‘calix[n]arene’ was proposed by Gutsche for the cyclic oligomers 

obtained by condensation of formaldehyde with p-substituted phenols [103]. The use of 

the word ‘calix’ which means ‘vase’ in Greek was suggested by the shape of the tetramer 

that can adopt a beaker-like conformation (Fig. 4). The suffix ‘arene’ indicates the 

presence of aryl groups in the molecule and ‘n’ being the number of aromatic rings (Fig. 

3) joined by methylene bridges [95, 104]. For instance, calix[4]arene is a cyclic 

compound constituted by four phenolic units linked by methylene groups. Because of 

very diverse nature calix[4]arene has been studied extensively as compared to the other 

members of the family. 

p-tert-butlycalix[4]arene

R

R

R

R

OH
OH

HO
OH

HO
HO OH OH

4

OHHO HOOH

 

Fig. 4. Different structural representation of calix[4]arene. 

The most attractive property of calix[4]arene is its conformations that it can 

assume. Conformation mobility results from quasi-free rotation about α-bonds of the Ar-
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CH2-Ar moieties and formation of cooperative hydrogen bonds [95-98]. It presents four 

conformations: cone, partial cone, 1,2 alternate and 1,3 alternate (Fig. 5). 

Cone

Partial cone

OHHO HOOH

OHHOOH

HO

1,2-Alternate1,3-Alternate

HO

OHHO

OH

OHOH

HOHO

 

Fig. 5. Conformations of calix[4]arene. 

Lower rim

Upper rim

(para-position of Phenolic rings)

(Phenolic-O)

HO
HO OH OH OHHO HOOH

 

Fig. 6. The representation of upper and lower rims of p-tert-butylcalix[4]arene. 
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Architectural designing of the basket type calixarene derivatives led a competition 

among the scientists working in different fields to acquire the macromolecules according 

to their choice and desired goal. Thus, several novel calixarene derivatives have been 

synthesized by the modification of upper or lower rims (Fig. 6) of these molecules [105-

117]. 

It is a well known fact that there are almost unlimited possibilities for the 

derivatization of calixarenes by using simple organic synthetic methods (Fig. 7) to 

acquire a suitable macromolecule for a particular purpose [118-122], i.e. catalysis, ion 

selective electrode (ISE) preparation, semi-permeable membranes, selective recognition 

of ions or molecules, etc [43, 123-131]. 
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Fig. 7. The derivatization schemes of p-tert-butylcalix[4]arene. 
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The inclusion of ions or molecules mainly occurs due to the structural features of 

calixarenes including cavity with a suitable size that provides possibility to complex 

guests in an extended cavity based on multiple interactions through three-dimensional 

molecular cleft with binding sites at the upper and/or lower rim of the compound 

[95,98,132]. 

The inclusion phenomenon of calixarenes may be understood conveniently by 

schematic representation as shown in Fig. 8 in which a calixarene molecule act as a 

basket forming either, ‘endo’ or ‘exo’ complex [98,100]. 

 

Neutral Guest Ionic Guest

Exo-complexEndo-complex

R R

OHOH
HOOH

R R

R R

OHOH
HOOH

R RR R

OHOH
HOOH

R R

 

Fig. 8. A schematic representation of ‘endo’ and ‘exo’ complexes of calix[4]arene. 

However, calixarenes have proved to be excellent ligands for ions as well as neutral 

molecules [133-145]. Thus, herein it is intended to provide an overview of calixarene 

based sorbents for inorganic and organic species. 



 21

2.2. Calixarenes as Metal Ion Extractants 

The calix[4]arene platform has proven to be an important building block in 

supramolecular chemistry [95,98]. In particular, cation complexing ligands containing 

calix[4]arenes have been used to obtain more selective metal ion receptors. These 

molecules are generally O-substituted calix[4]arenes capable of alkali, alkaline earth, and 

heavy metal ion recognition [146, 147]. Herein the present approach highlights a series of 

examples for the liquid-liquid and/or solid-liquid extraction of selected toxic metals in 

particular Pb2+and Hg2+ with modified calixarenes. 

2.2.1. Calixarenes with different chelating groups 

It has been reported earlier that a calixarene with diester and/or dinitrile 

functionalities (1 and 2) at its lower rim (narrow rim) can selectively extract lead/mercury 

from an aqueous to the organic phase in liquid-liquid extraction processes [148]. 

O OO R
O R

 4
B u t

n

 
O H O HO R

O R

 4
B u t

(X )

3   R  =  C H 2C O O C 2H 5

4   R  =  C H 2C N
1   R  =  C H 2C O O C 2H 5

2   R  =  C H 2C N  

In order to see the extraction properties of more than one calix[4]arene units 

together the telomers (3 and 4) of compounds 1 and 2 were prepared [148]. The 

extraction results of telomer 3 are more or less similar to its monomer 1 showing 

preference toward lead; while 4 shows a significant increase in extraction efficiency as 

compared to 2. 

Solvent extraction with chelate and macrocyclic ligands for soft metal ions 

requires rapid selective complexation, high stability against hydrolysis, minimal affinity 

for alkali and alkaline earth metal ions, high metal extractant binding strength and 

reversible complexation allowing for metal recovery [149]. Since, heavy metals form 

strong bonds with sulfur, favored functionalities are hydrogen sulfides (HS-), thiolates 
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(RS-), thioethers (R-S-R’), dithiocarbamates (R2NCS2
-) and substituted ureas 

(RNHC(S)NHR’) [150]. 

 

 

 

 

However, an early attempt was made by Roundhill and coworkers [151] to extract 

the toxic metals with calix[4]arenes modified with sulfur containing functionalities. 

Compounds 7-9 were found to be effective extractants for Hg2+. 
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Yilmaz and coworkers [152] have reported that the polymerizable groups and 

their attachment either at narrow or wide rim have remarkable affect on the extraction 

properties of the modified calixarenes. Compound 10 with dinitrile anchoring groups 

shows good selectivity toward Hg2+, while its oligomer shows remarkable enhancement 

in the extraction of Pb2+ and Hg2+. 

Tian, et al. [153] has proposed a selective fluorescent probe for Hg2+ based on two 

triazole-linked 8-oxyquinoline subunits with calix[4]arene 12. It shows strong 

fluorescence quenching by Hg2+. 

Maamar, et al., [154] have prepared a new thiacalix[4]arenes appended by amide 

functions. The complexation ability of ligands 13 towards Pb2+ was investigated by the 

UV-vis absorption. 
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Yilmaz, et al. [155].has prepared a new calixcrown-6 oligomer 16 and also 

evaluated extraction studies. The oligomer 16 showed high affinity towards both alkali 

and heavy metal cations while its monomers 14 and 15 were observed highly selective for 

Hg2+. 

 

The binding properties of the O,O,O,O-tetrakis[hydrazinocarbonylmethyl]-4-tert-

butylcalix[4]arene, the cone and the 1,3-alternate conformers have been evaluated by 

means of liquid-liquid extraction for a large variety of metal ions [156]. The extraction 

constants and the stoichiometries of the complexes formed shows that 1,3-alternate 

conformer exhibits an excellent extraction selectivity for Cu2+ and Hg2+. 
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2.2.2. Biscalixarenes 

In the past decades several double (or multiple) calixarenes have been synthesized 

and titled as biscalixarenes [157,158]. Moreover, biscalixarene derivatives 17-27 were 

synthesized to observe the extraction properties of two joint calixarene units. The 

extraction results of 17 and 18 show main difference in selectivity towards the toxic 

metals. Compound 17 extracts Hg2+ in high proportion while the compound 18 shows 

high affinity for both Hg2+and Cd2+ ions. The extraction results suggest that the ketonic 

binding groups are efficient in phase transfer reactions. 

O

RO
RO

RO

OR

O

OR
OR

CONH(CH2)8HNOC

17  R = CH2COOC2H5 
18  R = CH2COCH3 

(But)4 (But)4

 

Another interesting study was carried out by same group which was focused on 

biscalix[4]arene with ester and keto groups appended at lower rim [152,158], while in 

compounds (19-22) possessing soft base (C≡N group) on their lower rims show stronger 

affinity for softer metal cation i.e. Hg2+. The extraction efficiency of compounds 19-22 

was observed remarkable selectivity toward Hg2+. 

O
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(X)

(But)4 (But)4

              (X)                                                     R

19  CH2COCH2                                     R = CH2 CN 
20  CH2CH2OCH2CH2                          R = CH2 CN
21  CH2CONH(CH2)2 NHCOCH2        R = CH2 CN
22  CH2CO NH(CH2)8 NHCOCH2       R = CH2 CN  

The compounds 23 and 24 with different bridge have got different extraction 

behavior as compared to 17 and 18. 
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However, it is reported that biscalix[4]arenes are effective extractant for both 

Hg2+ and Cd2+. The compound 23 shows selectivity for Hg2+, while the compound 24 is 

an effective extractant but not selective [159]. 

The synthesis and binding efficiency of 25-27 were reported by Yilmaz and co-

workers. [157]. 
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From the extraction results it is revealed that 25 and 26 extract almost all the 

metal ions used in the extraction studies, whereas compound 27 was particularly selective 

for Hg2+. From these observations it has been concluded that the size of the ligand, nature 

and ionic diameter of the metal ions, the conformation of calixarene and the effectiveness 

and aggregation of functional groups are also important factors in these studies. These 

results may reflect the “Hard and Soft Acids and Basis” concept introduced by Pearson 

[160] and cation- interactions have also been exhibited by the organized groups, which 

favor the effective extraction with the more polarizable transition metal ion especially 

Hg2+ which is known as soft metal cation [161]. 
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2.2.3. Bifunctional calixarenes with crown moieties 

Over last decades researchers have tried to put together the special properties of 

crowns and calixarenes in one molecule hence, more elaborate structures are beginning to 

emerge. Single bridged calixcrowns with poly(oxyethylene) linkage in 1,2 and 1,3 

position, calixspherands, double or triple calixarenes with various connecting chains or 

conformationally constrained spacers have been reported [162]. 

Generally crown ethers are regarded as hard ionophores and have ability for the 

selective extraction of alkali metal cations. On the other hand Schiff bases have shown a 

potential ability of forming stable complexes with soft metal cations, such as Hg2+and 

Pb2+. 

The bifunctional calix[4]arene-based ionophores having various binding sites were 

synthesized to estimate their binding ability toward cations and anions through phase 

transfer systems [163]. The extraction results show that compound 29 is effective not 

only for transition metal ions but also for dichromate anions [163]. Chiral 

calix[4](azoxa)crown-7 (30) in the cone conformation [164] has been employed for the 

extraction of toxic metal ions showing a dramatic change in the separation science. 

Compound 30 possesses dual nature i.e. it may act as a receptor for ions as well as neutral 

molecules (enantiomers). 
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It is reported that 30 shows high extraction efficiency for the transition metals it 

may be due to size, arrangement of functional groups and/or nature of the targeted ions. 

2.2.4. Telomers with calix-crowns 

Recently, in order to see the extraction properties of more than one calix[4]arene 

units together (Memon, et al., 2000a), different calix[4]arene based telomers were 

synthesized and their extraction properties were evaluated. Yilmaz and coworkers have 

[165] concisely reported that this strategy is well and practicable for two-phase extraction 

processes. The ionophores 31 and 32 can effectively extract cadmium/mercury from an 

aqueous to the organic phase in liquid-liquid extraction processes. 
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31  R = CH2(CH2OCH2)2CH2 32  R = CH2(CH2OCH2)2CH2  

In another work, the synthesis and the results of investigation of metal extraction 

efficiency of Schiff bases of calixarene unit and their telomers (33 and 34) has been 

evaluated [166]. The extraction ability of 33 and 34 toward the divalent transition metal 

ions (i.e. Hg2+ and Pb2+) was found to have no remarkable selectivity for these metal ions. 
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Besides this, calix[4]crowns and their telomers (35-37) were also used for the 

extraction purposes of toxic metal ions. 
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It is also reported by the same group of workers [167] that the compound 35 

shows selective ionophore for mercury and lead only; while in the case of telomers (36 

and 37) no specificity has been observed except a remarkable increase in their extraction 

efficiency toward all metal ions used in the experiments. 

A novel approach towards the synthesis of oligomeric calix[4]arene-thiacrowns as 

ionophores for the transition metals was carried out by Uysal et al. [168]. 
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The liquid-liquid extractions have clarified that the monomer and oligomer both 

ionophores possess similar extraction behavior. 

The synthesis and binding properties of calix(aza)crown monomers and their 

oligomers (40-44) is a new innovation [169]. The phase transfer studies reveal the 

importance of azocrown moieties in the calixarene frame work. 
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All the monomers and oligomers of calix(aza)crowns (40-45) show >90% for the 

extraction of transition metal ions. 

2.2.5. Calixarenes based polymers 

Subsequently, efforts have been made to attach modified calixarenes in a 

polymeric backbone. A fascinating examples of such systems is the polymers (46 and 47) 

containing pedant calix[4]crown-4 [170]. Both polymers are efficient for the extraction of 

mercury/cadmium ions. 
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The copolymers (48 and 49) contaning calix[4]arene unit with nitrile 

functionalities at lower rim have achieved the goal of efficient removal of transition 

metal ions [171]. 
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These polymers (48 and 49) have lost the selective nature of their precursors 

toward Hg2+ exploring the importance of selecting the polymeric backbone for the 

support to these macrocycles while designing such systems. 

The development of Hg2+ selective polymers was achieved by the synthesis of 50 

and 51, showing an excellent strategy of the research group in this field [172]. Since, the 

alkylnitrile derivatives of calixarenes have proved to be very selective for Hg2+ [148, 

158]. 
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Therefore, in connection with that study, the work presented by Gungor et al. 

[173] was focused on the investigation of extraction behavior of benzonitrile derivatives 

of calix[4]arenes and their polymeric analogues (52-57). 
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Most surprising results have been found in case of aryl nitrile derivatives of 

calix[4]arenes 54 and 56; that appeared as Hg2+ selective like their precedor 52. In 

addition to this, compounds 54 and 56 also show a little affinity toward Cd2+, which 

imparts a characteristic difference between benzonitrile and alkylnitrile groups. To 

compare the extraction characteristics of their polymeric analogues 53, 55 and 57 with 

the monomers 52, 54 and 56, comparable extractions were evaluated. It is found that 53, 

55 and 57 are not selective, but show more or less a similar extraction behavior toward 

all metal cations. 

In relation to this work, similar study was carried out by Tabakci et al. [146] with 

benzonitrile functionalities. From the extraction results, it is appears that 58 have 

significant extraction efficiency toward all metal cations because of the basic amino 

group. On comparison of the extraction characteristics of calix[4]arene derivative to its 

polymeric ionophore (58 and 59), comparable extractions have been performed. The 

copolymer 59 shows significant extraction of transition metal cations, with the relative 

order Hg2+ >> Cd2+=Pb2+ being observed. 
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Generally, soft heavy metals form strong bonds with sulfur, therefore favored 

functionalities are thiolates, thioether, dithiocarbamates and substituted thioureas 

[92,150,151,168,174]. The calix[4]arene-thiacrown derivative 38 has been modified and 

copolymerized. Among the monomers only 60 has proved to be selective ionophore for 

Hg 2+ but 62 was found as remarkable extrication efficiency for both Hg2+ and Pb2+. The 

copolymer 52 has entirely different approach toward these metal ions in two-phase 

extraction systems. It shows almost equal preference toward Hg2+, Pb2+ and Cd2+ [174]. 
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In short, it is apparent that ester, nitrile and thioether functionalities containing 

calixarenes are effective extractants for Hg2+, Pb2+ and Cd2+ due to the soft nature of 

these metal ions as compared to competing cations [146, 175]. The effectiveness in 

transferring these cations by calixarene based ionophores indicates that the binding 

ability toward metal cations belong to soft acids in Pearson’s classification [176,177]. 

This is consistent with the HSAB principle because these groups are more polarizable 

than phenolic oxygens. 
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Tabakci, et al., [178] has prepared a new calix[4]arene-based polysiloxane resin 

(CBPSR/63). The batchwise extraction studies have revealed significant adsorption 

efficiency towards the heavy metals and dichromate anion. 

 

Ohto, et al. [179] has applied a new strategy for impregnation calix[4]arene 

tetracarboxylic acid onto XAD-7 and investigate the adsorption behavior of lead ion. 

 

The new chemically modified lignin material (64,65) has been used as a solid 

adsorbent for mercury(II) nitrate from aqueous solution by Koch et al. [180]  
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2.3. Calixarenes as Anion Extractants 

The anions play numerous roles in biological and chemical process. In host-guest 

chemistry, the advancement of new receptors for anions has been slow in comparison to 

metal cation ionophores. This may be due to unique nature of anions that needs to design 

specific anchoring groups appended on/into the calixarene moiety [181]. These possess 

negative charge, which is often delocalized over a number of atoms, and the size and 

shape of anions. In contrast to cations, anions are larger and have diverse topology, being 

spherical e.g. halides, linear such as the dicarboxylates, planar, tetrahedral or octahedral. 

Binding of anions is also affected by their pH dependence and salvation. [182-185]. 

One of particular interest in this regard involves the construction of colorimetric 

anion sensors, since they allow ‘‘naked-eye’’ detection [186], has reported. Study 

regarding chromogenic anion probes (67-71) was reported by Chen et al, [187]. Thus, 

these anion probes (67-71) were found highly selective and sensitive colorimetric 

sensors. 

 

Quinlan, et al. has prepared 1,3-disubstituted calix[4]arene scaffold.amidourea-

based colorimetric anion sensor. While sensor 72 gave rise to red shifts and also color 

changes from yellow to purple, which were visible to the naked eye upon the 

administration of fluoride [188]. 
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A new thiacalix[4]arene based fluorescent sensor (73) has been synthesized in 

cone conformation. Sensing efficiency for anion, 73 revels high selectivity toward the 

fluoride over other anions tested [189]. 

 

A newly synthesized bis(indolyl)calix[4]crown-6 (74) showing selective 

colorimetric changes for both alkaline earth cations and F-. It has been observed that the 

binding ability of Calix-chromophore 74 for the Ca2+ binding enhances in the presence of 

F-. [190]. 

Miao, et al. [191] have presented a new fluorescent anion chemosensor based on a 

N-linked peptidocalix[4]arene with two L-phenylalanine and dansyl ethylenediamine 

units (75), which showed selective recognition of F- over other anions examined by 

fluorescence spectroscopy. 

 

A comparative interaction novel calix[4]arene-based anion sensors (76 and 77) 

with F- have been evaluated. A significant change appears in 77 upon the addition of F- 
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than that of 76, which may be due to phenolate anion to coumarin are leading to 

quenching of the fluorescence intensity. The anion sensor 77 may be considered as a 

potential fluorescent chemosensor for F-. [192]. 

 

Liu et al., [193] has synthesized a new calix[4]arene derivative possessing 

imidazo[4,5-f ]-1,10-phenanthroline groups. The different photophysical behaviors by the 

addition of anions in solution have been evaluated. From the results it is deduced that the 

newly synthesized compound can be used as colorimetric sensor for F- and AcO- without 

response to other anions. 

Another, interesting study regarding high fluorescence selectivity toward F- and 

Cs+ ions have been evaluated by Lee, et al. They have prepared a novel calix[4]arene 

bearing one 2,3-naphthocrown-6 and two coumarin amide units at the lower rim in 

partial-cone conformation as a colorimetric and FRET-based fluorometric sensors. [194]. 

Kim and co-workers prepared the calix[4]triazacrown 78,which has been applied for the 

recognition both cations and anions [149, 195]. The compound 78 selectively binds 

fluoride which demonstrates photoinduced electron transfer (PET) effects. The same 

group has reported the use of the calix[4]arene (79), in a 1,3-alternate conformation and 

appended by two amide groups conjugated to pyrene units, as a selective chemosensor for 

fluoride [196]. Hydrogen-bonding interactions with this anion result in the formation of a 

static excimer which exhibits an enhanced fluorescence emission. 
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Bis-calix[4]arene based hosts have been also developed as potential size-selective 

ionophores for the binding of anions [181]. The head-to-tail receptor 80 [197] forms 

complexes with both spherical and tetrahedral anions but showed high selectivity for 

binding with fluoride anion 

 

Calixarenes are predominantly attractive scaffolds for receptor development, the 

macrocyclic core being available in a variety of sizes, easily pre-organized into a number 

of topographies and readily functionalized for the opposite introduction of ligands [97]. 

Besides this, various research groups are working on the removal of fluoride ion 

from aqueous system by different adsorbent materials [25]. Biswas and coworkers [198] 

used synthetic iron(III)−aluminum(III) mixed oxide for adsorption of fluoride. 

Viswanathan et al. [199,200] have reported chitosan beads for the removal of fluoride 
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from aqueous solution. Sarkar et al. [201] have designed and operated fixed bed laterite 

column for the removal of fluoride from water. Ramanaiah et al. [202] used the waste 

fungus (Pleurotus ostreatus 1804) for the adsorption of fluoride from aqueous solution. 

Cengeloglu and coworkers utilized granular red mud [203] for the removal of fluoride 

from water. Recently, the hydrated cement, perfluorinated surfactants, geomaterials and 

acid treated spent bleaching earth had been employed for the adsorption of fluoride [204-

207]. 
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Chapter – 3 

EXPERIMENTAL 

3.1. Plan of Work 

The experimental section of the current study was accomplished in different steps as: 

 Synthesis of p-tert-butlycalix[n]arene; and its functionalization with different 

anchoring groups. 

 Characterization of synthesized compounds. 

 Evaluation of analytical applications of synthesized compounds, by different 

techniques.  

 The collection of water samples from subject area (Thar-Desert) and their 

analysis. 

 On the basis of results the development of methods for the removal of toxic 

metals such as Pb2+, Hg2+ as well as F- ions. 

 The methods suggested for the remediation are: 

o  Complexation 

o  Liquid-liquid extraction 

o  Solid-liquid extraction (adsorption) 

3.2. Instrumentation /or Apparatus 

 The pH measurements were made with pH meter (781-pH/Ion meter, Metrohm, 

Herisau Switzerland) with glass electrode and internal reference electrode. 
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 781-pH/Ion meter (Ω Metrohm, Herisau Switzerland) with Ag, Ag/Cl reference 

electrode 6.0726.100 (Ω Metrohm) and fluoride electrode 6.0502.150 (Ω Metrohm) 

has been used for the quantitative analysis of fluoride in the aqueous media.  

 Melting points were determined on a Gallenkamp (UK) apparatus model MFB. 595. 

010M, England in a sealed capillary tube. 

 A Gallenkamp thermostat automatic mechanical shaker model BKS 305-101, UK 

and Janke & Kunikel automatic shaker model KS 501 D, Singapor, were used for 

the batch experiments at ambient temperature (ca. 25 oC). 

 Atomic absorption spectrometer, equipped with a graphite furnace HGA-400, 

pyrocoated graphite tube with integrated platform, an autosampler AS-800, was 

used for the analysis. 

 Thermo Nicollet AVATAR 5700 (WI. 53711, USA) FT-IR spectrometer was used 

for recording IR spectra using KBr pellets in a wide spectral range, i.e. 4000-400 

cm-1. 

 UV/Vis spectra were recorded on a Perkin Elmer (Shelton, CT06484, USA) 

Lambda 35 through UV/Vis spectrophotometer using standard 1.00 cm quartz cells. 

 Elemental analyses were performed using a CHNS instrument model Flash EA 

1112 elemental analyzer (20090. Rndano, Milan-Italy). 

 Scanning Electron Microscopic studies were performed using JSM-6380 and JSM-

6490 instruments. 

 Voltammetric measurements were performed with Metrohm automatic 746-VA 

Trace Analyzer with Metrohm automatic 764-VA Trace analyzer equipped with 

747-VA stand (ΩMetrohm) and a PerkinElmer Model 700 (Norwalk, CT, USA) 

(ΩMetrohm Switzerland). The 747 stand includes a three electrode system, an 

Ag/AgCl (3MKCl), reference electrode, a platinum wire as an auxiliary electrode 

and hanging mercury drop electrode (HMDE) as working electrode. 
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 The Ion-Chromatography (IC) (ΩMetrohm, Switzerland) instrument used was 861 

Advance Compact with 833 IC liquid handling unit equipped with self regenerating 

suppressor, which consists a double gradient peristaltic pump along with 

conductivity detector. 

 The IC anion column (4.0 ×250mm) METROSEP A SUPP 4-250 (6.1006.430) was 

used for quantitative analysis of anions in the aqueous media. 

 Milli-Q system (ELGA Model CLASSIC UVF, UK) for Milli-pore quality water. 

3.3. Chemicals and Reagents 

All the solvents and reagents used were of analytical or equivalent grade, 

purchased from Alfa Aesar (Germany), Sigma (St. Loius, MO, USA), Merck (Darmstadt, 

Germany) /or Fluka (Germany) without further purification. Analytical TLC was 

performed on precoated silica gel plates Merck (Darmstadt, Germany), while silica gel 60 

(Merck, particle, size 0.040-0.063 mm, 230-240 mesh) was used for preparative column 

chromatography. Amberlite XAD-4™ (surface area of 750m2 g−1, pore diameter 1-3 nm 

and bead size 20–50 mesh) was procured from Fluka. Merrifield resin was purchased 

from Alfa Aesar. It is 1% crosslinked having 200-400 mesh size and 1.0-1.3 mmol Cl/1 g 

resin as quoted by the supplier. Oxygen free nitrogen was purchased from British Oxygen 

Company (BOC) Karachi. All aqueous solutions were prepared with deionized water that 

had been passed through a Millipore Milli-Q Plus water purification system. 

3.4. Synthesis  

5,11,17,23-p-tert-butyl-25,26,27,28-tetrahydroxycalix[4]arene (i) 

OHOH
HOOH

1  
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In one liter round bottom flask p-tert-butylphenol (50 g; 0.332 mol), 

formaldehyde wt-37% in water (50 mL; 0.667 mol) and NaOH (0.7 g; 0.0175 mol) 

dissolved in minimum amount of water (~1.5 mL) were placed [208]. The mixture was 

magnetically stirred at 120 °C for ca. 3 hours a viscous substance was formed (some time 

it happens quickly!). The solid substance was cooled to room temperature; diphenyl ether 

(500 mL) and toluene (50 mL) were added followed by distillation of water/toluene 

azeotrope without cooling the condenser to 260 °C. The heating was continued with the 

condenser for 3 hours. As a result the solution became homogenous and dark brown. The 

solution was cooled to room temperature and ethylacetate (1000 mL) was added followed 

by continuous stirring overnight. Finally, the resulting solution was filtered and washed 

with ethylacetate (4 x 50 mL), triturated with acetic acid and then neutralized by washing 

with excess of deionized water. 64 % (32 g) product was obtained on drying which was 

further recrystallized from toluene (1000 ml). Yield: 61 % (30.5 g). 1H-NMR: 10.33 (s, 

4H); 7.04 (s, 8H); 4.23 (br. s, 4H); 3.51 (br. s, 4H); 1.21 (s, 36H). 13C-NMR: 143.7; 

127.7; 125.9; 112.0; 77.5; 34.0; 32.6; 31.4 [208].  

5,11,17,23,29,35-Hexa-tert-butyl-37,38,39,40,41,42-hexahydroxycalix[6]arene (ii) 

OH
OH OH

OHOH OH

ii  

A one litter, three-necked, round-bottomed flask equipped with a nitrogen inlet, a 

mechanical stirrer, and a Dean–Stark trap and condenser was placed in a heating mantle 

[209]. To the flask were added 50 g (0.332 mol) of p-tert-butylphenol, 75 mL of 37% 

formalin solution (0.9 mol of HCHO), and 7.5 g (0.114 mol) of potassium hydroxide 

pellets. Heating and stirring were begun, and after 15 min nitrogen was blown across the 

reaction mixture at a brisk rate and out through the condenser on top of the Dean–Stark 

trap; the reaction mixture was heated and stirred for 2 hrs. As the reaction progressed, the 

originally clear solution turns bright lemon yellow and, as water was removed, the 

reaction mixture eventually changed to a thick, golden-yellow mass of taffylike 
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consistency. During this period some frothing occurred, and the reaction mixture 

expanded somewhat before shrinking to the original volume. Xylene (600 mL) was now 

added to the flask to dissolve the semisolid mass and gave a yellow solution that was 

brought quickly to reflux by increasing the temperature of the heating mantle. After 30 

min a precipitate began to form and the color of the reaction mixture changed from 

yellow to orange. Refluxing was continued for 5 hrs, the heating mantle was removed, 

and the mixture was allowed to cool to room temperature. The mixture was filtered, and 

the precipitate was washed with xylene and dried in vacuum oven at 60oC to yield ~53 g 

of crude product. This crude product dissolved in 1 L of chloroform and followed by 

addition of 400 mL of 1 N hydrochloric acid. Then the reaction mixture was stirred for 30 

min. at room temperature the solution turns yellow to light orange. The organic phase 

was separated from the aqueous layer by separatory funnel and dried over magnesium 

sulfate. The magnesium sulfate filtered off and the volume of chloroform solution was 

concentrated to ca. 150 mL of by rotaevoprator and finally, 300 mL of hot acetone was 

added to mixture. The mixture was allowed to cool and was then filtered to give ~46 g 

(83–88%) of product as a white powder: mp 372–374°C. 1H-NMR δ: 1.29 (s, 54 H), 3.90 

(s, 12 H), 7.16 (s, 12 H), 10.42 (s, 6 H) [209]. 

25,26,27,28-Tetrahydroxycalix[4]arene (iii) 

OHOH
OHOH

iii  

A solution of 1 (30 g; 0.046 mol) in dry toluene (500 mL) was heated for 15 min. 

at~60 °C to dissolve 1 and then it was cooled to room temperature [120]. Phenol was 

added (18.04g; 0.19mol) in the reaction flask, followed by the AlCl3 (28 g; 0.210 mol) 

was added slowly (this may raise temperature) and the reaction mixture allowed 

continuously stirred for 12 hrs at room temperature. The light brown reaction mixture 

was poured onto 0.2N HCl (500 mL), stirred vigorously for ca. 20 min. after which the 

organic phase was separated and again was washed with deionized water twice 

evaporated to a mixture of liquid and solid material. This suspension was added to CHCl3 
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(ca. 700 ml), refluxed shortly and added MeOH (ca. 1000 ml) which triggered a 

precipitation of the white product. The mixture was filtered after 4 hrs in the cold and 

was dried in vacuum overnight at 50 °C. Yield: 81% (81.93 g). 1H NMR: 10.19 (s, 4H, 

OH); 7.04 (d, 8H, J= 7.6 Hz); 6.72 (t, 4H, J= 7.6 Hz); 4.23 (br. s, 4H); 3.56 (br. s, 4H). 

13C-NMR: 148.8; 129.0; 128.3; 122.2; 31.7 [120]. 

37,38,39,40,41,42-Hexahydroxycalix[6]arene (iv) 

OH OH
OH OH

OH OH

iv  

A slurry of 21.08g (0.022 mmol) p-tert-butylcalix[6]arene (ii), 12.38g (0.132 

mmol) of phenol, and 23.5g (0.176 mmol) of AlCl3, in 250 mL of toluene was stirred for 

1 hr in an N2 atmosphere at room temperature [120]. The reaction was quenched by the 

addition of 250 mL of ice water, and the organic phase was separated. The toluene was 

removed by evaporation, and the residue was triturated with 150 mL of methanol to leave 

13.62 g of crude, colorless product. This was recrystallized from methanol/chloroform to 

afford 12.26 g (89%) of white powder: m.p. 417-418 oC; IR (KBr) 3300 cm-1 (OH-

stretching); 1H-NMR (CDCl3)δ 10.4(s,1,ArOH), 6.7-7.4 (m, 3, Ar-H), 4.0 (s, 2, 

ArCH2Ar); osmometric mol wt (CHCl3, 37 oC), 655 (cal, 636; with 1/3 mol MeOH, 647), 

(Found: C, 78.57; H, 5.68. Calc for C42H36O6, 1/3 CH3OH: C, 78.52; H, 5.78%) [120]. 

25,26,27,28-Tetraethoxycarbonylmethoxycalix[4]arene (v) 

O
O

O

O

O

OO

O
OEt

OEtEtO

EtO
v  
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A solution of 3 (15 g; 0.035 mol) in dry acetone (300 mL) having a 10 times 

molar excess of anhydrous potassium carbonate and ethyl bromoacetate and the mixture 

were refluxed for 24 hrs [121,122]. The mixture was filtered off and washed with hot 

acetone. After that, reduced the volume of acetone by rotaevoprator and the residue was 

triturated with 150 mL of cold water. Finally, the crude product was filtered off and dried 

in vacuum oven at room temperature. The recrystallization of crude product was achieved 

by EtOH/CH2Cl2 gave pure compound (v); 68% yield, m.p. 108-109 oC: 1H NMR 

(CDCl3) δ 1.29 (t, 12 H), 3.23 (d, 4 H, J=14 Hz), 4.21 (q, 8 H), 4.73 (s, 8 H), (4.87 d, 4 H, 

J=14 Hz), 6.63 (m, 12 H); I3C NMR (CDCI3) δ 14.16 (q), 31.45 (t), 60.49 (t), 71.27 (t), 

122.86 (d), 128.52 (d), 134.63 (s), 155.87 (s), 170.23 (s); IR (KBr) 1750 cm-l. Anal. 

Calcd for C44H48012:C, 68.75; H, 6.25. Found: C, 68.61; H, 6.36. [121,122]. 

36,37,38,39,40,41,42-Hexaethoxycarbonylmethoxycalix[6]arene (vi) 

O O
O O

O O

OEtO O OEt

O
EtO O OEtOEtOO OEt

vi
 

A solution of iv (15 g; 0.024 mol) in dry acetone (300 mL) having a 10 times 

molar excess of anhydrous potassium carbonate and ethyl bromoacetate and the mixture 

was refluxed for 24 hours [122]. The mixture was filtered off and is washed with hot 

acetone. After that, reduced the volume of acetone by rotaevoprator and the residue was 

triturated with 150 mL of cold water. Finally, the crude product was filtered off and dried 

in vacuum oven at room temperature. The recrystallization of crude product was achieved 

by EtOH/CH2Cl2 gave pure compound (vi); 77% yield, m.p. 154-155 oC; 1H NMR 

(CDCl3) δ 1.24 (t, 18 H), 4.04 (br s, 12 H), 4.16 (q, 12 H), 4.20 (s, 12 H), 6.63 (t, 6 H), 

6.77 (d, 12 H); 13C NMR δ 14.23 (q), 31.58 (t), 61.08 (t), 69.98 (t), 124.75 (d), 124.49 

(d), 133.59 (s), 155.03 (s), 169.19 (s); IR (KBr) 1760 cm-1. Anal. Calcd for C66H72O18: C, 

68.75; H, 6.25. Found: C, 69.01; H, 6.30. [122].  
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Immobilization of 25,26,27,28-Tetraethoxycarbonylmethoxycalix[4]arene (v) onto 

Amberlite XAD-4™ (vii) 

O
O

O

O

O

OO

O OEt

OEtEtO

EtO

v

vi

TC4 resin

 

Amberlite XAD-4 beads (5.0 g) were treated with 10 mL of concentrated HNO3 and 

25 mL of concentrated H2SO4 for 30 min at 50 oC with continuous stirring. The reaction 

mixture was poured onto ice-cold water and filtered. The nitrated resin was repeatedly 

washed with DDI water until free from acid and reduced thereafter by treating with 

SnCl2·2H2O (15g, 66.48 mmol) in 16 mL of concentrated HCl and 20 mL of ethanol. 

This mixture was refluxed for 37 hrs [210]. The solid beads were washed with DDI water 

followed by 2.0 M NaOH in order to release (R-NH3)2SnCl6 from amino resin (R-NH2). 

Finally, the amino resin was washed with 2.0 M HCl followed by excess of DDI of water. 

The diazotization was then carried out by suspending it in 400 mL of ice-cold water 

below 5 oC. The addition of 1.0 M NaNO2 and 1.0 M HCl was made one-one mL time to 

time until the reaction mixture changed iodide paper to a violet color. The diazotized 

resin was filtered, washed with cold water and reacted with tetraester calix[4]arene (5 

mmol, 2.1 g) in 400 mL of glacial acetic acid and acetone (3:1) at 0-3 oC for overnight. 

The resulting grayish colored beads were filtered off, washed with DDI water and 

chloroform, and finally air-dried. CHN analysis of modified resin was observed (Found: 

C, 68.34; H, 5.79; N 3.12. Cal. for C66H65N3O12Cl·2H2O: C, 68.11; H, 5.97; N 3.61%). 

[210]. 
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5,11,17,23-p-tetranitro-25,26,27,28-tetrahydroxycalix[4]arene (viii) 

OHOH
OHOH

O2N

NO2

NO2

NO2

viii  

Chloroform 75 mL and 20 mL of H2SO4 (360 mmol) was taken in round bottom 

flask, and finely powdered NaNO3 (26 g; 300 mmol) was slowly added to it [211]. This 

mixture was stirred for 20 min. p-tert-butylcalix[4]arene (10 g; 15.4 mmol) was taken 

separately in CHCl3 (75 ml) and cooled to 0°C. This was slowly added to the round 

bottom flask containing sulphuric acid solution by keeping the mixture 0-5°C. This 

mixture was stirred for 3.5hrs by maintaining the same temperature. After that the 

mixture was subsequently poured into water (500 mL). The water layer was extracted 

with CH2C12 (2 × 150 mL). The combined organic layers were washed with water (2 × 

50 mL). Recrystallization of the crude reaction products gave the pure compound (viii) 

[211]. 

5,11,17,23-p-tetranitro-25,26,27,28-tetramethoxycarbonylmethoxycalix[4]arene (ix) 

(ix)

O O

OO

NO2 NO2

OMeMeO

NO2 NO2

O O

MeO OMeO O

 

A solution of viii (8 g; 0.0132 mol), cesium carbonate (14.46 g), and methyl 

bromoacetate (10.3 mL) in dry acetone (300 mL) was stirrered and refluxed for 24 

hrs. The mixture was filtered off and washed with hot acetone. After that, reduce the 

volume of acetone by rotaevoprator and the residue was triturated with 150 mL of 
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cold water. Finally, the crude product was filtered off and dried in vacuum oven at 

room temperature. The recrystallization of crude product was achieved by 

MeOH/CH2Cl2 gives pure compound (ix); 62.63 % yield, mp 85 oC. The compound ix 

was characterized by FT-IR, 1H NMR and 13C NMR spectra. From the 1H NMR 

results of ix, we assume that the ix exist in a 1,3 conformation; which was clearly 

indicated by the typical singlet for the eight methylene hydrogen atoms ( 3.35) of the 

four equivalent bridging methylene groups. 

5,11,17,23-p-tetranitro-25,26,27,28-tetrahydroxycalix[4]arene (viii) immobilized of onto 

Merrifield resin (x) 

OHOH
OOH

O2N
NO2

NO2
NO2

n

 

x  

5,11,17,23-tetranitro-25,26,27,28-tetrahydroxycalix[4]arene v ( 2.0 g, 3.31 mmol) 

was taken and dissolved in DMF (50 ml). To this solution NaH 60% (0.16g; 6.62 m mol) 

was added [212]. In another flask 4.0 g of Merrifield resin in DMF (60 mL) was stirrered 

at room temperature for 30 minutes along with NaI (10 mmol). After that, both the 

contents were mixed together and heated up to 60 oC with continuous stirring for two 

days. The reaction mixture was poured onto ice-cold water with vigorous stirring and 

then filtered. The nitrated calix[4]arene based resin was repeatedly washed with EtOH to 

ensure removal of unreacted calixarene derivative. Finally, the resin was washed with 

distilled water until the conductivity of effluent becomes same as in distill water. The 

gravimetric analysis shows that the loading of calixarene moieties occurred in the range 

of 75-77% for the given weight of the polymer. The immobilization of the resin was 

further confirmed by the evaluation of FT-IR spectra and elemental analysis. According 
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to the elemental analysis, the resulting polymer contains 7.58 % nitrogen corresponding 

to 0.604 mmol of 5/g of polymer. IR (KBr) 1365 and 1212 cm-1 (NO2 -C-N,) Found: C, 

62.05; H, 4.03; N 7.58 %. Calculated for C37H28N4O12: C, 61.67; H, 3.92; N 7.77 %. 

[212]. 

Reduction of immobilized 5,11,17,23-p-tetranitro-25,26,27,28-tetrahydroxycalix[4]arene 

(x) to 5,11,17,23-p-tetraamino-25,26,27,28-tetrahydroxycalix[4]arene (xi)  

OHOH
OOH

NH2

NH2

NH2
NH2

n

 

xi
 

The reduction of nitro groups of vii (5.0 g) was made thereafter by treating with 

SnCl2·2H2O (8.0 g, 0.035mol) in 3:4 ratio of conc. HCl/EtOH (150 mL). This mixture 

was refluxed for 16 hrs [212]. After that, the reaction mixture was poured into ice-cold 

water and filtered. The solid beads were washed with distilled water till neutralization 

point followed by washing with dilute NaOH and HCl in order to get rid off SnCl2 from 

the resin (R-NH2). Finally, the resin was washed with excess of distilled water. The 

reduction of resin iii was confirmed by FT-IR spectroscopy and elemental analysis. IR 

(KBr) 3431 cm-1 (-NH2). Found: C, 74.27; H, 6.31; N 8.93 %. Calculated for 

C27H36N4O4: C, 73.98; H, 6.04; N 9.33 %. [212]. 
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Synthesis of p-tetrathioureacalix[4]arene based resin (xii) 

OHOH
OOH

NH
NH

NHNH
NH2

NH2 NH2

NH2

S

S S
S

n

 

xii
 

2.0 g of resin viii were taken in 100 mL flask containing glacial acetic acid (30 

mL). The mixture was stirred for 30 minutes in ice bath followed by slow addition of 

NaSCN (15 mL, 0.1 M) at 0-5 oC and the stirring was continued for 2hrs [59]. Finally, 

the contents were filtered, washed with double distilled water till neutralization and the 

resulting resin was dried in vacuum oven at 60 oC. FT-IR (KBr) 2050 cm–1 (C=S). Found: 

C, 63.26; H, 5.77; N, 14.23; S, 4.27; calculated for C41H40O4N8S4·2H2O: C, 63.38; H, 

5.70; N, 14.40; S, 4.12. [59]. 

Nitration of Amberlite XAD-4™ (xiv) 

m
 

n

 

NO2

xiv  

Amberlite XAD-4™ has been modified (Scheme 5) by the treatment of beads of 

resin (10.0 g) with 20 mL of concentrated HNO3 and 50 mL of concentrated H2SO4 for 
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30 minutes at 50 oC with continuous stirring [25]. The reaction mixture was poured into 

ice-cold water and filtered. The nitrated resin was repeatedly washed with distilled water 

until free from acid. Finally, the modification of the resin was confirmed by the 

examination of its FT-IR spectroscopy and elemental analysis. IR (KBr) 1365 and 1212 

cm-1 (NO2 -C-N,). Found: C, 67.31; H, 6.98; N 4.78 %. Calculated for C18H20NCl·2H2O: 

C, 67.17; H, 7.51; N 4.35 %. [25]. 

Reduction of x to aminoamberlite XAD–4 amine derivative (xv)  

m
 

n

 

H3N . Cl
+ _

xv  

The reduction of nitro groups introduced was made thereafter by treating with 

SnCl2·2H2O (30g, 0.13296 mol) in 30 mL of concentrated HCl and 40 mL of ethanol. 

This mixture was refluxed for 10 hrs [25]. The solid beads were washed with distilled 

water followed by 2.0 M NaOH in order to release SnCl2 from amino resin (R-NH2). 

Finally, the amino resin was washed with excess of distilled water. Finally, the 

modification of the resin was confirmed by the examination of its FT-IR spectroscopy 

and elemental analysis. IR (KBr) 3442 and 3381 cm-1 (-NH2). Found: C, 67.31; H, 6.98; 

N 4.78 %. Calculated for C18H20NCl·2H2O: C, 67.17; H, 7.51; N 4.35 %. [25]. 
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Conversion of xi to Amberlite XAD–4 thio–urea derivative (ATU resin) (xvi)  

m
 

n

 

HN

H3N

S
_

 . Clxvi
+

 

10 g of Amberlite XAD–4 amine derivative (xi) has been taken in 20 mL glacial 

acetic acid in 100 mL flask and stirred for 30 minutes [213]. Then, 15 mL of 0.1 M 

NaSCN were added with continuous stirring followed by 1h stirring at room temperature. 

Finally, the contents were cooled in ice bath for 30 minutes, then filtered and washed 

with deionized water till neutralization. The resulting resin beads were dried in oven at 

100 oC and characterized by FT–IR spectroscopy and elemental analysis. IR (KBr) 2059 

cm–1 (–C=S). Found: C, 62.31; H, 7.21; N, 7.78; S, 8.79 %. Calculated for 

C19H22N2SCl·2H2O: C, 62.36; H, 7.16; N 7.66; S, 8.76 %. [213]. 

3.5. Metal Picrates 

The metal picrates are prepared as follow: 

3.5.1. Alkali metal picrates 

A saturated solution of picric acid was prepared by dissolving the acid in hot (near 

boiling) water [214]. Alkali carbonate (Na2CO3 and K2CO3) was then added to the 

solution until no more carbon dioxide was evolved and the solution pH tests as neutral. 

The color changed from yellow to orange and some precipitate started to form. As the 

solution was cooled gradually to 0 oC, the alkali picrate forms a mass of crystals. The 

yield can be maximized by evaporating the solvent to half of its original volume and then 

cooled it to 0 oC, at which temperature additional crystals form. After washing with a 

small amount of cold water the pure alkali picrates were dried under vacuum for 24 h and 

protected from moisture and light before use [214]. 
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3.5.2. Transition metal picrates 

Transition metal picrates were prepared by stepwise addition of a 1 × 10-2 M of 

metal nitrate solution to a 2.5 × 10-5 M aqueous picric acid solution and shaken at 25°C 

for 1 h [215, 216]. 

3.6. Analytical Procedures  

3.6.1. General procedure for UV-VIS complexation study  

 Stock solutions of (1.00 mM) p-tetraestercalix[4]arene (iii) and metal nitrate salts 

were prepared in deionized water [217]. Test solutions were prepared by placing 100 μL 

of iii into a cuvette, adding appropriate aliquot (10 eq.) of each metal stock, and diluting 

the solution up to 3.5 mL with DMSO. Same equivalents (10 eq.) were taken for the 

interfacial study of co-existing ions into a solution containing 3-Hg2+ complex. 

3.6.2. Stoichiometric ratio of the metal and ligand in the complex  

Continual variation method [38, 217] (Job’s method) was applied to determine the 

stoichiometric ratio between iii and Hg2+ for complexation in DMSO. The solutions were 

prepared by mixing equimolar concentration (2.8×10-5 M) of both components in 

different ratios varying from 1:9 to 9:1. Then the absorbance was noted. 

3.6.3. Procedure for the determination of Pb2+ by polarography. 

Solution of lead nitrate 5µg mL-1 (20 mL) along with 1 mL of buffer  (Acetic 

acid/potassium acetate I=0.2 M), 10 mL of ligand solution (2.5×10-3 M) was taken in a 50 

mL flask and shaken well for 30 min [218]. The layers were allowed to separate, and then 

the aqueous solution was withdrawn by pipette, taken in a small beaker and warmed at 

75-80oC to evaporate any residual chloroform. 10 mL of this extracted solution was taken 

in polarographic vessel; 0.5 mL of KCl (3M) and 0.5 mL of HCl (0.2M) were added. The 

sample was purged for 200 sec. with oxygen free nitrogen. The preconcentration potential 

(-700 mV) measured against Ag/AgCl reference electrode were applied to the fresh 

mercury drop for 60 sec. (tacc =60 sec.) while the solution was stirred. The stirring was 

stopped for a period of 10 sec (equilibration time =10 sec.). The voltammogram was then 
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recoded by applying cathodic differential pulse scan with a plus amplitude of -50 mV; the 

voltammogram were recorded in triplicate for each run automatically by instrument, the 

average peak height (n=3) was assisted on the basis of the difference between peak height 

of the analyte and that of the base electrolyte alone recorded under the same conditions. 

The quantitation was carried out by calibration curve and standard addition method using 

1mg.mL-1 Pb2+ solution as standard. 

The concentration of metal ion remaining in the aqueous phase was determined 

polarographically as described above. Blank experiments showed that no metal extraction 

occurred in the absence of calixarene. The percent extraction (E %) has been calculated 

as: 

100% 



i

fi

C

CC
Extraction        (20) 

where Ci and Cf  are initial and final concentrations of ion before and after the extraction, 

respectively.  

3.6.4. Procedure to determine the interference of other metals by polarography 

The interference of the selected cations (Na+, K+, Cu2+ and Mg2+) on the 

extraction of Pb2+ by v and vi has been determined by polarography according to the 

above general procedure by taking different ratios of binary solutions [218]. For example; 

Pb2+ extraction was performed from the binary solutions of Pb(NO3)2/NaCl, 

Pb(NO3)2/KCl, Pb(NO3)2/CuSO4 and Pb(NO3)2/MgSO4 each in 5 different ratios (1:1, 

1:2, 1:3, 1:4 and 1:5), respectively at pH 4. 

3.6.5. Adsorption procedures UV/VIS metal picrate 

3.6.5.1. Batch “static” method 

Batch-wise adsorption study was carried out for lead picrate at room temperature, 

i.e. 35± 1 oC [210]. The sample solution (10 mL) containing lead picrate (5x10−5 molL-1) 

was taken in a glass-stoppard bottle. The fixed amount of TC4 resin was added and the 
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mixture was equilibrated for a fixed period of time. The resin was filtered and the 

adsorbed lead picrate was analyzed by UV/VIS spectrophotometer at 357 nm. The % 

adsorption of lead picrate was calculated by Eq. 20. 

3.6.5.2. Column “dynamic” method 

500 mg of TC4 resin was poured into a Pyrex glass column (5mmØ×50 mm). A 

small amount of glass wool was placed at the bottom and top of resin in order to prevent 

any loss of the resin beads during the sample loading. A solution of lead picrate was 

passed through the column at optimized flow rate, i.e. 2 mL min−1. The concentration of 

lead picrate in the column effluents was determined by UV/VIS spectrophotometer. 

3.7. Analytical Procedure for the Determination of Anions by Ion 

Chromatography 

3.7.1. Eluent solution 

Sodium carbonates 1.7 mmol L-1 and Sodium bicarbonate 1.8 mmol L-1 in reagent 

water. Sodium carbonates 0.191g and Sodium bicarbonate 0.143g dissolved in 1000mL 

ultrapure water. The eluent (buffer) was filtered through 0.45μm membrane filters by 

suction vacuum pump. 

3.7.2. Anion solution 

The standard solutions of Fluoride, Chloride, Bromide, Nitrite, Nitrate, Phosphate 

and Sulphate were prepared by dissolving appropriate amount of sodium salts in ultrapure 

water. These standards prepared separately in 1000 mL volumetric flask to obtain 1000 

mg L−1  

3.7.3. Working standards 

The working standards of anions were prepared freshly from stock standard 

solution prepared in our laboratory by appropriate diluting with ultrapure water. 
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3.8. Analytical Procedure for the Determination Fluoride by Ion Selective 

Electrode (ISE)  

3.8.1. Total ionic strength adjustment buffer (TISAB) 

TISAB solution was made by the dissolving of 5.84g of NaCl in 5.75 mL of 

glacial acetic acid added 0.45g of Tran-1,2-Diamino-cyclehexane-N,N,N,N-tetraacetic 

acid monohydrate and made the volume 100ml with ultrapure water. 

3.8.2. Analytical procedure 

Fluoride was measured using ion selective electrode. Calibrate ion selective meter 

using single point calibration method, and for determination took 10 mL water sample 

and added 10 mL TISAB solution in a beaker and determine the total concentration of 

fluoride the ion selective electrode by using Metrohm ion meter. 

3.8.3. Adsorption procedures 

3.8.3.1. Static method for the adsorption of fluoride 

Batch-wise adsorption study was carried out for fluoride [25]. The sample 

solution containing fluoride ion was taken in a 50 mL erlenmeyer flask. Adsorbent was 

added and the mixture was equilibrated for a fixed period of time. Finely, the adsorbent 

was filtered and the adsorbed fluoride was analyzed by IC/ISE. The adsorption of 

fluoride was calculated by eq.1. 

3.8.3.2. Dynamic method for sorption of fluoride 

Fixed amount of adsorbent was poured into a pyrex glass column (5mmØ×50 

mm). A small amount of glass wool was placed at the bottom and top of resin in order to 

prevent any loss of the adsorbent during the sample loading. A solution of fluoride was 

passed through the column at optimized flow rate. The concentration of fluoride in the 

column effluents was determined by IC/ ISE. 
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3.8.3.3. Procedure to determine the interference of other anions 

The interference of the selected ions (Cl-, Br-, I-, NO2
-, NO3

-, SO4
2-, PO4

2-, CO3
-, 

HCO3
-) were examined on the adsorption of fluoride by adsorbent. The fluoride ion was 

determined by IC/ISE according to the above general procedure by taking different ratios 

of binary solutions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 58

`Chapter – 4 

RESULTS AND DISCUSSION 

PART 1 (SCHEME 1) 

Remarks: The all work of this part has been published and is cited as: Solangi et al. / J. 

Macromol. Sci., PAC, 45 (2008) 1005-1010. 

Part 1 comprises the synthesis as depicted in scheme 1 and investigation of Pb2+ 

extraction efficiency of ligand v and vi from aqueous media that has been explored 

through polarography and compared with atomic absorption spectroscopy. 
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Scheme 1. Structural representation of modified calix[n]arenes; (a) HCHO/NaOH (b) 

HCHO/KOH (c) Phenol/AlCl3 (d) KCO3/Bromoethyl acetate. 
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4.1. Exploration of Pb2+ Selective Behavior of Calix[6]arene Ester Derivative  

The selective behavior of calix[n]arene ester derivatives in two-phase extraction 

systems using polarographic technique has been investigated. 25,26,27,28-

tetraethoxycarbonylmethoxy-calix[4]arene (v), i.e. calix[4]arene tetraester derivative 

shows remarkable Na+ over Pb2+ selectivity; whereas 36,37,38,39,40,41,42-

hexaethoxycarbonylmethoxycalix[6]arene (vi), i.e. calix[6]arene hexaester derivative 

shows Pb2+ over Na+ selectivity. The interference of some selected cations (Na+, K+, Cu2+ 

and Mg2+) were also examined. 

Several aspects of the ionophoric properties of calixarenes and their derivatives 

toward metal cations were probed experimentally. The objective of the present study was 

to explore the extraction properties of v and vi at different pH. This would enable us to 

clarify the factors which control the extraction process by these ligands. Besides this, it 

helps to prove that the steric hindrance, effectiveness of donor sites, size of the calix 

macro ring, conformation of calixarene moiety and the nature of an ion are the clues in 

determining the selectivity of an ionophore toward metal cations and quantitatively 

evaluating the preorganization concept. Thus, solvent extraction experiments were 

performed to ascertain the effectiveness of v and vi in transferring the Pb2+ from an 

aqueous phase into an organic phase. The results of liquid-liquid extraction experiments 

at different pH for the optimization of maximum Pb2+ extraction with v and vi are shown 

in Fig. 9. The interferences of other selected metal cations (Na+, K+, Cu2+ and Mg2+) on 

the Pb2+ extraction ability of v and vi were also studied and are summarized in Table 1. 

This data were obtained by using a chloroform solution of these ligands to extract Pb2+ 

ions from an aqueous phase. The equilibrium concentration of metal cations in the 

aqueous phase was determined by polarography. Moreover, for pH optimization buffer 

solutions of pH 1–3, 4–6, and 7 were used by mixing appropriate ratios of 0.2 mol L−1 

HCl and KCl, 0.2 mol L−1 acetic acid and potassium acetate, and 0.5 mol L−1 ammonia 

and NH4Cl solutions respectively. Among these buffer systems the range of acetic acid 

and potassium acetate was found the best and the whole work was performed using this 

buffer solution at I=0.2 M throughout. Besides this, to check the accuracy of 

polarographic technique, the extraction results obtained were compared with those of 
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atomic absorption spectroscopy (AAS), and it was found that there was only less than 

±3% difference between them. 
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Fig. 9. Extraction of Pb2+ by v▲ and vi ● from an aqueous (pH. 1-7) to organic phase. 

 

From the extraction data shown in Fig 9, it is observed that both of the ligands (v 

and vi) show a relatively higher affinity towards Pb2+. Observations show that the 

extraction ratio of Pb2+ with v and vi increases as the pH increases from 2-4. The most 

significant difference was observed in the case of hexaester derivative (vi). It has shown 

maximum extraction, i. e. 94.9% and high selectivity toward the Pb2+ at pH 4. 

The studies regarding interferences of other selected metal cations (Na+, K+, Cu2+ 

and Mg2+) on the extraction ability of these ligands v and vi (Table 1 ) show that there is 

no significant effect of the other metal cations except Na+ on the extraction ability of v. 

From these observations we conclude that the calix[4]arene ester derivative v is highly 

selective for Na+ as it has been reported [135-139] may be due to the compatibility 

between the ionic radii of Na+ and cavity size of v. In the case of vi, the increased affinity 

for Pb2+ and less interference of Na+, as well as other metals can be explained by the 

same fact that the ionic radii of Pb2+, size of the macrocycle and interaction of ester 

groups play an important role in complexation. 



 61

Table 1. Interference of Na+ K+, Cu2+ and Mg2+ on the extraction of Pb+2 with v and vi at 

pH 4. 

 

Ligand 

 

Ions 

Extraction Percentage/Pb2+:Mn+  

1:0 1:1 1:2 1:3 1:4 1:5 

v Pb2+/Na+  

78.5 

<1.0 <1.0 <1.0 <1.0 <1.0 

Pb2+/K+ 99.9 99.9 99.9 99.9 99.9 

Pb2+/Cu2+ 99.9 99.9 99.9 99.9 99.9 

Pb2+/Mg2+ 99.9 99.9 99.9 99.9 99.9 

vi Pb2+/Na+  

94.9 

65.6 61.6 51.8 45.4 42.4 

Pb2+/K+ 91.3 92.1 94.0 95.0 96.0 

Pb2+/Cu2+ 84.0 84.4 84.7 85.5 85.7 

Pb2+/Mg2+ 93.8 90.5 80.4 80.0 60.7 

 To understand the extraction phenomenon, experiments were carried out and 

observed that the calix[n]arene ligands v and vi containing esteric binding sites possess 

the capability of capturing soft and hard metal ions. It can be speculated that ester 

derivatives v and vi based on the electron donating nature of the O-containing carbonyl 

groups at their lower rim and the electron-accepting nature of metal ions, the ion 

exchange mechanism could be preferentially considered. For instance, a divalent heavy 

metal ion such as Pb2+ may attach itself to carbonyl groups which can donate pair of 

electrons to the metal ion, forming coordination bond between them. It is then readily 

understood that the equilibrium is quite dependent on pH of the aqueous solution. At 

lower pH, the H+ ions compete with Pb2+ cations for the exchange sites on the ligands v 

and vi, thereby releasing the later. The Pb2+ cations are completely released under 

circumstances of extreme acidic conditions. In this regard therefore, calixarene 

derivatives may be used as regenerable preconcentration agents. The chemical bonding 
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results from the sharing of a free electron pair between the oxygen atom and metal atom 

or the formation of an O–Pb2+ bond. Moreover, this phenomenon may reflect the ‘hard 

and soft acids and bases’ concept introduced by Pearson [176]. As this environment 

exists due to the presence of π-bonds containing functionalities, where cation–π 

interactions favor the complexation with the more polarizable transition metal ions 

especially Pb2+ and which is known as intermediate soft and hard metal cation [148,157-

159, 172]. The proposed interactions of the ligand vi with Pb2+ are shown in Fig. 10. 

 

 

 

 

Fig. 10. Representation of proposed interaction between ligand vi and Pb2+ ion. 

Consequently, a plot of log D vs. log [L] leads to a straight line with a slope that 

admits for the determination of the stoichiometry of the extracted species at different 

concentrations, where [L] is defined as the analytical concentration of the ligand in the 

organic phase. 

 

 

 

 

 

Fig. 11. Log D vs. log L for the extraction of Pb2+ by ligand v from an aqueous phase into 

chloroform at appropriate dilution to cover the range (2.5×10-4-1.25×10-3) at pH 

4. 
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Fig. 11 and 12 depict the Pb2+ extraction into chloroform at different 

concentrations of ligands v and vi, which exhibit almost a linear relationship between log 

D vs. log [L] with a slope roughly equal to 1.04 and 0.79. These results suggest that 

ligands v and vi bind to Pb2+ in a 1:1 manner under the experimental conditions 

according to Equation 1. In these systems, the logarithmic extraction constants for Pb2+ 

with ligands v and vi were determined. The corresponding extraction constants are 7.83 ± 

0.85 (for ligand v) and 9.88 ± 1.9 (for ligand vi) calculated by using Eq. (3). 

 

Fig. 12. Log D vs. log L for the extraction of Pb2+ by ligand vi from an aqueous phase 

into chloroform at appropriate dilution to cover the range (2.5×10-4- 1.25×10-3) at 

pH 4 

 

Fig. 13. The extraction efficiency of ligands v♦ and vi■ for Pb2+ at pH 4. 
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The extraction efficiency of the ligands v and vi was evaluated by using their 

solutions of different concentration with the Pb2+ solution (pH 4) at the ambient 

temperature in solvent extraction experiments. The results (Fig. 13) show that the 

maximum extraction of Pb2+ may be obtained with 1.0×10-3 M and 2.5×10-4 M solutions 

of the ligands v and vi, respectively. It reveals that ligand vi is more efficient as 

compared to the ligand v. 

4.1.1. Summary of part 1 

The Pb2+ selective extraction behavior of ester derivatives of calix[n]arenes (v and 

vi) suggest that the hexaester derivative of calix[6]arene is more selective and efficient 

ionophore for the extraction of Pb2+ from aqueous to the organic phase at the given pH. It 

is suitable for the separation of Pb2+ from the solution containing other metals like Na+, 

K+, Cu2+ and Mg2+. 
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PART 2 (SCHEME 2) 

Remarks: The all work of this part has been published and is cited as: Solangi et al. 

Analytica Chimica Acta 638 (2009) 146-153. 

This part (i.e. part 2) comprises the synthesis of resin vii depicted as in scheme 2 

and investigation of its solid-liquid extraction efficiency for Pb2+ from aqueous media. 
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Scheme 2: Structural representation of calix[4]arenes derivatives. 

4.2. Synthesis and Application of a Highly Efficient Tetraester Calix[4]arene 

Based Resin for the Removal of Pb2+ from Aqueous Environment 

The present study describes the Pb2+ adsorption potential of newly synthesized 

tetraester calix[4]arene (TC4) based resin from aqueous media. The TC4 resin was 

synthesized through diazotization reaction of TC4 with Amberlite XAD-4 in the presence of 

sodium nitrite in acidic medium. The TC4 resin was characterized by using different 

analytical techniques such as FT-IR, elemental analysis and scanning electron microscopy 

(SEM). The Pb2+ removal ability of the resin from the aqueous environment has been 
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evaluated by both batch adsorption as well as column studies. The experiments have been 

conducted involving the determination of effect of pH, adsorbate concentration, adsorbent 

dosage, contact time and temperature. Moreover, on the basis of kinetic studies, the pseudo 

first-order and second-order adsorption kinetics were calculated. The thermodynamic 

parameters of lead adsorption were also calculated. Equation isotherms such as Langmuir 

(L), Freundlich (F), and Dubinin–Radushkevich (DR) were successfully used to model the 

experimental data. From the DR isotherm parameters, it was considered that the uptake of 

Pb2+ by TC4 resin is ion exchange mechanism. From the results it has been found that the 

TC4 resin is a versatile adsorbent for the removal of Pb2+ from the aqueous environment. The 

study also confers its impact on human health, reinstate of polluted sites and other fields of 

material science. 

4.2.1. Characterization 

4.2.1.1. FT-IR spectra 

The FT-IR spectrum of Amberlite XAD-4™ is previously interpreted by a 

Katheline O.V. Flores at al. [219]. The nitro and amino derivatives of Amberlite XAD-

4™ were characterized by FT-IR as in Fig. 14a,b. After the end of reactions the main 

transmittance bands were observed for nitro and amino groups respectively. The bands at 

1528 cm-1, 1350 cm-1 are for NO2 and –C-N respectively (Fig.14a); whereas on reduction 

of nitro groups into amino groups, the disappearance of 1528 cm-1 band and appearance 

of a doublet of –NH2 at 3442 and 3381 cm-1 confirms the change (Fig.14b). The modified 

The modified Amberlite resin shows additional bands at 1700, 1508 and 1454 cm−1, 

which can be attributed to the carbonyl group (C=O), C–O, and N=N stretching 

respectively (Fig. 15b); which confirm the immobilization of tetraestercalix[4]arene onto 

the resin. The IR spectrum of tetraestercalix[4]arene has also been given for comparison 

(Fig. 15a). 
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Fig. 14. FT-IR spectrum (a) XAD-4™ nitro derivative (b) XAD-4™ amino derivative. 

 

 

Fig. 15. FT -IR spectrum (a) Tetraestercalix[4]arene derivative(vi) (b) TC4-resin (vii). 
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Fig 16. SEM images of (A) Pure Amberlite XAD-4™ (xiii) (B) Tetraestercalix[4]arene immobilized (TC4 resin). 
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4.2.1.2. Scanning electron microscopy (SEM) 

Since the adsorption is the surface phenomena, the rate and degree of adsorption 

specific to given the adsorbent are influenced by the physicochemical properties of the 

adsorbent such as surface area, pore size, surface functional groups and composition. The 

morphological characteristics of TC4 resin was evaluated using a scanning electron 

microscope (SEM) by applying 05 kV electron acceleration voltage. Fig. 16A shows the 

SEM micrographs of the Amberlite XAD-4 (13) untreated at 20 times magnification. It 

can be seen from the XAD-4 image showing the rough and porous surface. After the 

immobilization of tetraestercalix[4]arene onto Amberlite XAD-4 at 130 times 

magnification, the beads of immobilized resin (Fig. 16B) show very smooth and regular 

shapes of beads covered by foreign material i.e. calixarenes. 

4.2.2. Adsorption studies 

4.2.2.1. Effect of adsorbent dosage 

Adsorbent dosage is a significant parameter because this concludes the capacity 

of an adsorbent for given initial concentration of the adsorbate at the operating 

conditions. The influence of immobilized resin on the adsorption of Pb2+ is represented in 

Fig 17.  

 

Fig. 17. Effect of dosage of TC4 resin on adsorption of Pb2+ (Pb-picrate conc. =5 x 10-5 

M; shaking time= 160 min; V=10 ml; T= 308 K). 
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The adsorption of lead picrate increases by increasing the dosage of immobilized 

resin and, the adsorption was almost constant at higher dosage than 100 mg. This was 

because of the availability of more and more adsorbate surface for the solute to adsorb. 

4.2.2.2. pH effect on adsorption of Pb2+ ions 

The influence of pH play an important role on separation sciences, as in this study 

the adsorption of Pb2+ ions onto TC4 resin was investigated at fixed concentration of Pb2+ 

ions at different pH. The pH study was performed by polarographic technique and the 

results were correlated with AAS, which shows good correlation with each other. The 

results obtained are shown in Fig.18. It has been observed that the % adsorption of Pb2+ 

ions increases by increasing the pH of solution and attain a maximum value at pH 6.5. 

0

20

40

60

80

100

0 2 4 6 8

pH

%
 A

ds
or

pt
io

n

 

Fig.18. Adsorption of Pb2+ ions on immobilized tetraestercalix[4]arene (TC4) resin at 

different pH. 

4.2.2.3. Optimum shaking time 

Adsorption of Pb2+ picrate as a function of shaking time was studied on TC4 resin 

at different temperature range (278-308 K) results are shown in Fig 19. It was found that 

percent adsorption increases with increasing shaking time and temperature; this indicates 
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that the process is to be endothermic in nature. On the basis of results, a 160 min. shaking 

time was found suitable for maximum adsorption and used in all measurements at 308 K. 

 

Fig. 19. The adsorption curves of Pb2+ on immobilized calixarene based resin as a 

function of shaking time at different temperatures. 

4.2.3. Adsorption kinetics of Pb2+ 

The plots of qt vs t at 278-308 K shown in Fig. 19 have been drawn to evaluate 

the adsorption kinetics of Pb2+ onto the TC4 resin. A pseudo-first-order and pseudo-

second-order type kinetic models were used to check the mechanism of adsorption 

process. It has been observed that the rate of Pb2+ adsorption by TC4 resin at 278-308 K 

tends to follow both pseudo-first-order and pseudo-second-order rate equations 12 and 14 

[55], 

The plot of ln(qe-qt) against t of Eq. (12) should give a linear relationship., from 

which K1 can be determined from the slope of plot. The adsorption rate constants were 

determined from the slopes of the plots. The adsorption was rapid during the first 50 min. 

and the equilibrium was then attained within 160 min. The K1 values are listed in Table 3 

for Pb2+ adsorption on TC4 resin determined at 278-308 K. 

On the other hand, the adsorption kinetics may be described by pseudo-second-

order [55]. The pseudo-second-order equation is also based on the adsorption capacity of 
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the solid phase and is expressed as in Eq (13). For the same boundary conditions the 

integrated form of Eq. (13) becomes Eq. (14) as described earlier. 

If second-order kinetics is applicable, the plot of t/q against t of Eq. (14) should 

give a linear relationship, from which qe and K2 can be determined from the slope and 

intercept of plot. The values are listed in Table 2. 

Table 2. Comparison of the first- and second-order reaction rate constants obtained at 

initial Pb2+ concentration and different temperatures. 

 

Temperature 

(K) 

First-order kinetic model Second-order kinetic model 

K1 qe R2 K2 qe R2 

(mol/g min) (mol/g) (μmol/g·min) (μmol/g) 

278 0.015 1.697x 10-5 0.959 395.318 0.223 0.948 

288 0.017 1.809 x 10-5 0.964 499.591 0.203 0.935 

298 0.020 2.102 x 10-5 0.986 112.977 0.446 0.985 

308 0.029 1.434 x 10-5 0.990 0.100 110.354 0.999 

Reichenberg equation was applied to check the adsorption process via film 

diffusion or intraparticle diffusion mechanism [73]. The Reichenberg equation was tested 

as Eq 16 and 17: 
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Fig. 20. Reichenberg (R-B) plot for the adsorption of Pb-picrate ions onto TC4 resin. 

The plot of ßt vs time t (Fig. 20) follows the linearity from 0-70 min, which 

indicates that the intraparticle diffusion is rate controlling step with a small friction of 

adsorption that occurs through the film diffusion because the plot does not pass through 

the origin. 

The kinetic adsorption was also investigated by using Morris–Weber equation as 

Eq 15 [72]. The qt (μmolg−1) was plotted against √t in Fig 21. 

 

Fig. 21 Morris–Weber plot for the adsorption of Pb-picrate ions onto immobilized resin. 
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The adsorption data follows the linearity as in, Eq. (14) up to 50 min. From the 

slope of the plot in the initial stage (Fig 21) the value of Rd, the rate constant of 

intraparticle transport, is estimated to be 0.035, 0.044, 0.070 and 0.089 μmol g−1 min−1/2 

with the coefficient of correlation 0.990, 0.985, 0.995 and 0.997 respectively from 278-

308K. 

4.2.4.1. Thermodynamics of adsorption 

The effect of temperature on adsorption of the Pb-picrate onto tetraester 

calix[4]arene based amberlite resin was evaluated in the range of 278-308 K at optimum 

conditions by using the Eq 18 and 19. The enthalpy (∆H), entropy (∆S) and Gibbs free 

energy (∆G) were calculated at equilibrium constant (KC). Plot of ln KC against 1/T Fig. 

22 gives the numerical values of ∆H-55.77 kJ mol−1 and ∆S 206 kJ mol−1 K from the 

slope and intercept, respectively. The negative values of ∆H and ∆G show the exothermic 

and spontaneous nature of reaction. Gibbs free energy calculated was ∆G 278-308 K - 

(2.54008, 5.07967, 6.8289, and 8.94444 kJ mol−1). 

 

Fig. 22. Effect of temperature on adsorption of lead-picrate of ions onto TC4 resin. 
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4.2.4.2. Adsorption isotherms 

Freundlich, Langmuir and Dubinin-Radushkevich (D-R) isotherm models were 

applied to correlates the amount of the lead-picrate adsorbed per unit amount of the 

adsorbent and the initial concentration of adsorbate is rang of 3.0 x 10-5 to 1.5 x 10-4 M 

using 100 mg adsorbent/10 mL of adsorbate and 160 min shaking time at a 303 K. 

The Freundlich adsorption isotherm [56] was applied for the Pb2+ removal by 

adsorption. The linearized form of Freundlich isotherm is tested as in Eq. 1.6. The log 

Cads was plotted against log Ce. From the intercept and slope the values of A and 1/n are 

compiled in Table 3. 

The Langmuir model [60] was applied to the adsorption equilibrium for TC4 

resin. The Langmuir model was tested as in Eq. 1.7. The plot of Ce/Cads versus Ce gives a 

straight line, indicating that the Langmuir adsorption is also followed by the adsorption 

data very well. The essential characteristic of Langmuir isotherm can be expressed in 

terms of a dimensionless constant, separation factor RL (Eq. 1.8), which describe the type 

of isotherm and is defined by [50]. The values of RL calculated were 0.261-0.066, 

representing highly favorable adsorption of Pb2+ ions onto modified resin. 

The Dubinin–Radushkevich (D-R) isotherm is more general to differentiate the 

physical chemical adsorption phenomena [62,64]. This isotherm is more common then 

Langmuir isotherm model, it assumes heterogeneity of energies over the surface. The 

linear form of the D-R isotherm is given in Eq. 9. Polanyi potential (ε) and mean 

adsorption energy (E) were calculated as in Eq. 1.10 and 1.11. 

The activity coefficient (β) and total adsorption capacity (Xm) were calculated 

from slope and intercept of a plot (i.e. ln Cads versus ε2) and the values of mean 

adsorption energy and adsorption capacity are given in Table 3. 
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Table 3. Freundlich, Langmuir and D-R characteristic constants for Pb2+ ions on TC4 

resin. 

Langmuir Freundlich D-R 

Q b x104  RL R2 A 1/n R2 Xm E R2 

(μmol g-1) (L mol-1)   (mmolg-1)   (mmolg-1) (kJmol-1)  

101.8 9.33 0.261-

0.066 

0.95 10.91 2.08 0.99 8.06x10-1 12.57 0.99 

The saturation limit, Xm, may represent total specific micropore volume of the 

sorbent. The Freundlich, Langmuir, and D–R constants were evaluated using respective 

slope and intercept of linear plots. The results are listed in Table 3. The adsorption 

intensity of the Freundlich constant (1/n) for Pb2+ was found to be 2.08. The value of n 

lies between 1-10 indicating favorable adsorption [56]. The value of adsorption capacity 

is different for all mentioned adsorption isotherms. This difference in adsorption capacity 

can be evaluated in terms of the assumptions taken into consideration while deriving 

these adsorption models. It is known that the magnitude of E is very common for 

evaluating the type of adsorption and if this value lies in between 8-16 kJ mol-1, the 

adsorption can be explained by ion exchange [220]. Hence, it is very likely that the Pb2+ 

ions are adsorbed onto TC4 based XAD-4 resin, predominantly by ion exchange 

mechanism. 

To understand the adsorption phenomenon, experiments were carried out at 

different pH (Fig.18) and observed that the calix[4]arene moiety in TC4 resin contains 

esteric binding sites and hence possesses capability of capturing soft and hard metal ions. 

It can be speculated that TC4 resin based on the electron donating nature of the O-

containing carbonyl groups at their lower rim and the electron-accepting nature of metal 

ions, the ion exchange mechanism could be preferentially considered. For instance, a 

divalent heavy metal ion such as Pb2+ may attach itself to carbonyl groups which can 

donate pair of electrons to the metal ion, forming coordination bond between them. It is 

then readily understood that the equilibrium is quite dependent on pH of the aqueous 
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solution. At lower pH, the H+ ions compete with Pb2+ cations for the exchange sites on 

the TC4 resin, thereby releasing the latter. The Pb2+ cations are completely released under 

circumstances of extreme acidic conditions. In this regard therefore, TC4 resin may be 

used as regenerable preconcentration agent. The chemical bonding results from the 

sharing of a free electron pair between the oxygen atom and metal atom or the 

coordination of an O–Pb2+ type bond. Moreover, this phenomenon may reflect the ‘hard 

and soft acids and bases’ concept introduced by Pearson [176]. As this environment 

exists due to the presence of π-bonds containing functionalities, where cation–π 

interactions favor the complexation with the more polarizable transition metal ions 

especially Pb2+ and which is known as intermediate soft and hard metal cation [148, 157-

159, 172]. The proposed interactions of the TC4 resin with Pb2+ are shown in Fig. 23. 

 

 

 

 

 

 

 

Fig. 23. Representation of proposed interaction between TC4 resin and Pb2+ ion. 

4.2.5. Dynamic adsorption studies 

4.2.5.1. Effect of flow rate 

The effects of flow rate play an important role for dynamic study on the 

adsorption phenomena. The flow rate was adjusted 1–5 mL min−1 at optimized pH (i.e. 

6.5) for maximum adsorption (Fig. 24). It was observed that at a flow rate 3 mL min−1 
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and greater there was a decrease in % adsorption. This decrease in adsorption with 

increasing flow rate is due the decrease in equilibration time between two phases. 
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Fig.24. Adsorption of Pb2+ ions on TC4 resin as a function of resin. 

4.2.5.2. Effect of co-existing ions 

The contamination of ground water as well as industrial effluents contains various 

other co-existing ions, which may compete with Pb2+ for the active adsorption site of 

modified resin. However, the investigation of interference of selected ions (Na+, K+, Ca2+, 

Mg2+, Cu2+, Co2+, Cd2+, Al2+, and Fe3+, Cl-, (SO4)
2-) was conducted. The interference of 

co-existing ions on the adsorption of Pb2+ onto TC4 resin was evaluated by polarography 

according to previously reported method [218]. By taking 1:10 mole ratio at optimized 

conditions. The histogram in Fig. 25 shows no any remarkable interference of co-existing 

ions. 
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Fig.25. Effect of co-existing ions on the adsorption of Pb2+ ions onto TC4 resin. 

4.2.6.  Summary of part 2 

The present study demonstrate that the Pb2+ ion can be selectively adsorbed using 

25, 26,27,28-tetraethoxycarbonylmethoxycalix[4]arene immobilized onto Amberlite 

XAD-4 resin (TC4 resin). It has been observed that the novel TC4 resin is more selective 

and efficient adsorbent for the removal of Pb2+ from aqueous phase at various pHs 

particularly at 6.5 pH. It is suitable for the separation of Pb2+ from the solution containing 

other metals like Na+, K+, Ca2+, Mg2+, Cu2+, Co2+, Cd2+, Al2+, Fe3+, Cl- and SO4
2-. 
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PART 3 (SCHEME 3) 
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Scheme 1. A schematic representation showing synthesis of calix[4]arene derivatives (a) 

HCHO/NaOH (b) CH2Cl2/HNO3/H2SO4 (c) Cs2CO3/Bromomethyl acetate. 

4.3. Highly Selective Spectrophotometric Detection of Hg(II) by Calix[4]arene 

Derivative 

A new highly selective chromogenic 5,11,17,23-p-tetranitro-25,26,27,28- 

tetrakis(methoxycarbonyl)methoxycalix[4]arene (ix) was synthesized for the first time 

and its colorimetric/chromogenic response toward a series of metal ions was studied. It 

has been observed that ix has high sensitivity as well as specificity for Hg(II). Besides 

this, other analytical parameter such as effect of co-existing ions, solvatochromic effect, 

and stability of ligand ix along with its Hg2+ complex with in a selected solvent was also 



 81

explored using UV-visible and FT-IR spectroscopic techniques. The interference study 

reveals pronounced selectivity of ix toward Hg (II) even in the presence of different ions. 

4.3.1. Synthesis and characterization 

Several aspects of the ionophoric properties of calix[4]arenes and their derivatives 

toward metal cations were probed experimentally. The objective of the present study was 

to synthesize and investigate the complexing properties of 5,11,17,23-p-tetranitro-

25,26,27,28-tetrakis(methoxycarbonyl)methoxycalix[4]arene (ix) in 1,3 conformation. 

Thus, to achieve the strategic goals 5,11,17,23-p-tetranitro-25,26,27,28-tetrahydroxy-

calix[4]arene (viii) initially synthesized according to the reported methods was treated 

sequentially with CsCO3 and bromomethyl acetate in acetone to obtain ix. The 

recrystallization of crude product was achieved through MeOH/CH2Cl2 system, which 

gives pure compound (ix).  

The compound ix was characterized by FT-IR, 1H NMR and 13C NMR spectra. 

From the 1H NMR results of ix, we assume that the ix exist in a 1,3 conformation; 

which was clearly indicated by the typical singlet for the eight methylene hydrogen 

atoms ( 3.35) of the four equivalent bridging methylene groups. The 13C NMR. 

4.3.2. Solvatochromic effect 

Solvatochromic behavior of ligand ix in different solvents is the first important 

parameter in spectrophotometric studies, which confers the appearance of a compound in 

equilibrium state. The red (positive solvatochromism) or blue (negative 

solvatochromism) shifting may also be accompanied with the change in polarity of 

solvent due to π→π* and n→π* transitions [221]. Solvent system selection for 

complexation can also be determined from detailed solvatochromic study. Therefore, in 

quest of all aforementioned observations, spectral investigations of 3 were determined in 

various solvents (Fig. 26) such as dichloromethane (DCM), chloroform (CF), acetonitrile 

(ACN), methanol (MeOH), dimethylformamide (DMF), dimethylsulfoxide (DMSO) and 

dimethylsulfoxide - water (DMSO-H2O). 
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Compound ix shows red shift in its absorption maxima (~12 nm range) in DMSO 

and DMSO-H2O; while with other low polarity solvents, i.e. CF, DCM it shows blue 

shifting probably may be due to no significant change in the stability of the excited state 

in above mentioned solvents. Many attempts have been made to observe the 

solvatochromic behavior of ix in different solvents even at various concentrations; but 

due to aggregation, low response and noise in the spectra, all of them have been 

discarded [217]. And finally, DMSO-H2O was preferred for complexation studies; since 

it gives maximum number of absorption bands within standard absorption limits and 

shows no any aggregation as compared with other solvents. 
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Fig. 26. Uv-vis absorption spectra of ix (2.8×10-5 M) in different solvents. 

4.3.3. Cation binding studies 

The solvatochromic behavior of ix suggested DMSO as a solvent of preferable 

choice however; attempts have been made to use a series of different solvents such as 

DCM, CF, ACN, Me-OH, DMF and finally DMSO-H2O as a binary solvent system was 

found appropriate and selected for complexation studies. 

The colorimetric selective sensing ability of ix (2.5×10−5 M) with a series of 

various cations in a ratio of DMSO/H2O (75/25 %V) was monitored by UV–visible 



 83

absorption and by the naked eye color changing observation. Interestingly, the color of 

the solution changed from its initial yellow color to transparent (Fig. 27).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 27. Ligand ix in DMSO+H2O (2.8×10-4 M) upon addition of 10 mol equiv. of 

different metal cations (A) UV-vis absorption spectra of Alkali metal (B) UV-vis 

absorption spectra of Transition metals (C) Photograph showing color change by 

the addition of metal cations:(a)Free ligand ix, (b) ix-Na(I), (c) ix-K(I), (d) ix-

Li(I), (e) ix-Cs(I), (f) ix-Hg(II) (g) ix-Ag(I), (h) ix-Pb(II), (i) ix-Cu(II), (j) ix-

Co(II), (k) ix-Cd(II), and (l) ix-Ni(II)  
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The ligand ix itself displays two absorption bands at 300, and 415 nm, may be 

attributed to π → π* and n → π*, respectively [217]. The interaction of ix with a series of 

various cations for complexation was examined in detail through the UV-visible 

spectroscopic titration method (Fig. 27). Upon addition of 10 equivalent of metal cation 

to ligand ix solution, except Hg(II) and Li(I) all other cations cause more or less same 

response as shown in Fig. 27. However, dramatic effect was observed upon addition of 

Hg (II) ion where band at 415 was completely disappeared. While in case of Li(I), it 

shows complexation, which is not prominent as in the case of Hg(II). This devoid of band 

confers the significant and selective complex formation between ix and Hg (II) ions as a 

result of nitrogen-Hg(II) charge transfer process. 
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Fig. 28. Concentration effect of Hg(II) on the complexation. 

In an attempt to have further insight into the chromogenic behavior of ix, the 

absorption profile as a function of metal ion concentration was obtained followed by 

increase in the intensity of absorbance with respect to increased Hg (II) ion concentration 

(Fig. 28). This profile also confers the complexation of Hg(II) through the binding sites in 

two lobes of calixarene moiety due to 1,3 conformation. Since the band at 415 nm is 

significantly affected due to the interaction of metal with esteric binding sites through 
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cation-π interaction forming exo-complex (Fig. 32). While the band at 350 nm, belongs to 

the aromatic core of the calixarene moiety is not considerably affected confirming no 

endo-complexation. 

 In complexation study the stoichiometric ratio of ligand verses metal ion has 

significant importance for chemists. For this a Job’s plot experiment was performed in 

order to determine the stoichiometric ratio between ligand ix and Hg (II) ion, conducted 

by varying the concentration of both ligand ix and Hg (II). For ix-Hg(II) complex, 

measured at 415 nm, the maximum point of the mole fractions was found as 0.5, which 

refers to ligand-metal ratio of 1:1 in the complex as shown in Fig. 29. 
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Fig. 29 Jobs Plot 

4.3.4. Stability and response time of ix-Hg(II) complex in DMSO-water 

Response time measurement of calix[4]arene based chemosensors is an intense 

area of study. However, it has been aimed to examine the stability and response time of 

ix-Hg(II) complex. The results reveal that ligand ix responds very fast and when titrated 

with Hg(NO3)2, a successful disappearance of a band in the region of 415 nm occurs very 

rapidly within few seconds and remains stable up to a long time (Fig. 30), i.e. remains 

same even after 15 days. 
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Fig. 30 Stability of ix-Hg(II) complex in DMSO-water with response to time. 

4.3.5. Interference study of competing ions 

An important feature of the chromogenic sensor is its high selectivity toward 

analyte in the presence of other competitive species. Variations of UV–vis spectral and 

visual color changes of ix caused by miscellaneous cations (10 eq) including Li(I), Na(I), 

K(I), Cs(I), Ag(I), Pb(II), Cu(II), Co(II), Cd(II) and Ni(II) were recorded as shown in Fig. 

31. It is evident that the competitive cations did not show any remarkable color and 

spectral change when they were added to a solution containing ix-Hg(II) complex. 
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Fig. 31 Interference study of competing ions (A) Li, Na, K, Cs (B) Ag, Cu, Ni, Co, Pb, 

Cd. 

Generally, in complexation phenomenon along with the size of macrocycle and 

ionic radii the nature of binding sites is of much importance. Based on the electron 

donating nature of the π-system containing carbonyl (C=O) groups/binding sites and the 

electron-accepting nature of metal ions, the ionic interaction could be preferentially 

considered and it has been expected that ix may possess the capability of capturing soft 

and/or hard metal ions. Thus, to understand the complexation phenomenon, experiments 

were carried out and it has been found that ix forms complex with Hg(II) ion selectively. 

From the observations it may be deduced that the π-systems in the cabonyl groups prefer 

soft transition metal ions such as Hg(II). Thus, this phenomenon may reflect the ‘hard 

and soft acids and bases’ concept introduced by Pearson [176]. As this environment 

exists due to the presence of soft nature containing functionalities, where carbonyl (C=O) 

groups favor the complexation with the more polarizable transition metal ions especially 

Hg(II), which is known as soft metal cation [148]. The proposed interactions of ix with 

Hg(II) is shown in Fig. 32 
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Fig. 32. Proposed interaction of ix with Hg(II). 

4.3.6. Summary of the part 3 

In the present work, the chromogenic potential of ix was found with high 

specificity toward Hg(II) among a series of selected metal ions that attributed to the 

changes in intensities of the spectral lines observed in UV-visible of ix-Hg(II) complex. 

Moreover, the design of ix that comprises four donor carbonyl groups as binding sites 

seems to be an ideal geometry in terms of size, arrangement and accommodation of 

Hg(II). It infers the importance of pre-organization in designing the ligand. From the 

results, it may be concluded that the study may be treated as a test for the detection of 

Hg(II) in aqueous polluted environment. 
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PART 4 (SCHEME 4) 

Remarks: The all work of this part has been accepted and is cited as: I.B. Solangi et al. 

/ Sep. Sci. Technol. 46 1113–1120, 2011.. 

This part 4 consist synthesis of resin x and xi as shown in scheme 4 and resin xi 

applied for its solid-liquid extraction efficiency toward the F- from aqueous media. 
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Scheme 4. A Schematic representation showing immobilization of calix[4]arene 

derivative onto Merrifield resin (a) NaOH/HCHO (b)CH2Cl2/HNO3/H2SO4 

(c)NaH/NaI/Merrifield resin/DMF (d) SnCl2/HCl/EtOH. 
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4.4. A Convenient Approach Toward Fluoride Adsorption by Calix[4]arene 

Based Sorbent 

The present study describes the adsorption of fluoride on a potential and newly 

synthesized p-tetraaminocalix[4]arene based resin (p-TAC4 resin) (xi). The p-TAC4 resin 

was synthesized via immobilization of p-tetranitrocalix[4]arene (p-TNC4) (x) onto the 

Merrifield resin followed by catalytic reduction with SnCl2/EtOH/HCl. The p-TNC4 and 

p-TAC4 resins were characterized using FT-IR, elemental analysis and scanning electron 

microscopy (SEM). Fluoride removal capability from the aqueous media of the p-TAC4 

resin has been evaluated through batch adsorption study. The effect of pH, sorbate 

concentration, sorbent dosage and contact time on fluoride removal was evaluated. The 

Langmuir (L), Freundlich (F), and Dubinin–Radushkevich (D-R) isotherms revealed that 

the fluoride on p-TAC4 resin follows physiosorption mechanism. All the results support 

and emphasize that the p-TAC4 resin is an effective sorbent for the removal of fluoride 

from the aqueous environment at a wide range of pH.  

4.4.1. Characterization 

4.4.1.1. FT-IR study 

p-tetranitrocalix[4]arene immobilized onto Merrifield resin and then by catalytic 

reduction get converted into p-tetraaminocalix[4]arene (p-TAC4) resin. The formation of 

both p-TNC4 and p-TAC4 resins was confirmed by FT-IR spectral analysis as shown in 

Fig. 33. At the end of each reaction the main transmittance was observed as in the case of 

p-TNC4 resin, two bands at 1365 cm-1, 1270 cm-1 for NO2 and –C-N, respectively 

confirm the immobilization of p-tetranitrocalix[4]arene onto the Merrifield resin. 

Whereas, on the reduction of p-TNC4 resin, the disappearance of a band at 1365 cm-1  for 

NO2 and appearance of a new band for –NH2 at 3431 cm-1 confirms its conversion into p-

TAC4 resin. 
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Fig. 33 FT-IR spectrum (a) p-TNC4 resin and (b) p-TAC4 resin. 

4.4.1.2. Scanning electron microscopy (SEM) study 

The morphological characteristics of p-TNC4 was evaluated using a scanning 

electron microscope (SEM) by applying 05 kV electron acceleration voltage. Fig. 34a and 

34b shows the SEM micrographs of pure Merrifield resin (unmodified) at 80 and 1400 

times magnification. The smooth surface of unmodified Merrifield resin can be seen from 

these images (Fig. 34a and 34b). After the immobilization of p-tetranitrocalix[4]arene 

onto the surface of merrifield resin, the beads of immobilized resin show rough and 

irregular shapes covered by foreign material (i.e. p-tetranitrocalix[4]arene) at 85 and 

1200 times magnification (Fig. 34c and 34d). 
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Fig. 34 SEM images of Merrifield resin 34 (a,b) and p-TNC4 resin 34 (c,d). 

4.4.2. Effect of pH 

To study the influence of pH onto p-TAC4, the adsorption studies were evaluated 

by varying pH of the solution ranging from 3-11. The pH was adjusted by using 0.1 M 

NaOH or 0.1 M HCl and the adsorption of fluoride onto p-TAC4 resin was carried out at 

fixed concentration of fluoride (2.6×10-4 mol L-1) as well as dosage of sorbent (0.1 g). 

The results (Fig. 35) reveal that significant adsorption of fluoride occurs in a wide range 

of pH from pH 3 to pH 11. It has also been noticed that the resin is more effective at 

higher pH, i.e. pH 9.0. 

(A) 
(34a) (34b) 

(34c) (34d) 
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The high % adsorption at all pHs imparts significance of resin to be used in 

various fields for fluoride remediation. This wide pH range fluoride adsorption capacity 

of p-TAC4 resin may be due to the presence of two types of functionalities/binding sites, 

i.e. amino and hydroxyl (–NH2 and -OH, see Scheme 4), which certainly take part in 

adsorption phenomenon at varying pHs. At low pH the surface of resin becomes 

protonated (i.e. –+OH2 and –+NH3) and may form strong electrostatic attraction with 

fluoride; as the pH increases (i.e. pH 3-9) the concentration of counter ion (Cl-) decreases 

and resultantly less interference of counter ion enhances the adsorption capacity of p-

TAC4 resin. It may be demonstrated as in the following Eqs. 21 and 22, where R 

represents solid p-TAC4 resin. 

R-OH(S) +H3O
+ +F- → R–+OH2····F

-
(S) + H2O                                                (21) 

R-NH2(S) +H3O
+ +F- → R–+NH3····F

-
(S) + H2O                                               (22) 

At neutral pH hydroxyl groups of the calixarene moiety (at narrow rim) mostly 

form intramolecular hydrogen bonding may not participate in adsorption process [95]. 

Thus, it is assumed that hydrogen bonding between fluoride and amino groups (at wide 

rim) could facilitate the adsorption phenomenon as in Eq. 23 given below. The enhanced 

adsorption efficiency of p-TAC4 resin at this pH is due to the absence of counter ion 

effect. Due to the electron accepting nature of amino/hydoxyl groups in p-TAC4 (Eq. 21-

23), and the electron-donating nature of anions, the physiosorption could preferentially be 

considered. This phenomenon may additionally reflect the ‘hard and soft acids and bases’ 

concept introduced by Pearson [176]; as this environment exists and because, the fluoride 

and hydrogen both are hard and form strong hydrogen bonding. 

R-NH2(S) + F- + Na+ → R–NH2····F
- Na+

(S)                                                     (23) 

As shown in Fig 35 the maximum % adsorption was observed at pH 9, may be 

due to the deprotonation of –OH groups and the fact that substitution of counter ion (i.e. 

Na+) increases activity of the surface of the resin (i.e. –-ONa+) that presumably interacts 

with fluoride through strong electrostatic interactions. This results in maximum 

adsorption of fluoride as given in the following Eqs. 23 and 24. 
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R-OH(S) + -OH + 2Na+ +F- → R–O- Na+····F- Na+
(S)  + H2O                          (24) 

The decrease in % adsorption of fluoride at higher pH (i.e.>pH 9) may be due to 

the increase of counter anions (i.e.-OH/Cl-) interference, which has approximately same 

ionic radii [222] as shown in Eq. 25 and 26.  

R–NH2····F
- Na+

(S) + Na+ + -OH → R–NH2····
-OH Na+

(S) + Na+ + F-             (25) 

 
  FNaClNHRClHNaFNHR ss )(32    (26) 

Therefore, due to the maximum adsorption efficiency of p-TAC4 resin, all the 

experiments were conducted at pH 9.0. 
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Fig. 35 Effect of pH for adsorption of fluoride onto p-TAC4 resin (F-1=2.6×10-4 mol L-1, 

p-TAC4 resin = 0.1 g; shaking time= 60 minutes; V=10 mL; T= 25 oC). 

4.4.3. Adsorption isotherms  

The exploration of experimental data by various isotherm equations is a main 

parameter required for calculating the adsorption capacity at equilibrium between sorbent 

and sorbate. Several models have been used for this purpose. The mathematical 

+
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expressions of Freundlich, Langmuir and D-R have been used in this study. The details of 

the isotherms are also available in literature [56,60,64]. 

 

4.4.3.1. Freundlich isotherm 

The Freundlich isotherm [56] equation was selected to estimate the adsorption 

capacity of the sorbate onto the sorbent surface. The linear form is represented in Eq.1.6. 

The values A and 1/n have been calculated from the intercept and slope of graph 

by plotting lnCads (mol g-1) verses lnCe at equilibrium concentration (mol L-1) and the 

results are given in Table 4. The application of Freundlich isotherm equation to validate 

the adsorption of fluoride gives a linear plot. The regression co-efficient R2 = 0.99 gave 

validation of experimental data. The adsorption intensity of the Freundlich constant (n) 

for fluoride ion was found to be 1.369. The value of n lies between 1-10 indicating 

favorable adsorption [56]. 

4.4.3.2. Langmuir isotherm 

The Langmuir isotherm [60] generally demonstrates the equilibrium distribution 

of ions between solids and liquid phases. The assumptions of Langmuir isotherm are 

based on:  

 the sorbate/ion that is chemically sorbed on the predetermined number of well 

defined sites;  

 each site can hold only one ion;  

 all sites are energetically equivalent and;  

 there is no interaction between the ions. 

 By increasing the concentration of sorbate, adsorption will also increase till the 

complete saturation of binding sites. The linear form of Langmuir isotherm is represented 

as in Eq. 1.7. 
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The plot of Ce (mol L-1)/Cads (mol g-1) versus Ce (mol L-1) gives a straight line 

indicating that the Langmuir isotherm is also followed by the experimental data (Table 

4). The essential characteristic of Langmuir isotherm can be expressed in terms of a 

dimensionless constant, separation factor RL, which describe the type of isotherm [50] 

and calculated as in Eq. 1.8. The values of RL were calculated as 0.22-0.56, representing 

significantly favorable adsorption of fluoride onto the p-TAC4 resin. 

4.4.3.3. Dubinin-Radushkevich isotherm 

The Dubinin-Radushkevich (D-R) isotherm is more general to model the 

physical/chemical adsorption phenomena [62,64]. This isotherm is more common than 

Langmuir isotherm model. It assumes heterogeneity of energies over the surface. The 

linear form of D-R equation is represented in Eq. 1.9. A plot of lnCads (mol g-1) verses ε2 

gives straight line from the slope and intercept β as well as Xm(mol g-1) respectively were 

calculated (Table 4). The magnitude of E (free energy) has significant role for evaluating 

the type of adsorption (expressed in Eq. 1.11). Hence, in this case the value of E is 1.504 

kJ mol-1. It illustrates physiosorption process and explains the applicability of 

experimental data for the D-R isotherm [223]. 

Table 4. Freundlich, Langmuir and D-R characteristic constants for fluoride ions on 

Modified resin. 

Langmuir Freundlich D-R 

Q b RL R2 A 1/n R2 Xm E R2 

mmol g-1 mol L-1  mol g-1   mmol g-1 kJ mol-1  

6.33 8920.9 0.21-

0.56 

0.97 2.56 0.73 0.99 64.18 1.50 0.99 

The comparison of all three isotherm regression co-efficients (R2) is shown in 

Table 4. The order of favorability on the basis of R2 is as: Freundlich (0.99), D-R (0.99) > 

Langmuir (0.97), respectively. Therefore, each isotherm has appropriate merits in 
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describing the potential of p-TAC4 resin for the adsorption of fluoride. From these 

observations it may be concluded that the higher adsorption capacity of p-TAC4 resin is 

showing agreement with the Freundlich isotherm model that is attributed to the multilayer 

association of fluoride ions with binding sites supported by sodium ions as described 

above, i.e. eqs. 21-25. 

4.4.4. Adsorption and desorption phenomenon 

To understand the adsorption and desorption phenomenon, the experiments were 

carried out at different pHs (Fig. 35).  
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Fig. 36. Proposed physiosorption of fluoride and regeneration of p-TAC4 resin. 

It was noticed that the adsorption occurs at varying pHs and the desorption of 

fluoride occurs at extremely acidic or basic conditions. The desorption of fluoride or the 

regeneration of the resin could be made with 3M HCl/NaOH. At extremely low pH, 

chloride competes with fluoride for the binding sites onto the p-TAC4 resin, while at 

higher pH the -OH ions compete with fluoride (although the ionic radius of hydroxyl and 

fluoride are almost same). Thus, the complete release/desorption of fluoride under 

extreme acidic/basic conditions may be explained by the fact that the p-TAC4 resin 
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contains calixarene derivatives with amino/hydroxyl binding sites and hence possesses 

capability of forming hydrogen bonds with anions. The proposed fluoride 

adsorption/desorption mechanism onto the p-TAC4 resin is shown in Fig. 36. 

4.4.5. Interference of co-existing ions 

The effect of selected anions such as chloride, bromide, iodide, nitrite, nitrate, 

sulphate, phosphate, carbonate and bicarbonate has been evaluated on the adsorption of 

fluoride.  

 

Fig.37 Interference of chloride, bromide, iodide, nitrite, nitrate, sulphate, phosphate, 

carbonate and bicarbonate on the adsorption of fluoride onto p-TAC4 resin at pH 9. 

The 1:1 concentration ratios of selected anions were used for this study. No 

significant effect of other anions on the adsorption of fluoride using the p-TAC4 resin 

(Fig. 37) at pH 9. However, only bromide and nitrite have shown small decrease in the 

adsorption ranging from 15–20%, while chloride, iodide and nitrate have <10%; whereas 

the remaining anions have negligible effect on the adsorption of fluoride (Fig. 37). From 
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these results it has been concluded that the nature of both fluoride and binding sites 

demonstrated as a hard [176] may play an important role in adsorption phenomenon. 

4.4.6. Field application of p-TAC4 resin 

The field applicability of p-TAC4 resin was evaluated by real samples of Thar-

Desert. The samples were collected from the groundwater of Mithi sub-distract Thar 

Desert. A 0.2 g of p-TAC4 resin was taken in 20 mL of real sample and then it was 

stirrered for 60 min. The fluoride content of real sample was investigated before and after 

the adsorption study using Ion Chromatography. It has been found that the fluoride 

content of the sample reduced to 1.05 from 5.74 mg L-1 below the permissible limit (i.e. 

1.5 mg L-1). It has also been noticed that the electrical conductivity was reduced to 7.72 

from 7.86 mS cm-1. 

4.4.7. Summary of part 4 

The present study explores the significant use of newly synthesized p-TAC4 resin 

as an efficient fluoride sorbent that can work at a wide range of pH. The resin is 

significantly effective even in the presence of other co-existing anions such as chloride, 

bromide, iodide, nitrite, nitrate, sulphate, phosphate, carbonate and bicarbonate. The p-

TAC4 resin was found to be a suitable sorbent and can be used for the removal of 

fluoride from the drinking water of Thar Desert. The resin can be regenerated several 

times with acid/base (e.g. 3 M HCl/NaOH). 
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PART 5 (SCHEME 5) 

Remarks: The all work of this part has been accepted and is cited as: Solangi et al. / 

Desalination, 272, 98-106, 2011. 

Part 5 comprises the synthesis of new calix[4]arene based resins (xi and xii) as 

depicted in scheme 5 and investigated the comparative F- adsorption study from aqueous 

media. 
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Scheme 5. A schematic representation showing immobilization of calix[4]arene 

derivative onto Merrifield resin (a) CH2Cl2/HNO3/H2SO4 (b) 

NaH/NaI/Merrifield resin/DMF (c) SnCl2/HCl/EtOH (d) NaSCN/Acetic acid. 
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4.5. Comparative Fluoride Adsorption Study of New Calix[4]arene Based Resins 

The present article demonstrates the synthesis of p-tetraaminocalix[4]arene and p-

tetrathioureacalix[4]arene based resins (xi and xii). The resins (xi and xii) were 

characterized by using different analytical techniques such as FT-IR and elemental analysis. 

In addition, their comparative fluoride adsorption study was conducted and it was 

observed that xii is highly efficient for the removal of fluoride from aqueous media at a 

wide range of pH as compared to xi. Consequently, on the basis of kinetic and 

thermodynamic studies, the pseudo first-order, pseudo second-order, entropy, enthalpy and 

Gibbs free energy of fluoride adsorption onto resin xii were calculated. The experimental 

data were also evaluated by equations of isotherms used, i.e. Freundlich, Langmuir and 

Dubinin-Radushkevich. The observations reveal that the adsorption is favorable and 

confer the physiosorption interaction between resin xii and fluoride. 

4.5.1. Characterizations 

4.5.1.1. FT-IR study 

The p-tetranitrocalix[4]arene (viii) has been immobilized onto Merrifield resin 

and then by catalytic reduction resin x has been converted into p-tetraaminocalix[4]arene 

based resin (xi). The resin xi further treated with NaSCN to obtain a p-

tetrathioureacalix[4]arene based resin (xii). The formation of resins (x, xi and xii) was 

confirmed by FT-IR spectral analysis through the observation of main transmittance at 

the end of each reaction as shown in Fig. 38a-c. As in case of resin x, the immobilization 

of p-tetranitrocalix[4]arene (viii) onto the Merrifield resin was confirmed by the 

observation of two bands at 1365 cm-1 and 1216 cm-1 indicating the presence of N-O and 

C-N stretching, respectively. Whereas, the disappearance of a band at 1365 cm-1 for NO2 

and appearance of a new band for –NH2 group at 3435 cm-1 confirms the reduction of x 

into xi. Furthermore, the thiourea group was detected by the appearance of a band at 2050 

cm-1 (C=S) in the FT-IR spectrum of resin xii. 
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Fig. 38. FT-IR spectrum of resins (a) x (b) xi and (c) xii. 

4.5.2. Influence of pH on fluoride adsorption 

Several experiments were carried out by changing pH of the solution ranging 

from 3-11 in order to evaluate the effect of pH on the fluoride adsorption efficiency of 

both resins (xi and xii). The pH of the aqueous solution was adjusted according to 

analytical procedures by using 0.1 M NaOH or 0.1 M HCl. The fluoride adsorption study 

was accomplished at fixed concentration of fluoride (2.63×10-4 mol L-1) as well as 

sorbent dosage (0.1 g). The results as shown in Fig. 39 reveal that the pH has no 

significant effect on the adsorption of fluoride. The remarkable % adsorption of fluoride 

in both alkaline and acidic mediums (i.e. at a wide range of pH) confers the strategic 

importance of both the resins. The maximum adsorption efficiency of resin xii has been 

noticed at pH 3 and 9 hence; all the experiments were conducted at pH 9. The pH 9 was 

selected due to the fact that the pH of most of the samples from Thar Desert was 

measured as > 8 [2] 
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Fig. 39. Effect of pH on fluoride % adsorption as evaluated for resins xi and xii; (F-= 

2.63×10-4 mol L-1, 0.1 g; shaking time= 60 minutes; V=10 mL; T= 25 oC). 

At varying pH and in particular at pH 9, the adsorption may be due to the efficient 

binding capability of both functionalities, i.e. NH2 and OH present on the upper and 

lower rims of calixarene moieties appended with polymeric backbone. It may be 

explained as given in Eqs. 21-24. Moreover, on the bases of electron accepting nature of 

amino/hydoxyl groups and the electron-donating nature of anions (Eq.21-23), it can be 

speculated that physiosorption could be preferentially considered for both resins (xi and 

xii). Moreover, this phenomenon may reflect the ‘hard and soft acids and bases’ concept 

introduced by Pearson [176]; as this environment exists and because, the fluoride and 

hydrogen both are hard and form strong hydrogen bonding. 

4.5.3. Optimum shaking time 

The fluoride adsorption study of resin xii as a function of shaking time was 

evaluated at different temperature range (i.e. 288-308 K); the results are shown in Fig 40. 

It was observed that the adsorption efficiency of resin xii increases by increasing shaking 

time and temperature; this specifies endothermic nature of interaction between sorbate 
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and sorbent. Thus, on the basis of results, a 60 min. shaking time at 308 K was found 

suitable for maximum adsorption. 

 

Fig. 40. Adsorption of fluoride on resin xii at different temp. (Shaking time 0-120 min.; 

temperature 288-308 K). 

4.5.4. Recovery of fluoride 

Desorption of fluoride from resin xii was evaluated by using 10 mL of different 

molar concentrations of HCl and/or NaOH. For this purpose, 0.10 g of used resin xii (on 

which fluoride ions have been sorbed) was shaken for 60 minutes with 10 mL of each 

reagent of desired molar concentration. The percent recovery of fluoride with different 

concentrations of HCl/NaOH was calculated as shown in Table 5.  
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Table 5. Reagents used for the elution of fluoride ion: Reagenta Concentration (M) % 

Recovery. 

Reagentsa Concentration (M) % Recovery 

HCl 0.5 75.7 

HCl 1.0 99.2 

NaOH 0.5 78.4 

NaOH 1.0 98.6 

a Volume of each reagent used=10 mL. 

The maximum % desorption of fluoride was found to be quantitative (99%) with 

10 mL of 1 M HCl or 1 M NaOH. Moreover, desorption process of fluoride was repeated 

10 times consecutively and the %RSD was calculated as ±7.3. The desorption process 

may be understood by the equations (25 and 26). 

4.5.5. Fluoride adsorption kinetics 

The plots of qt vs. t at 288-308 K shown in Fig. 40 have been drawn to calculate 

the fluoride adsorption kinetics for resin xii. A pseudo-first-order and pseudo-second-

order type kinetic models were used to check the mechanism of adsorption process. 

Although, it has been revealed that the rate of fluoride adsorption onto resin xii at 288-

308 K tends to follow both pseudo-first-order and pseudo-second-order rate equations 

(Eqs. 12 and 13) [224, 225]; but it has been noticed that the pseudo-first-order rate is over 

all predominant (Table 6). The order of adsorption onto xi has been evaluated by 

experimental data to linear form of Lagergren equation (1.12). Thus, K1 (min-1) and qe 

(mol g-1) values as listed in Table 6 were obtained from the slopes and intercepts of the 

linear plots (ln(qe-qt) verses t). The adsorption was rapid during the first 40 min. and the 

equilibrium was then attained within 60 min.  
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Table 6. Comparison of the pseudo first- and second-order reaction rate constants (F-= 

2.63×10-4 mol L-1; Temp. 288-308 K). 

Temp. (K) First-order kinetic model Second-order kinetic model 

 K1 (min-1) qe (molg-1) R2 K2 (gmol-1min-1) qe (molg-1) R2 

308 0.078 2.8×10-4 0.99 2.2×10-3 2.9×10-4 0.96 

298 0.073 3.1×10-4 0.98 3.2×10-3 2.9×10-4 0.93 

288 0.067 2.8×10-4 0.98 4.4×10-3 2.8×10-4 0.88 

The linear form of pseudo-second-order equation also describes adsorption 

capacity of the solid phase and is expressed 1.14. The applicability of second-order 

kinetics is confirmed by plotting t/qt against t of Eq. (1.14) that yields a straight line, from 

which qe and K2 has been determined from the slope and intercept of the plot. From Table 

6 it can be observed that the pseudo-first-order model fit the experimental data 

significantly well and provides better correlation coefficients then the pseudo-second-

order model for resin xii. The pseudo-first-order model is based on the assumption that 

the rate limiting step may be physical adsorption involving hydrogen bonding between 

sorbet and sorbent. 

The Reichenberg equation [73] was checked to evaluate the adsorption interaction 

via film or intraparticle diffusion mechanism by Eq. 1.16 and 1.17. The plot of ßt vs time t 

(Fig. 41) follows the linearity from 0-50 min. The linearity of this plot is employed to 

differentiate the external-transport- (film diffusion) and intraparticle-transport-controlled 

rates of adsorption. A straight line passing through the origin is indicative of adsorption 

processes demonstrated by particle-diffusion mechanism; otherwise, they might be 

governed by film diffusion [226]. From the results as in Fig. 41, it is clearly shown that 

all lines at different temperatures are linear and do not pass through the origin suggesting 

that film diffusion is the rate-limiting process for fluoride adsorption onto resin xii. 
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Fig. 41. Reichenberg (R-B) plot for adsorption of fluoride onto resin xii. 

4.5.6. Thermodynamics of adsorption 

The effect of temperature on fluoride adsorption onto resin xii was evaluated by 

using Arrhenius equation [227] at 288-308 K and optimum conditions (i.e. pH 9, shaking 

time 60 min., dosage 0.1 g and conc. 2.63×10-4 mol g-1). 

RT

E
Ak a

o  lnln 1          (27) 

where Ao is the temperature independent factor called “frequency factor,” Ea the 

activation energy (kJ mol-1), R is the gas law constant (8.314 J mol-1 K-1), and T is the 

absolute temperature (K). 

A linear relationship was observed between ln k1 and 1/T (Fig. 42). The values of 

Ao and Ea were calculated from the intercept and slope of the plot as 0.684 min.-1 and 

5.556 kJ mol-1, respectively. Generally, the value of activation energy confers the type of 

adsorption, either physical (5-40 kJ mol-1) or chemical (40-800 kJ mol-1) [228,230]. In the 

present study, the low value of Ea suggests physical adsorption, involving weak 

interactions, i.e. hydrogen bonding between the sorbent and the sorbate. 
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Fig. 42. Arrhenius plot for fluoride adsorption onto resin xii.  

 

The other thermodynamics parameters such as enthalpy (∆H), entropy (∆H) and 

Gibbs free energy (∆G) were calculated from the Eqs. 1.18 and 1.19. 

A plot of ln KC against 1/T (Fig. 43) yields the values of ∆H and ∆S from the 

slope and intercept as 94.89 kJ mol−1 and 0.34 kJ mol−1 K, respectively. Gibbs free 

energy calculated was ∆G 288-308 K - (-5.11, -8.12 and -12.06 kJ mol−1). Thus, the positive 

value of ∆H and negative values of ∆G demonstrate that the adsorption process is 

endothermic and spontaneous in nature. Furthermore, the value of lnKc (i.e. 2.13, 3.28 

and 4.71 for 288, 298 and 308 respectively) was also increased by increasing the 

temperature, and slightly positive value of entropy (∆S) suggests the increased 

randomness at the solid/solution interface during the adsorption of fluoride onto the resin 

xii.  
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Fig. 43. Effect of temperature onto resin xii for fluoride adsorption. 

 

4.5.7. Adsorption isotherms  

The adsorption experimental data were evaluated to use in adsorption isotherms, 

namely Freundlich, Dubinin–Radushkevich (D–R) and Langmuir. 

The Freundlich adsorption isotherm [56] expresses the surface heterogeneity and 

the exponential dispersion of active sites and their energies. The Freundlich adsorption 

isotherm was tested using linearized Eq. 1.6. In Fig. 44, ln Cads is plotted against ln Ce 

(mol L-1), yielding a straight line. The slope of this line results in a value of 1/n = 0.248 

and the intercept results in a value of A= 5.37 mmol g-1 with a correlation factor 

R2=0.995. 

The numerical value of 1/n indicates that the adsorption capacity is only slightly 

concealed at lower equilibrium concentration. This isotherm does not predict any 

saturation of the sorbent surface; thus, unlimited surface coverage is demonstrated 

mathematically and signifying physiosorption on the surface.  
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Fig. 44. Freundlich plot for fluoride adsorption. 

The adsorption data was also applied to linear form of D-R isotherm equation 1.9. 

A plot of ln Cads versus ε2 is presented in Fig. 45, which shows a straight line. The results 

indicate that the experimental data of fluoride adsorption follows D–R isotherm. The 

constant values were calculated from the slope and intercept of the plot (Fig. 45) of β=-

0.002 kJ2 mol-2 and Xm=22.48 mmol g-1 respectively. 

 

Fig. 45. D-R plot for fluoride adsorption. 
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The difference in the free energy between the adsorbed phase and saturated liquid 

phase is referred to as adsorption potential, which was first proposed by Polanyi [62] and 

later developed by Bering et al. [231]. The saturation limit (Xm) may represent total 

specific micropore volume of the sorbent. The value of adsorption energy, E, were found 

to be 0.727 kJmol-1. 

The linear form of Langmuir isotherm equation (Eq. 1.7) was tested to evaluate 

the adsorption of fluoride. The graph was plotted Ce/Cads versus Ce (Fig. 46), which gives 

a straight line, indicating that Langmuir adsorption isotherm is also followed by the 

experimental data. From the practical slope and intercept of the Langmuir plot shown in 

Fig. 46, the constant values were calculated as Q=10.76 mmol g-1 and b=17533.9 mol L-

1, respectively. 

 

Fig. 46. Langmuir plot for the fluoride adsorption. 

The Langmuir isotherm [60] explicit the well-defined homogenized adsorption 

functionalities possessing equal adsorption energy, independent of surface coverage and 

no interaction between sorbed molecules. The maximum adsorption capacity (Q) 

specifies monolayer coverage of sorbent with sorbate and b relates to enthalpy of the 

adsorption, which is independent of temperature. Another dimensionless equilibrium 

parameter, i.e. RL can be calculated by using Eq. 1.8. The value of RL is found to be in the 

range 0.03-0.18. This low value of RL indicates low adsorption of fluoride onto the resin 
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xii. The comparison adsorption capacity of fluoride onto xii is different from all 

demonstrated adsorption models shown in Table 7. The difference in adsorption capacity 

may be deduced from the assumptions taken into consideration while deriving these 

adsorption models. 

Table 7. Langmuir, Freundlich and D-R characteristic constants for fluoride adsorption 

study using resin xii. 

Langmuir Freundlich D-R 

Q b RL R2 A 1/n R2 Xm E R2 

mmol g-1 mol L-1  mmol g-1   mmol g-1 kJ mol-1  

10.76 17533 0.03-
0.18 

0.991 5.37 0.25 0.995 22.48 0.73 0.97 

To understand the adsorption and desorption phenomenon, the different 

experiments were carried out. It has been noticed that the adsorption occurs at all pHs 

(Fig. 39) and the desorption of fluoride occurs at extremely acidic or basic conditions. At 

extremely low pH, the chloride ions compete with fluoride ions for the binding sites onto 

the resin xii, while at higher pH the -OH ions competes with fluoride. Moreover, the ionic 

radius of hydroxyl and fluoride ions is almost the same; in consequence, the fluoride ions 

are completely desorbed under circumstances of extreme basic conditions. It may be 

explained by the fact that the resin xii contains calixarene derivatives with thiourea 

binding sites and hence possesses capability of hydrogen bonding. The proposed 

mechanism is shown in Fig.47. 
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Fig. 47. Proposed adsorption/desorption of fluoride onto resin xii. 

4.5.8. Scanning electron microscope (SEM) study 

The scanning electron microscope (SEM) images were used for the morphological 

characteristics analysis of fluoride treated and untreated resin xii as shown in Fig.48a-

10d. The images shown in Fig. 48a and 48c were taken by applying 15 kV voltage with 

700 times magnification; while the other micrographs shown in Fig. 48b and 48d were 

taken at 1,300 times magnification for the clear explanation of the surface. The Fig. 48a 

demonstrates that the beads of modified resin xii are spherical and uniform in shape. It 

has been noticed from the images (Fig. 48a and 48b) of untreated resin xii that all the 

beads have a smooth surface. Rough and irregular shapes of all the beads (Fig. 48c and 

48d) have been noticed after the adsorption of fluoride onto the resin xii, i.e. covered by 

external material (fluoride). Thus, these images confirm the fluoride adsorption onto the 

resin xii. 

 

 

 

 



 114

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 48. SEM images of resin: xii (a and b) before the fluoride adsorption; (c and d) after 

the fluoride adsorption. 

4.5.9. Interference of co-existing ions 

The study regarding interference of other selected anions such as chloride, 

bromide, iodide, nitrite, nitrate, sulphate, phosphate, carbonate and bicarbonate in 

different concentration ratios with respect to fluoride (2.6×10-4 mol L-1) on the adsorption 

efficiency of resin xii has been evaluated (Fig. 49). The other parameters such as dosage 

(0.1 g) contact time (60 min.), pH of solution (pH 9) and concentration of fluoride 

48a 48b 

48c 48d 
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(2.6×10-4 mol L-1) were kept constant. The data show that there is no significant effect of 

these ions except chloride for the removal of fluoride by resin xii even in high 

concentration of interfering ion. From these results it may be concluded that the 

selectivity towards the fluoride may be due to the nature of fluoride demonstrated as a 

hard anion [176], which forms stable hydrogen bonding as compared to other anions. 

 

Fig.49. Interference of chloride, bromide, iodide, nitrite, nitrate, sulphate, phosphate, 

carbonate and bicarbonate for fluoride adsorption onto resin xii at pH 9. 

4.5.10. Field application of resin xii 

In order to gain the practical applicability of resin xii, batch studies were 

performed (mass of resin xii: 0.2 g; temperature 35 oC; stirring time 60 min; volume of 

real sample 20 mL) to evaluate their validity for real samples of Thar-Desert. The 

samples were collected from the groundwater of Mithi sub-distract of Thar Desert having 

higher concentration of fluoride. The fluoride content of real sample was investigated 

before and after the adsorption study using Ion Chromatography. It has been found that 

the fluoride content of the sample reduced to 0.95 from 5.74 mgL-1 below the permissible 

limit (i.e. 1.5 mgL-1). It has also been noticed that the electrical conductivity was reduced 

to 6.57 from 7.86 mS cm-1. 
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4.5.11. Summary of part 5 

The present study highlights main features of the synthesized resins (xi and xii) 

for fluoride adsorption from the aqueous media. From the results it can be concluded that 

resin xii is an effective sorbent for fluoride at a wide range of pH. The adsorption 

experimental data followed quantitatively equations of isotherms used (Freundlich, 

Langmuir, and Dubinin-Radushkevich). The efficiency of resin xii was found good 

enough even in the presence of interfering anions and can be used for the removal of 

fluoride from the drinking water of Thar Desert of Pakistan. It can be regenerated several 

times with acid/base (e.g. 1 M HCl or 1 M NaOH). The study will find its applicability in 

various fields of analytical and applied chemistry. 
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PART 6 (SCHEME 6) 

Remarks: The all work of this part has been published and is cited as: I.B. Solangi et 

al. / J. Hazard. Mater. 171 (2009) 815-819. 

This part (part 6) comprises the modification amberlite XAD-4TM resin (xiv and 

xv) as shown in scheme 6 and applied for the adsorption of F- in aqueous media. 
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Scheme 6. Structural representation of modified Amberlite XAD-4 resin (a) 

HNO3/H2SO4 (b) SnCl2 2H2O/Et-OH/HCl 

4.6. Removal of Fluoride From Aqueous Anvironment by Modified Amberlite 

Resin 

Fluoride in drinking water above permissible level is responsible for human being 

affected by skeletal fluorosis. In this study, Amberlite XAD-4™ (xiii) has been modified 

by introducing amino group on to the aromatic ring (xv) for its application in fluoride 

remediation. Characterization of modified resin (xv) was made by, FT-IR and Elemental 

Analysis (CHNS) techniques. The pH 9 was optimum value for quantitative adsorption of 

fluoride in both batch and column experiments. The desorption of fluoride was achieved 

by using 10 % HCl. The batch and column adsorption studies of fluoride by resin xv were 

carried out to evaluate adsorption isotherms too. Thus equation isotherms such as 

Langmuir, Freundlich, and Dubinin–Radushkevich (D-R) were successfully used to 

model the experimental data. 
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4.6.1. Characterizations  

4.6.1.1. Modification, characterization and application of Amberlite resin 

The Amberlite XAD-4™ resin has been modified successively in to amino groups 

containing resin by the method described in the previous section (2.1) above. The FT-IR 

spectrum of Amberlite XAD-4™ is previously interpreted by Flores et al. [33]. The nitro 

and amino derivatives of Amberlite XAD-4 were confirmed by FT-IR results as in Fig. 

14. At the end of each reaction the main transmittance were observed, as in case of nitro 

derivative two bands at 1528 cm-1, 1350 cm-1 for NO2 and –C-N respectively confirm its 

formation. Whereas, on the reduction of nitro derivative into amino derivative the 

disappearance of 1528 cm-1 and appearance of new bands of –NH2 at 3442 and 3381 cm-1 

confirm the conversion. 

4.6.2. Effect of adsorbent dosage 

Adsorbent dosage is a significant parameter because this concludes the capacity 

of an adsorbent for given initial concentration of the adsorbate at the operating 

conditions. The influence of immobilized resin on the adsorption of fluoride is 

represented in Fig. 50. The adsorption of fluoride increases by increasing the dosage of 

immobilized resin and the adsorption was almost constant at higher dosage than 100 mg. 

This was because of the availability of more and more adsorbent surface for the fluoride 

to be adsorbed. 
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Fig. 50 Effect of dosage of modified resin (xv) on adsorption of fluoride (F-1= 5mgL-1; 

shaking time= 60 minutes; V=20 ml; T= 25 oC). 

4.6.3. Optimum shaking time 

The effect of shaking time on the adsorption of fluoride onto the modified resin 

was studied. The time intervals studied were from 0–60 minutes, at pH 9, using 20 mL of 

5 mgL-1 fluoride ion solution and 100 mg of sorbent. It has been noticed that fluoride 

adsorption increases by increasing shaking time; the equilibrium was established within 

40 minutes and showing a slight increase in percent adsorption up to 60 minutes. 

Therefore, further experimental work was carried out at 60 minutes shaking time in order 

to avoid adsorption error. 

4.6.4. pH effect on adsorption of fluoride ions 

To recognize the effect of pH, adsorption studies were carried out at different pHs 

(1-10). The influence of pH plays a key role on separation sciences, as in this study the 

adsorption of fluoride ions onto modified resin was explored at fixed concentration of 

fluoride ion. The results obtained are shown in Fig. 51. The % adsorption increases by 

increasing the pH of solution and attain a maximum value at pH 9.0 for fluoride ions. 
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Fig. 51. Adsorption of fluoride ions onto Modified (♦) and Pure Amberlite XAD-4 resin 

(▲). 

4.6.5. Adsorption mechanism 

The mechanism of fluoride removal by modified amberlite XAD-4 resin is shown 

in Fig. 52. However, resin may be considered as hard acid as they possess H+ ion and 

hence would prefer to bind with hard base, most preferably with high electronegative and 

low polarizable fluoride ion [176]. 

 

 

 

Fig.52. Mechanism of fluoride adsorption on modified amberlite XAD-4 resin and it’s 

desorption. 

The fluoride saturated resin was regenerated with mineral acid. All the 

regeneration experiments were carried out at room temperature. Desorption efficiency of 

the resin was studied using 10 % HCl as eluent. It has been observed that 98.5 % 

desorption can successfully be made. 
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4.6.6. Adsorption isotherms 

Investigation of data by isotherm is main parameter required for the design of a 

sorbent and it is important for calculating the adsorption capacity of the sorbent system. 

Several models have been used for this purpose. The mathematical expressions of 

Freundlich, Langmuir and D-R are used in this study. The details of the isotherms are 

also available elsewhere in literature [56,60,62,64]. 

Freundlich log (Cads = logA + (1/n) logCe ), Langmuir [(Ce /Cads) = 1/Qb) + 

(Ce/Q)] and Dubinin-Radushkevich (D-R) (lnCads = lnXm – βε2 ) and ε =RT ln [1+(1/Ce)] 

equations were applied, where, Cads is the amount of fluoride ion sorbed per unit mass of 

the sorbent and Ce is the amount of fluoride ion in liquid phase at equilibrium. A, n, Q, b, 

Xm and β are Freundlich, Langmuir and D-R constants respectively. These equation are 

applied to correlate the amount of the fluoride adsorbed per unit amount of the adsorbent 

and the initial concentration of adsorbate is in the range of 2.1×10-4 to 4.3×10-3 mol dm-3 

using 100 mg adsorbent per 20 mL of adsorbate and 60 minutes shaking time at 25 0C. 

The Langmuir, Freundlich models are widely used isotherms. The analytical 

equation of Langmuir model was plotted Ce/Cads verses Ce gives a straight line, indicating 

that the Langmuir adsorption is also followed by the adsorption data very well. The 

essential characteristic of Langmuir isotherm can be expressed in terms of a 

dimensionless constant, separation factor RL, which describes the type of isotherm [50] 

and is calculated by RL =1+(1/bCi) where, Ci is the initial concentration of fluoride ions. 

The values of RL calculated were 0.338-0.0249, representing highly favorable adsorption 

of fluoride ions onto modified resin. The Freundlich adsorption isotherm is based on 

heterogeneous surface was applied for the fluoride removal by adsorption [56]. The 

constants of Freundlich adsorption model were calculated by plotting graph log Cads 

verses log Ce. From the intercept and slope, the values A and 1/n have been evaluated and 

compiled in Table 8. 

The Dubinin–Radushkevich (D-R) isotherm is more general to model the 

physical/chemical adsorption phenomena [62]. This isotherm is more common than 

Langmuir isotherm model. It assumes heterogeneity of energies over the surface. The 
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values of E calculated from the constants (β) of D-R isotherm model using equation 

( 2/1 E ) is 10.425 kJ mol-1. The linear form of the D–R isotherm is plotted lnCads 

verses ε2. The constants of this model were calculated and are given in Table 8. 

Table 8. Freundlich, Langmuir and D-R characteristic constants for fluoride ions on 

Modified resin. 

Langmuir Freundlich D-R 

Q b RL R2 A 1/n R2 Xm E R2 

mol g-1 mol dm-3  mol g-1   mol g-1 (kJ mol-1)  

5.04x10-3 8972.39 0.338-

0.025 

0.99 0.4763  0.484 0.97 

 

0.0245 

 

10.425 0.98

The adsorption intensity of the Freundlich constant (n) for fluoride ion was found 

to be 2.08. The value of n lies between 1-10 indicating favorable adsorption [56]. The 

value of adsorption capacity is different for all mentioned adsorption isotherms. This 

difference in adsorption capacity can be evaluated in terms of the assumptions taken into 

consideration while deriving these adsorption models. It is known that the magnitude of E 

is very common for evaluating the type of adsorption and if this value lies in between 8-

16 kJ mol-1, the adsorption can be explained by ion exchange [220]... Hence, in this case 

the value of E is 10.425 kJ mol-1 and it is very likely that the fluoride ions are adsorbed 

onto modified Amberlite XAD-4 resin predominantly by ion exchange mechanism. 

To understand the adsorption phenomenon, it has been concluded from the 

experimental results carried out at different pH (Fig. 51) that modified resin contains 

aromatic amine binding sites and hence possesses capability of capturing anions. It can be 

speculated that modified resin based on the electron accepting nature of the amino-

containing phenyl groups and the electron-donating nature of anions, the ion exchange 

mechanism could be preferentially considered (Fig.52). For instance, anions such as 

fluoride ion may attach itself to aromatic amines which can accept electron, forming 
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coordination bond between them. It is then readily being understood that the equilibrium 

is quite dependent on the concentration of chloride ion present in modified Amberlite 

XAD-4 resin. At higher pH, the fluoride ions compete with chloride ions at the exchange 

sites of the modified resin, thereby releasing the chloride. The fluoride ions are 

completely released under circumstances of extreme conditions i.e. at low pH. In such a 

case therefore, modified resin may be used as regenerable preconcentration agent. 

Moreover, this phenomenon may reflect the ‘hard and soft acids and bases’ concept 

introduced by Pearson [176]. As this environment exists and because, the fluoride is 

harder as compared to chloride which replaces it at the normal conditions. The proposed 

mechanism of the modified Amberlite XAD-4 resin with fluoride ion is shown in Fig.52. 

4.6.7. Dynamic adsorption studies 

4.6.7.1. Effect of flow rate 

The effects of flow rate play an important role for dynamic study on the 

adsorption phenomena. The flow rate was adjusted 1–5 mL min.−1 at optimized pH (i.e. 

pH 9) for maximum adsorption (Fig. 53). It was observed that at a flow rate of 3 mL 

min.−1 and even greater than this, there was a decrease in % adsorption. This decrease in 

adsorption with increasing flow rate is due to the decrease in equilibration time between 

two phases. 
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Fig. 53. % Adsorption of fluoride at different flow rate. 
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4.6.8. Interference of other ions 

The studies regarding interferences of other selected anions (Br-, NO2
-, NO3

-, 

HCO3
- and SO4

-) on the adsorption ability of modified Amberlite XAD-4 resin (Table 9) 

show that there is no significant effect of the other anions on the adsorption ability of 

resin for fluoride ion. From these observations we conclude that it may be due to the 

nature of fluoride demonstrated as a hard anion [176]. 

Table 9. Interference of Br-, NO2
-, NO3

-, HCO3
- and SO4

- on the adsorption of fluoride 

onto modified resin at pH 9. 

Interfering 

ions 

 

Fluoride 

Percent Adsorption / fluoride:An- 

1:1 1:2 1:3 1:4 1:5 

F/Br-  

 

92.7 

 

 

87.640 80.320 74.119 64.784 54.458 

F/NO2
- 90.629 89.901 88.672 84.551 84.096 

F/NO3
- 92.809 90.908 89.931 88.649 83.870 

F/SO4
- 90.010 89.808 89.153 89.024 87.684 

F/HCO3
- 93.919 96.659 96.705 98.209 99.092 

4.6.9. Analytical application of modified resin 

The analytical applicability of modified Amberlite XAD-4 resin was tested by 

real samples of Thar-Desert. The samples were collected from the groundwater of Mithi 

sub-district of Thar Desert. A 20 mL aliquot of sample was taken and then agitated with 

0.1 g of modified resin for 60 minutes fluoride was analyzed before and after adsorption 

using IC, the % adsorption was calculated. The fluoride content reduced to 0.82 from 

1.55 mg L-1 by treating with modified Amberlite resin. The other competing anions were 

also analyzed and it was observed that chloride was reduced up to 49.57 from 54.44mg L-

1 and nitrate up to 53.97 from 81.27mgL-1 along with fluoride ions. The other parameters 
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like pH and electrical conductivity reduces up to 6.24 and 9.77 mS cm-1 from 8.18 and 

11.18 mS cm-1 respectively.  

4.6.10. Summary of part 6 

The present study reveals that the fluoride ion can be efficiently adsorbed using 

modified Amberlite XAD-4 resin. It has been observed that the modified resin is efficient 

for the removal of fluoride ion from aqueous solution at various pHs particularly at 9 pH. 

It has also been found that the resin is effective even in the presence of other anions such 

as Br-, NO2
-, NO3

-, HCO3
- and SO4

- ions. It is suitable sorbent and can be applied for the 

removal of fluoride ion from the drinking water of Thar Desert and can be regenerated 

several times with mineral acid i.e. HCl (10 %). The study will find its applicability in 

various fields of material science. 
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PART 7 (SCHEME 7) 

Remarks: The all work of this part has been published and is cited as: Solangi et al. / J. 

Hazard. Mater. 176 (2010) 186-192. 

Part 7 comprises the synthesis of new resins (xvi) as depicted in scheme 7 and its 

investigation toward the F- adsorption study from aqueous media. 
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Scheme 7. Structural representation of modified Amberlite XAD-4 resin (a) 

HNO3/H2SO4 (b) SnCl2 H2O/Et-OH/HCl (c) Ac-OH/H2O/NaSCN 

4.7. An Excellent Fluoride Adsorption Behavior of Modified Amberlite Resin 

The present section (i.e. 4.7) describes a convenient method for the modification 

of Amberlite XAD–4™ resin by introducing thiourea binding sites onto the aromatic 

rings. The modified (ATU) resin (xvi) has been employed for the quantitative adsorption 

of fluoride ions in batch as well as column experiments. The parameters (i.e. pH, contact 
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time etc.) were optimized and desorption of fluoride ions was fulfilled by using 0.01 M 

HCl solution. The equation isotherms such as Langmuir, Freundlich and Dubinin–

Radushkevich (D–R) were also successfully applied to model the experimental data. The 

adsorption capacity of the ATU resin was found as 3.286 mmol g–1. From the D–R 

isotherm parameters, it has been calculated that the uptake of fluoride ion by ATU resin 

occurs through ion exchange adsorption mechanism. 

4.7.1. Characterizations  

4.7.1.1. FT–IR spectra 

The FT–IR spectrum of Amberlite XAD–4 ™ and its nitro and amino derivatives 

are previously interpreted [25, 219]. The Amberlite XAD–4 thio–urea derivative (ATU 

resin) was characterized by FT–IR as in Fig.54. At the end of reactions the new band was 

observed at 2059 cm–1 for C=S, which conforms the conversion of amino to thio–urea 

derivative of Amberlite XAD–4. 

 

 

 

 

 

 

 

 

Fig. 54. FT-IR spectra (a) XAD-4™ amino derivative xv (b) XAD-4™ thio-urea 

derivative xvi. 
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4.7.2. pH effect on the adsorption of fluoride ions 

The influence of pH plays a significant role on adsorption phenomenon, to 

recognize the effect of pH, adsorption studies were carried out at different pHs (1–10). In 

this study the adsorption of fluoride ions onto ATU resin was explored at fixed 

concentration of fluoride ions (Fig. 55). The % adsorption of fluoride increases by 

increasing pH of the solution and attains maximum value at pH 7; may be due to the 

absence of interfering competitive ions (i.e. Cl- or –OH) at this neutral pH. However, the 

effectiveness of ATU resin is in the range of 6-8 pH (i.e. ideal range for the ground 

waters); it means that the smaller quantity of interfering ions does not affect the 

adsorption capacity of ATU resin. It has also been noticed in the interference study of 

other ions in section 3.4. Obviously, if the quantity of other anions increases, it may 

cause the disturbance among the hydrogen bond formation between the sites of ATU 

resin and fluoride that ultimately results in low adsorption. The higher affinity toward 

fluoride as compared to other ions is may be due to the high electronegativity of fluoride 

as well as the best fit of ionic radii of fluoride with the cavity size of the resin. 
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Fig. 55. Adsorption of fluoride ions onto Resin xiii♦ and xvi ■ at 1-10 pH. 
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4.7.3. Optimum shaking time 

The effect of shaking time on adsorption of fluoride ion onto xvi was studied over 

a range of 0–40 minutes, at pH 7, using 10 mL of 16 mg L–1 fluoride ion solution and 100 

mg of sorbent. For the equilibrium study, the pH of the fluoride ion solution was 

maintained during the adsorption experiment. Adsorption increases with the increase of 

shaking time, the equilibrium was established within 30 minutes and there was only a 

slight increase in percent adsorption up to 40 minutes. Thus, further experimental work 

was carried out at 40 minutes shaking time in order to avoid adsorption error. 

4.7.4. Recovery of fluoride ion 

Desorption of fluoride ion from ATU resin (xvi) was evaluated by using 5 mL of 

different concentrations of HNO3, H2SO4, HCl and NaOH. For this purpose, 100 mg of 

used ATU resin (on which fluoride ions have been adsorbed) was agitated for 40 min. 

with 5 mL of each reagent (discussed above) of desired concentration. The percent 

recoveries of fluoride ions are given in Table 10. The maximum % desorption of fluoride 

ion was found to be quantitative (99.9 %) with 5 mL of 1×10−2 M HCl. 
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Table 10. Reagents used for the elution of fluoride ion: Reagenta Concentration (M) % 

Recovery. 

Reagentsa Concentration (M) % Recovery 

HCl 0.001 75.7 

HCl 0.01 99.9 

H2SO4 0.001 42.4 

H2SO4 0.01 77.6 

HNO3 0.001 13.2 

HNO3 0.01 32.2 

NaOH 0.001 19.5 

NaOH 0.01 60.8 

a Volume of each reagent used=5 mL. 

4.7.5. Adsorption mechanism 

The mechanism of fluoride removal by ATU resin is shown in Fig. 56. The ATU 

resin framework possesses thio–urea groups onto its surface and has been confirmed as 

ion–exchange resin according to the Temkin isotherm. Since, the resin possesses two 

amide groups in thiourea moiety having ability to accept proton and enhance the 

probability of hydrogen bond formation with halide ions. The environment is feasible for 

hard acid and hard base interaction as demonstrated by Pearson [176]. Herein, in this case 

the interaction between hydrogen bond forming sites and the chloride/fluoride may result 

in overall adsorption phenomenon as shown in Fig. 56. 
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Fig. 56. Mechanism of fluoride adsorption phenomenon on ATU resin. 

4.7.6. Adsorption isotherms 

The experimental data was validated by using Freundlich, Langmuir, Dubinin and 

Radushkevich (D–R), and Temkin isotherm models. 

The linear forms of Freundlich, Langmuir and D–R isotherm equations (Eq. 1.6, 

1.7 and 1.9) were applied to correlate the amount of the fluoride sorbed per unit amount 

of the sorbent and can be calculated from slope and intercept, the initial concentration of 

sorbate is in the range of 6.95×10–4 to 1.73×10–3 mol dm–3 using 100 mg sorbent per 10 

mL of sorbate and 40 minutes shaking time at 25 0C. 
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Fig. 57. Langmuir plot for the adsorption of fluoride. 
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In Fig. 57 plot of Ce/Cads mol g–1 versus Ce mol dm–3 shows straight line which 

demonstrates that adsorption data followed by Langmuir adsorption equation very well. 

The value of Q is 3.21 mmol g–1 and the Langmuir constant b is 1.04 × 104 mol dm–3 

calculated from the slope and intercept of Fig. 57. The dimensionless constant called 

equilibrium parameter, RL, of this isotherm calculated as 0.198-0.042. 

In Fig. 58 plot of log Cads mol g–1 versus log Ce mol dm–3 shows straight line 

which demonstrates the applicability adsorption data which follows the Freundlich 

adsorption equation. In Table 11 the constant values 1/n and A (i.e. 0.194 and 9.981 

mmol g–1) were calculated. From the linear graph the correlation coefficient R2 value and 

adsorption capacity were found 0.89 and 9.981 mmol g–1 respectively. The experimental 

data observed is well to fit the Freundlich isotherm model. The condition for the validity 

of a Freundlich type adsorption model is adsorption on heterogeneous surfaces [56].  
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Fig. 58. Freundlich plot for the adsorption of fluoride. 

Fig. 59 plotted ε2 verses ln Cads mol g–1 which shows the linear graph with 

correlation coefficients R2 0.88 for the adsorption of fluoride and the corresponding 

constants are calculated from slope and intercept respectively and presented in Table 11. 

The R2 for the D–R isotherm is the lowest in comparison to the values obtained for the 

Freundlich, Langmuir and Temkin isotherms. Therefore, the D–R isotherm is the lowest–
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fit isotherm for the adsorption of fluoride onto this sorbent under the experimental 

conditions used in this study. The monolayer adsorption capacity (Xm) was evaluated as 

4.53 mmol g–1. The mean adsorption energy (E) was found to be 16.22 kJ mol-1 for the 

adsorption of fluoride on the sorbent. The E value ranges from 1.0 to 8.0 kJ mol-1 for 

physical adsorption and from 9.0 to 16.0 kJ mol-1 for chemical adsorption [231,232]. The 

value of E, which is nearly 16.22 kJ mol-1, may suggest that, the mechanism for the 

adsorption of fluoride on the sorbent is of a purely chemical in nature. 
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Fig. 59. D-R plot for the adsorption of fluoride. 

Table 11. Freundlich, Langmuir, D-R and Temkin characteristic constants for fluoride 

ions adsorption. 

Langmuir Freundlich D-R 

Q b× 104 RL R2 A 1/n R2 Xm E R2 

mmol g-1 mol dm-3  mmol g-1   mmol g-1 (kJ mol-1)  

3.21 1.08 0.198-

0.042 

0.99 9.981  0.41 0.89 4.53 16.22 0.88 
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From the results it is apparently clear that the precursor Amberlite XAD–4 resin 

(xiii) is poor extractant for fluoride at different pH (Fig. 54). It is in agreement with the 

literature results [234,235] that the pure XADs are non–ionic in nature and are good 

sorbents only for neutral molecules, while modifications on xiii may convert them as a 

good sorbent for ionic species [25]. In this study, Amberlite XAD–4 amino derivative xv 

was further modified to thiourea derivative xvi having thiourea binding sites directly 

attached onto the aromatic core of copolymer backbone. The amide groups of these 

binding sites are capable of forming hydrogen bonds with fluoride. Thus, the strategy 

adopted in this scheme 7 fits well in this process based on ion exchange mechanism and it 

has been proved that the ATU resin is a good sorbent particularly for the removal of 

fluoride from the ground water of Thar Desert at an acceptable range of pH (i.e. 6–8). 

4.7.7. SEM 

The scanning electron microscope (SEM) images were used for the evaluation of 

surface analysis of fluoride treated and untreated ATU resin as shown in Fig.60 (a-d). 

The SEM images shown in Fig. 60-a and 60-c were taken by applying 15 kV voltage with 

40 times magnification; while the SEM micrographs of Fig. 60-b and 60-d were taken at 

500 times magnification for the clarification of surface. The Fig. 60-a demonstrates that 

the beads of modified resin are spherical with uniform in shape. It has been noticed from 

the images (Fig 60-a and 60-b) of untreated ATU resin that all the beads have a smooth 

surface. Rough and irregular shapes of all the beads of treated resin (Fig. 60-c and 60-d) 

have been observed after the adsorption of fluoride onto modified ATU resin, i.e. covered 

by external material. Thus, these images confirm the fluoride adsorption onto the ATU 

resin. 
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Fig. 60. SEM images of ATU resin, (60-a & 60-b) before the adsorption of fluoride; (60-c & 60-d) after the adsorption of fluoride. 
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4.7.8. Dynamic adsorption studies 

The adsorption performance of ATU resin for fluoride was also studied in a 

column experimental set up (Fig. 61). The adsorption efficiency of the sorbent was 

confirmed as a point on a breakthrough curve of the sorbed fluoride. Thus, a 

breakthrough curve is a plot of C/CO (fraction of initial influent and effluents) vs fluoride 

content solution (mL) passing through a packed beads of resin. In Fig. 61, it was 

observed that the breakthrough volume starts at 50 mL and the packed ATU resin was 

completely saturated at 120 mL. The breakthrough adsorption capacity of ATU resin is 

calculated as 2.63 mmol g-1. However, the breakthrough curve shows that the ATU resin 

can be efficiently used for the removal of fluoride from aqueous media. 

 

 

 

 

 

 

Fig. 61. Breakthrough curve with respective to volume (mL). 

4.7.9. Elution Experiment 

The elution experiment by packed column has also been carried out by using 

optimized desorption reagent (Table 10). During the desorption process the fluoride was 

eluted by the constant flow rate of 1 mL per minute. The maximum percent recovery of 

fluoride was observed as 92.3 %. The elution curve of fluoride with respective to eluted 

volume is given in Fig.62. 
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Fig. 62. Elution curve for desorption of fluoride with 0.01 M HCl. 

4.7.10. Interference of other ions 

The polluted waters as well as industrial effluents contain various other co–

existing anions, which may participate with fluoride adsorption onto ATU resin. 

However, the investigation of interference of selected ions (Br–, NO3
–, NO2

–, SO4
2–, 

PO4
3–, CO3

2–, HCO3
–) was conducted. The interference of co–existing ions on the 

fluoride adsorption onto ATU resin was evaluated by IC taking 1:5 (fluoride: other ion) 

mole ratio at optimized conditions. A little interference of bromide, nitrite and phosphate 

ions has been noticed as shown in the in Fig. 63, may be due to the competition among 

them for the sites on the sorbent surface, which is determined by the change in pH, 

concentration, charge and size of anions. The interference of these ions is insignificant 

thus; ATU resin can be effectively used for the removal of fluoride ions from water. 
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Fig.63. Effect of interfering ions onto the adsorption behavior of fluoride by ATU resin. 

4.7.11. Summary of part 7 

The current study highlights the convenient modification of Amberlite resin and 

its application in fluoride removal from the aqueous environment. It has been noticed that 

the modified resin has high efficiency for the removal of fluoride from water at a wide 

range of pH mainly at pH 7. The resin can be regenerated several times with 0.01 M HCl 

and may be used as an ion exchange material in filters for the removal of fluoride from 

drinking water. The study will be extended to evaluate the efficacy of the resin toward the 

real samples of drinking water from the Thar Desert of Pakistan with high fluoride 

content, as well as its applicability for the removal of other ions (cations/anions) from the 

aqueous media.  
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Chapter-5 

CONCLUSION 

In this study we have taken rational approach to synthesize polymeric ionophoric 

materials especially those based on calix[n]arene derivatives followed by their 

immobilization onto polymeric resins. The calix[n]arene based materials and modified 

resins were employed using modern techniques for the extraction of toxic ions from 

aqueous media. 

Calix[n]arene ester derivatives, i.e. v and vi were found excellent Pb2+ selective 

ionophores. However, the results suggest that vi is more selective and efficient ionophore 

than v for the extraction of Pb2+ from aqueous to the organic phase. In another study, the 

compound v was immobilized onto Amberlite XAD-4 resin (vii). It has been observed 

that resin vii is more selective and efficient adsorbent for the removal of Pb2+ from 

aqueous media at various pHs particularly at 6.5 pH. The interference study reveals that 

the resin vii has significant efficiency for Pb2+ extraction even in the presence of higher 

amounts (10 equivalent) of other ions such as: Na+, K+, Ca2+, Mg2+, Cu2+, Co2+, Cd2+, 

Al2+, Fe3+, Cl- and SO4
2-. 

The chromogenic potential of ix was evaluated by UV-Vis spectroscopy through 

complexation study. The results show high specificity of ix toward Hg(II) among a series 

of selected metal ions (i.e, Li+, Na+, K+, Cs+, Ag+, Pb2+, Cu2+, Co2+, Cd2+ and Ni2+) that 

attributed to the changes in the intensities of spectral lines. Moreover, the design of ix 

that comprises four donor carbonyl groups as binding sites onto the lower rim of 

calix[4]arene moiety in 1,3-conformation that seems to be an ideal geometry in terms of 

size, arrangement and accommodation of Hg(II). Besides this, the presence of four nitro 

groups on its upper rim provides another advantage to the complexation phenomenon in 

terms of chromogenic effect. 

Furthermore, the comparative adsorption study regarding the removal of fluoride 

from aqueous media by newly synthesized calixarene based (xi and xii) and simple 

modified resins (xiv and xv) were evaluated by using different isotherm models 
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(Freundlich, Langmuir and Dubinin-Radushkevich (D-R) isotherm models). From the 

results it can be concluded that xi and xii are effective adsorbents for the removal of 

fluoride from aqueous environment at a wide range of pH. These resins are significantly 

effective even in the presence of other co-existing anions such as chloride, bromide, 

iodide, nitrite, nitrate, sulphate, phosphate, carbonate and bicarbonate and can be 

regenerated several times with 0.1-3 M acid/base (e.g. HCl/NaOH). In short, it has been 

deduced from the results that the modified synthetic resins (xiv and xv) have low 

adsorption capacity as compared to calixarene based resins (xi and xii) for the removal of 

fluoride from aqueous media. Consequently, the experiments were carried out to evaluate 

the efficiency of the resins toward the purification of groundwater of Thar Desert. From 

the results it has been noticed that although all the resins are good adsorbents for fluoride 

but, calixarene based resins (xi and xii) are more efficient resins for the purification and 

removal of fluoride from the samples of Thar Desert. 
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Recommendations 

 The strategic new pathways for the preparation of calixarene based resins lead to 

the sophisticated materials useful for the reclamation of polluted aqueous 

environment. 

 The current study provides a new horizon for the preparation of new materials 

that could be used as adsorbents for the removal of toxic species such as lead, 

mercury and fluoride from the aqueous media. 

 The calixarene based resins can be used in house hold mini-filters for the removal 

of toxic ions especially fluoride from the ground water of Thar Desert. 

 These resins are durable, non-toxic, and thermally stable. 

 They can be regenerated by using aqueous acid or base and consequently, they 

could be reused for several times without any loss of adsorbing efficiency. 
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Future Work 

 The work done during this study is merely a little approach toward institutional 

capacity building, training of manpower, flotation or generation of new ideas and 

improvement of present technologies. 

 The derivatization of calix[n]arenes and their immobilization to make polymeric 

materials is an architectural work that still demands adequate efforts to develop 

new synthetic routes and strategies for the development of convenient 

technologies to face the challenges of modern world. 

 In future, new simple reaction pathways starting from cheap raw material might 

be the preliminary target to acquire multipurpose, versatile and more efficient 

adsorbents for the extraction/removal of toxic species from air or water. 

 The steps would be taken to enhance and boost up the collective approaches for 

solving the public problems by launching collaborative projects with sound 

support. 
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