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ABSTRACT

Rapid industrialization and urbanization has no doubt improved the quality oflife.

However its adverse effects are severe pollution of air, water and soil due to mobilization

of several harmful metals and organic pollutants into the environment. Environmental

pollution by toxic metals is well recognized and their toxicity leads to the accumulation

of toxins in our tissues and organs. Presence of metals trace concentration in animal life

is useful but at higher concentration toxic effects appears and life is subjected to many

nutritional deficiencies, neurological disorders and can even lead to autoimmune

disorders, cancer and other debilitating chronic diseases. It is normally difficult for

anyone to avoid exposure to harmful metals as they are widely prevalent in environment

due to their presence in almost all products of modern consumerism viz. construction

materials, cosmetics, medicines, processed foods, variety offuel and various agricultural

products. In view of toxicity of these metals and their understood occurrence in the

environment, it is important to monitor these pollutants. A number of analytical

techniques such as Atomic Absorption Spectrometry, Inductive Coupled Plasma-Mass

Spectrometry, Ion Chromatography, Flame Photometry, Cyclic voltametry, isotopic

dilution, radiometric activation analysis are available for quantitative analysis of metals

present in the environmental samples. These techniques provide accurate results but their

maintenance and operational cost is high and requires adequate expertise and large scale

infrastructure back up. Thus, the analysis is generally limited to laboratory level only. A

reliable, low cost, quick and portable analytical technique is often required especially for

the analysis of large number of samples and such requirements are often met with ion

selective electrodes (ISEs) to a significant extent. The technique is generally non

destructive, adaptable to small sample volume with possible applications in real-time



analysis. Moreover, analysis of coloured and viscous samples can also be carried out

easily. Further the technique involves a number of advantages such as simple set up, low

cost and very convenient to use for online measurement. Due to these advantages the

determination of concentration of a particular ion using an ISE has taken a leading place

among all electrochemical methods of analysis. ISEs find application in a variety of

fields like clinical, environmental, industrial, agricultural and process monitoring, as well

as detectors in HPLC and capillary electrophoresis. As a result, a number of good ion

sensors have been developed and marketed which are now convenient tools for analysis.

These ion sensors have been used for the quantification of metals in food products,

biological fluids, soil, effluents and wastewater.

Membrane ion selective electrodes consist of a semi-permeable membrane that

separates two solutions of different concentrations of an appropriate electrolyte and

responds selectively to particular ion, even in the presence of other ions. The membrane

constituent is normally an active ion-exchanger ingredient generally called an ionophore

or electroactive material. In spite of great utility of ion sensors in analysis, it has not been

possible to prepare them for many ions of importance, mainly due to the non availability

of good ionophores. It is obvious that the development of good ion sensors requires an

ionophore which has high affinity for a particular cation/anion and poor for others but such

materials are not available in abundance. Due to importance of ion sensors various types of

materials such as solid electrolytes, inorganic and organic ion exchangers, insoluble salts

of multivalent metals, metal chelates, macrocycles, calixarenes, Schiff base, hydrogen

bonding receptors, other neutral carriers have been used as ionophores for the

development of ion selective electrodes. In recent past, intensive studies on the design

and synthesis of highly selective and sensitive ion-carriers as sensory molecules and their

applications as ion-selective electrodes for the routine assessments of various ions have
ii



been reported. However, many ofthese electrodes have not been very successful as they

exhibit a significant interference to other ions, poor sensitivity and selectivity, high

response time and function over a limited pH range. Therefore, it is desirable to further

explore different materials for the preparation of membranes which may act as selective

sensor for target ions.

The development ofpotentiometric membrane-based ion sensor with analytically

useful selectivity remains a formidable challenge. Work for developing new ISEs ofhigh

selectivity is always a useful goal. We have, therefore, explored some newly synthesized

and previously reported compounds as ionophores and used their membranes as ISEs for

some metals. For the sake of convenience, simplicity and clarity, the work embodied in

the thesis has been organized as following six chapters.

First Chapter; General Introduction:

It presents an up-to-date review of the literature on sensors of alkaline, alkali

earth, transition, rare earth metal ions and anions. The problem of present research

activities have also been posed in the context of the cited work.

Second Chapter; Theory andMethodology ofIon Selective Electrodes:

This encompasses classification of ISEs, theory of membrane electrodes, its

potentials and terms used in the study of ion selective electrode. The concept of the

selectivity of ion selective membranes and methods of its determination has also been

discussed.

Third Chapter; Schiffbaseas copper ionselective electrodes:

It is reported that Schiff base have been widely used as chelating ligands in the

coordination chemistry of transition metals and some of them show selective affinity for
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metals. It is, therefore, possible to use Schiff bases as selective ionophores in the

preparation of membrane electrodes of better characteristics. To test this possibility in a

realistic fashion, we investigated them as potential sensory component for the

development of membrane ion-selective electrodes. In this chapter, the synthesis and

characterization of 2-[{(2-hydroxyphenyl)imino}methyl]-phenol (Li) and 2-[{(3-

hydroxyphenyl)imino}methyl]-phenol (L2), and their analytical application as ionophores

for the fabrication of Cu2+ ion selective electrodes are described. Polymeric membranes

electrodes (PME) of Li and L2 have been prepared and investigated as Cu -selective

sensors. Poly (vinyl chloride) (PVC) was used as matrix for the sensor's design and

influence of the other membrane components i.e. ionophore, plasticizer and the lipophilic

additive that are known to have a dramatic effect on sensor's performance have also been

evaluated. Effect of various plasticizers viz., dibutyl phthalate (DBP), dibutyl sebacate

(DBS), benzyl acetate (BA), o-nitrophenyloctylether (o-NPOE) was studied in detail and

improved performance was observed in several instances by the addition of oleic acid

(OA) as anion excluder. Optimum performance for the electrodes based on Li was

observed with membrane having ingredients in composition Li:DBS:OA:PVC =

6:54:10:30 (%, w/w). This sensor worked satisfactorily in the concentration range 3.2 x

10"8 to 1.0 x 10"2mol L"1 with aNernstian slope of 29.5 mV decade"1 of acu2+ and having
01 1

the detection limit as 2.0 x 10" mol L" (1.27 ng mL" ). Optimization of membrane

composition of the electrodes based on L2 showed that the membrane having composition

L2:DBP:OA:PVC = 6:54:10:30 (%, w/w) exhibit the Nernstian slope (29.6 ± 0.5

mVdecade" of aa, ) and showed linear potential response in the concentration range of

2.5 x 10"7- 1.9 x 10"2 mol L"1 with limit of detection 1.2 x 10"7 mol L"1. Wide pH range

(3.0 •*- 8.5), fast response time (5 s), good performance in presence of small amounts of

(up to 20 % v/v) non-aqueous contents and adequate shelf life (3 months) indicate the

iv



utility of the proposed sensors. The selectivity coefficients for these electrodes were

determined by matched potential method (MPM) and the results indicate their selective

response for Cu +ions over various interfering ion. However, it was found that the sensor

based on ionophore (Li) has good selectivity over the sensor based on ionophore (L2).

These electrodes could be successfully used for the determination of copper in edible

oils, tomato plant material; river water and as an indicator electrode in potentiometric

titration of copper ion with EDTA.

Fourth Chapter; Gd3+ ion-selective coated graphite electrode based on N5 donor

chelating ligand:

This chapter incorporates investigation on the use of a N5 donor chelating ligand

as ionophore in the preparation of membrane electrode selective to Gd3+. Chelating

ligand 2,6-Bis-[l-{N-cyanoethyl,N-(2-methylpridyl)}aminoethyl]pyridine (L3) having

five nitrogen donor sites for complexation with cations has been synthesized. Stability

studies of the several metal-ligand complexes showed that L3 has high affinity towards

Gd +ion and therefore, it was used as a potential ionophore for the preparation ofcoated

graphite Gd ion selective electrode. Among several electrodes prepared, the one having

membrane of composition L3:NaTPB:PVC:o-NPOE = 8:4:30:58 (%, w/w) gave best

performance over thewidest working concentration range of 2.8 x 10"7- 5.0 x 10"2mol L"

1showing Nernstian behaviour (19.6 ± 0.3 mV decade"1) with lower limit ofdetection as
o 1

6.3 x 10" mol L" . Furthermore, it showed a fast response time (12 s) and can be used for

2.5 months without significant divergence in its characteristics. Further, the electrode can

tolerate the concentration of different surfactants up to 1.0 x lO^mol L"1 and can be used

successfully in ethanol 30 % (v/v) and methanol and acetonitrile 10 % (v/v) water

mixture. The useful pH range of this electrode for the detection of Gd3+ in a solution is



2.0 to 8.0. The potentiometric selectivity coefficients of the electrode were evaluated by

IUPAC recommended fixed interference method (FIM) and matched potential method

(MPM) and it was found that the electrode is sufficiently selective for Gd3+ over many

cations and could be used for the determination of Gd ions in waste water and rock

samples. It could also be used successfully as an indicator electrode in the potentiometric

titration of GdCl3 with EDTA.

Fifth chapter; Nation-selective coated graphite electrodes based on lariat

ethers:

This chapter describes the synthesis of novel lariat ethers viz 1,5-

di(cyanoethane)-2,4: 7,8:13,14-tribenzo-l,5-diaza-9,12-dioxacyclopentadeca-2,7,13-

triene (L4) and 1,5-di (cyanoethane)-2,3, 4-pyridine-7,8:13,14-dibenzo-l,3, 5-triaza-9,

12-dioxa cyclopentadeca-2,7,13-triene (L5) and their application as potential ionophores

for the fabrication of Nd selective and sensitive coated graphite electrodes.

Complexation study of the two ionophores towards various metal ions in acetonitrile

solutions revealed the formation of 1:1 metal-ionophore complexes. A number of PVC

based coated graphite electrodes (CGEs) of L4 with different plasticizers and lipophilic

additives were prepared and explored as Nd3+ selective electrodes. The results showed

that optimized membrane composition for the electrode based on L4 was found to be;

L4:o-NPOE:NaTPB:PVC = 5:57:3:35 (%, w/w). This electrode exhibited good

performance over the wide working concentration range 8.4 x 10"8 - 3.1 x 10"2 mol L"1

with Nernstian slope (19.8 ± 0.4 mVdecade"1 ofam3+) and low detection limit (3.8 x 10"8

mol L"). However, the electrode based on L5 having optimum membrane composition of

its ingredients L5:o-NPOE:NaTPB:PVC = 5:53:3:39 (%, w/w) performed best over the

widest working concentration range of4.6 x 10"8-5.0 x 10"2mol L"1 with Nernstian slope
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(19.7 ± 0.5 mVdecade"1 of aNd3+) and low detection limit (1.6 x 10"8 mol L"1). The

potentiometric response of these electrodes was excellent in the range of pH 3.5 to 7.6

and they showed fast response time of 14 s and 10 s, for L4 and L5 based CGEs,

respectively with a shelf life of three months without significant divergence in the

performance characteristics. They could also tolerate up to 20 % (v/v) methanol, ethanol

and acetonitrile, if present in the test solution. The presence of cationic and anionic

surfactants at 1.0 x 10"* mol L"1 or above caused significant interference in the

performance of the electrodes. Further, the values of selectivity coefficients determined

by FIM indicate that the proposed electrodes are efficiently selective over a number of

monovalent (Ag+, Na+, K+, Li+), divalent (Hg2+, Fe2+, Co2+, Ni2+, Cd2+, Mg2+, Ca2+, Zn2+,

Cu2+) and trivalent ions (Gd3+, Pr3+, Ce3+, La3+, Tb3+, Dy3+ Sm3+ and Yb3+). However,

higher concentration of Co2+, La3+, Pr3+ and Yb3+ caused some interference. These

electrodes were used successfully as indicator electrodes in the potentiometric titration of

Nd against EDTA and also direct determination ofNd3+ ions from binary mixtures and

water samples.

Sixth chapter; Ccf+ ion-selective electrodes based on N4, N2S2 and N2O2 type

chelating ligands:

This chapter describes the synthesis, characterisation and analytical application of

three chelating compounds N!,N2 -dicyanoethyl-N',N2-bis(pyridine-2-ylmethyl)benzene-

1,2-diamine [L6], N1,N2-dicyanoethyl-N1,N2-bis(thiophen-2-ylmethyl) benzene-1, 2-

diamine [L7] and N1,N2-dicyanoethyl-N1,N2-bis(furan-2-ylmethyl)benzene-l,2-diamine

[L8]. Membranes having constituents PVC, plasticizers, lipophilic anionic additives and

the ionophores were coated on the surface of spectroscopic graphite rods and their

potential response investigations carried out. The electrodes having membranes of
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different compositions were investigated and it was found that the among all the

electrodes of L^, the one having membrane composition in the ratio L^.o-

NPOE:NaTPB:PVC as 4:51:2.5:42.5 (%, w/w) performed best i.e. worked over a wide

working concentration range 2.5x10" -1.0x10" mol L" with Nernstian slope 29.5±0.07

1 R 1

mV decade" and low detection limit 7.8x10" mol L" . This electrode generated constant

potential in the pH range 2.0 to 8.0 with a fast response time (12 s) and shelf life of 4

weeks. The CGE based on L7 having membrane composition L7:o-NPOE:NaTPB:PVC =

3:52.5:1.5:43 (%, w/w) performed best i.e. widest linear working concentration range

1.7xl0"8 - l.OxlO"1 mol L"1 with Nernstian slope 29.6±0.08 mV decade"1 and lower

detection limit as 7.0x10"9 mol L . The useful pH range ofthis electrode was observed to

be 2.6 to 8.0. This electrode showed a fast response time of 7 s towards Cd2+ ion and the

potentiometric characteristics of the electrode do not change significantly over a period of

6 weeks. A similar optimization of membrane composition of the electrodes based on Lg

showedthat the electrode with composition L8:o-NPOE:NaTPB:PVC = 7:49:3.5:40.5 (%,

w/w) showed best performance in terms of wide working concentration range (4.6x10"7 -

5.0xl0"2 mol L"1), Nernstian slope (29.8± 0.05 mV decade"1) and low detection limit
Q 1

(8.4x10" mol L"). The response of the electrode is fast (17 s) and can work satisfactorily

in the pH range 3.0 to 7.5 with a shelf life of 4 weeks. Selectivity coefficients of the

electrodes were evaluated by FIM and the results showed that these electrodes have high

selectivity towards Cd2+ over a large number of cations and could tolerate upto 20 %

(v/v) non-aqueous impurity. In view of high sensitivity and selectivity, the utilityof these

electrodes was tested in the potentiometric determination of Cd2+ in medicinal plants, soil

and industrial waste water. They could also be used successfully as an indicator electrode

inthe potentiometric titration of Cd2+ against EDTA.
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Thus, the present investigations on the membranes of Schiffs bases, chelating

ligands and lariat ethers have resulted in the development of selective and sensitive

sensors for Cu2+, Gd3+, Nd3+ and Cd2+ ions. The investigated sensors ofmetal ions have

been found to be better than reported sensors with respect to various response

characteristics and resulted in the availability of some improved and novel ion sensors

which can be used successfully for analytical purposes. Thus, the present work adds to

our knowledge in the field of chemical sensors.

*
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1.1 Introduction

Attempts to produce better products for comfortable life have caused serious

environmental problems which have a great influence on our life-style, corporate activities,

national management and international cooperation in the world. Environmental toxicology

caused by industrialization is threatening the existence of human and natural habitats to a

great extent. The technological development has brought a dramatic rise in emissions of

anthropogenic pollutants. Moreover, today we have opened Pandora's Box by spreading

toxic metals throughout our environment by fossil fuel consumption, heavy metals mining,

smelting, fertilizer applications and municipal waste incineration. Heavy metals constitutean

important group of pollutants causing severe toxic effects at higher concentration. Therefore,

it is necessary to monitor the concentration of heavy metals in environmental and biological

samples for assurance against acute intoxication. Apart from the direct threat to health or the

environment, metal contamination can cause economic and financial damage indirectly.

Thus the importance of clean environment is being increasingly recognized and it has

become mandatory for various agencies to monitor the environment so as to keep the level of

pollution below permissible limits. As a result, environmental analysis has become an area

of intense interest for scientists and the public alike. The field of environmental science has

evolved, with the growing concern for the welfare of the environment requiring qualitative

and quantitative knowledge on the nature, concentration and temporal changes in pollutants.

These demands have led to the development of many important analytical approaches. The

realization of importance of analytical methods in present day life has led to vigorous efforts

by chemists and instrumentalists to develop new instruments, techniques and procedures so

as to make analysis convenient, fast, reliable and selective [1-7]. Various instrumental
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techniques such as flame atomic absorption spectrometry (FAAS), electrothermal atomic

absorption spectrometry (ETAAS), atomic fluorescence spectrometry (AFS), inductively

coupled plasma-atomic Emission Spectrometry (ICP-AES), inductively coupled plasma-

mass spectrometry (ICP-MS), high performance liquid chromatography (HPLC),

spectrphotometry, anodic stripping voltammetry (ASV) and many more has become

available for determining the concentration of metal ions in aqueous solutions [8-16].

Although, these methods provide sensitive and reproducible results, but often requirement of

chemical manipulation of the sample and expensive infrastructure make these techniques

redundant for routine and 'on-line' analysis of a large number of samples. Besides this, the

use of these techniques can be problematic and erroneous in coloured and turbid solutions.

Thus, a reliable, low cost, quick and portable analytical technique is often required

especially for the analysis of large number of samples and such requirements are met often

with ion selective electrodes (ISEs) to a significant extent. Ion-selective electrodes are the

electrochemical sensors of longest history and allow the assessment of free ion activities.

Ion-selective electrodes (ISEs) are in many respects ideal sensors for use in the analysis of

industrial and environmental samples. Much of the current knowledge collected during the

past decades presents that this area of analytical chemistry is being intensively developed as

they enjoy a number of advantages over other methods of analysis [17-20]. The most

attractive features of this technique are insensitivity to sample color, viscosity or suspended

solids, rapid response to changes in determinant concentration, and possible use in a very

wide concentration range. Moreover, their fabrication in the laboratory is quite easy and so

they have been widely used for the quantification of many ionic and non-ionic species

present in aqueous samples. As a result of analytical requirements, a number of
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commercially available ISEs have been developed as convenient tools for analysis which can

be directly used for metal ion determination in food products, biological fluids, effluents,

wastewater, soil, fertilizers etc. [21, 22]. Therefore, utility and simplicity of ion selective

electrodes has made them useful in the analysis of samples in various fields including

clinical, environmental, industrial and agricultural studies.

The essential part of a carrier-based ISE is the ion sensitive solvent polymeric

membrane, physically a water-immiscible liquid of high viscosity that is commonly placed

between two aqueous phases, i.e., the sample and the internal electrolyte solution. An ion

selective electrode selectively responds to the activity/concentration of the target ion and

usually covers an extraordinarily large sensitivity range, from 0.1 Mto 1nM. The measured

potential, obtained with optimized membrane electrodes, can be directly related to the free

ion activity of the analyte in the sample. ISEs are characterized by the fact that the

electrochemical response is usually dominated by one ionic species present in the solution,

known as the primary ion (analyte ion/target ion) even in the presence of other interfering

ions. The wide use ofISEs in routine analysis is accompanied by a search for more selective

membrane materials and also on theoretical studies of the mechanism offunctioning of these

sensors [23-25]. A successful polymeric ion selective membrane needs to be generally

hydrophobic, contains conventionally an ionophore (ion carrier), a lipophilic salt as ion

exchanger (additive) and a membrane solvent (plasticizer). The majority of modern

polymeric ISEs are based on neutral carriers, making the ionophore the key component ofan

ion selective membrane which is capable of reversibly binding with ions and also catalyzes

ion transport across hydrophobic membranes. One ofthe most important features ofISEs is

the selectivity towards a specific analyte. The ionophore is primarily responsible for the ion



selectivity ofthe sensor by selectively and reversibly binding the analyte of interest. The ion-

ionophore interactions based on their ion-exchange property or size-exclusion of the

ionophore, determine selectivity of an ion sensor and its proper functioning towards a

specific ion.

Potentiometric ISEs based on plasticized polymeric membranes that contain highly

selective ionophores are widely used for the routine assessments of many important ions

[26]. The design and function of synthetic ionophores is based on diverse parameters viz.,

structure and cavity size of the ligand, stability and selectivity of its metal ion complex, its

solubility and the ability to extract the metal ion into membrane phase. The creation of

cavities and cleft in the ionophore are complementary to the size and charge of a particular

ion leading to selective interactions. The design of host molecules capable of binding

selectively to an ionic guest is a challenging area and consequently has given rise to a

plethora ofimaginative and ingenious systems designed to tackle the problem [27].

Development of ISEs continued to be exciting and expanding areas of analytical research.

Apart from the classical potentiometric response, new transduction schemes for the solvent

polymeric membranes have been proposed, making the detection of new analytes possible,

allowing comprehensive instrumental control over sensing characteristics and introducing

new detection principles. The aim of most research associated with ISEs is to produce

miniaturized, solid-state devices, with rapid, sensitive response and exquisite selectivity that

can be mass produced at low cost. The application of ISEs is still flourishing with the aim of

improving their performance and reaching better understanding of their response

mechanism. Thorough evaluation of the response is essential to forecast the chances of

success of novel ISEs, which are proposed at constantrate in the current literature.
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1.2 Historical Review of Ion-selective Electrodes

The occurrence ofelectric potential was first noticed by Luigi Galvani in 1791 while

dissecting a frog. In 1848, du Bois-Reymond proposed that living cell membranes have

properties similar to an electrode of galvanic cell. However, the scientific basis to this

phenomenon was given in 1890 when W. Ostwald proposed that the semi-permeability of

the membrane was the main cause ofpotential generation [28]. The first landmark in the

history of ISEs was the discovery of hydrogen ion sensing glass electrode in 1906 by

Cremer. Besides glass, other materials were also investigated with passage of time to develop

ISEs. Efforts in this direction were initiated by Kolthoff and Sanders [29] in 1937 who made

first silver halide disk sensors. In the early 1960s, E. Pungor [30] published his work on Ag-I

based heterogeneous membrane electrodes which were the basis for first commercial solid state

ISEs. These electrodes exhibited good selectivity and Nernstian response and were the first

truly selective electrodes (non-glass) to be developed, which gave a thermodynamically

reversible response with respect to the primary ion. Many workers continued their research

towards the preparation ofvarious ISEs ofheterogeneous membranes consisting ofan active

material supported in an inert matrix of silicone rubber [31, 32]. However, active and

widespread interest in research in the field of ISEs was generated with the discovery of

fluoride ISEs by Frant and co-workers [33]. The fluoride ISE they developed was based on

lanthanum fluoride doped with europium fluoride and considered as the second best

electrode after glass electrode.

A wide-ranging research was started after this not only in the field ofprecipitate

based ion-selective electrodes but also on the application of complexing agents based liquid

membrane electrodes [34, 35]. Bloch and co-workers introduced the first ionophore-based



solvent polymeric membrane based on PVC [36], a matrix still widely used today as it

provides a user friendly, robust membrane matrix and can be plasticized with polar and non-

polar water immiscible solvents. The procedure for compounding, casting, drying and

mounting PVC membranes was developed by Moody et al [37]. Finally, the birth of host-

guest chemistry [38-40] played an important role to explore different materials in developing

ISEs for various cations and anions.

1.3 Classification of Ion-Selective Electrodes

According to IUPAC recommendations [41], ion-selective electrodes are classified in

the following categories according to the physical state of the substances forming the

electrode membrane, or possibly according to the nature of the substances affecting the ion

exchange in the membrane.

1.3.1 Primary electrodes

1.3.2 Sensitized or Compound (multiple layer membrane) electrodes

1.3.3 All-solid-state ion-selective electrodes

1.3.1 Primary electrodes

These electrodes develop potential due to some ionic species. They have been further

divided into two classes based on the preparation of their membrane.

1.3.1.1 Solid membrane electrodes

These are the electrodes in which the physical state of the membrane is solid.

Depending on the composition of the membrane, these are further sub-divided into the

following three categories.
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a. Glass electrodes

These electrodes have membrane made of glass of various compositions. The

operation ofaglass electrode depends on an ion exchange process which involves migration

of cations from one interstitial site to other. The first glass membrane H+ ion-selective

electrode has the composition as Na20 (22%), Si02 (72%) and CaO (6%).

b. Homogenoussolid state electrodes

These are the electrodes in which the membrane is prepared either from a single

compound or from a homogenous mixture oftwo or more electroactive compounds in the

form of apellet or disc under high pressure. The electrodes prepared in this category are

mainly made of silver halides, silver sulphides and lanthanum fluoride membranes and are

used for the determination ofhalides, sulphide and silver ion. One ofthe most successful ISE

belonging to this category is LaF3 based F" ion-selective electrode.

c. Heterogeneous solid state electrodes

Heterogeneous electrodes include those where the sensing membrane is prepared by

dispersing the active material in a chemically inert binder such as polyvinyl chloride),

silicone rubber, epoxy resins and paraffin. The binder and the electroactive compound are

thoroughly mixed and a membrane is prepared. The inert binder not only provides a good

adhesion matrix for the sensor particles but also makes the membrane flexible and crack

resistant to prevent leakage of internal solution. It is important to mention that the binder

should be compatible with the active material and should not swell in the sample solution.



1.3.1.2 Liquid membrane electrodes

The membrane of these electrodes consists of an organic liquid, immiscible with

water, in which an electroactive material/ionophore has been dissolved. Normally those

electroactive materials are chosen which show high exchange capacity for a particular ion

and poor for all others. The solvent of the liquid membrane must be immiscible in water,

have low vapour pressure, high viscosity and low dielectric constant to allow considerable

association of the ions in the membranes.

1.3.2 Sensitized or Compound (multiple layer membrane) electrodes

These are usually the modified form of primary electrodes and are used to determine

the concentration of gases and organic molecules rather than ions. In these electrodes, an ISE

is combined with a specific chemical reaction or a separation step. They constitute a very

important group because of their inherent selectivity as two membranes with their own

characteristics are used to generate the response. This group of electrodes is further divided

into the following two sub-headings.

1.3.2.1 Gas sensing electrodes

In gas sensing electrodes, a conventional ISE is coated with a thin film of reagent

solution. A gas permeable membrane is interposed between this electrochemical cell and the

sample under test. The gas to be determined diffuses through the separation layer until

equilibrium is established in the internal electrolyte film. The dissolved gas and the reagent

of the internal electrolyte constitute a buffering system. The activity of the buffered ion is

determined by the ion-selective electrode.



1.3.2.2 Enzyme substrate electrodes

These are the electrodes in which an ion-selective membrane is covered with a

coating containing an enzyme (between the solution and the glass electrode) which causes

the reaction ofan organic or inorganic substance (substrate) to produce a species that can be

sensed by the electrode. Alternatively, the electrode could be covered with a layer of

substrate which reacts with the enzyme, co-factor or inhibitor to be assayed.

For example, a membrane containing immobilized urease, catalytically decomposes

ambient urea to ammonium ions, which are sensed with a cation-selective glass membrane

electrode.

1.3.3 All-solid-state ion-selective electrodes

In these electrodes, the solid solvent membrane composed of an electroactive

compound, is immobilized on the surface ofaconducting solid. There is no inner electrolyte

solution in these electrodes and the inner reference electrode is replaced by an electronic

conductor, e.g., a bromide sensor film ofAgBr is reversibly contacted with Ag, or an anion

sensor based on cation radical salts is contacted with Pt. This configuration contrasts with

normal membrane electrodes in which electrolyte solutions (inner filling solution and outer

test solution) are in contact with opposite membrane sites. These electrodes offer the

advantage of low detection limit, extended linear working range and high selectivity.

1.4 Literature Survey

Ever since the discovery of glass electrode for pH determination, ion-selective

electrodes have aroused a great deal of interest from both theoretical and practical points of

view and their role in analytical chemistry has been steadily increasing. In recent years, the



field of ISEs is perhaps one of the most eminent examples for interdisciplinary research in

analytical chemistry. A number of books [42-51] and some significant papers [52-57] have

appeared in the recent past. Progress in this field including theory, methodology, and

applications of ISEs has been described in the periodic reviews [58-69]. The list is quite

extensive and it is not possible to report the total bibliography on ISEs. Thus, only

significant publications, which highlight various aspects of ISEs developed for various ions,

are presented here.

1.4.1 Alkali metal ion-selective electrodes

There has been appreciable interest in the development of ISEs using neutral carriers

for the analysis of alkali metal ions in environmental, medical, and clinical fields. Lithium

ion selective electrodes belong to the most investigated type because of its prophylactic and

therapeutic action in various affective disorders. Gadzekpo and coworkers [70, 71] have

reported a review, which summarizes different types of Li+ selective sensors, gives their

applications and highlights the problems encountered in the determination of lithium in

serum and other biological fluids. Fiedler et al. [72] introduced the first Li+- selective

electrodes based on iV.A^'-diheptyl-A^A^'-S^-tetramethyl-SJ-dioxanonanediamide. This

electrode worked in the range of 1.0 M to 0.01 mM and showed high selectivity over

sodium, potassium, magnesium and calcium. In 1981, Zhulov et al. [73] developed an

important Li+-selective sensor using neutral carrier AWiV',7V'-tetra-isobutylcyolohexaneo-

1,2-dicarboxamide with PVC as binder. This sensor showed working concentration range of

1.0 x 10"5 to 1.0 x 10"' mol L"1 and was selective for Li+ over other alkali and alkaline earth

metal ions.

Later on, some other neutral carriers, JV.A^-dicyclohexyl-A^TV'-diisobutyl-cis-cyclo
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hexanedicarbonylamide [74], 6,6-dibenzyl-l,4,8,ll-tetraoxacyclotetradecane [75], l-phenyl-3-

methyl-4-benzoyl-5-pyrazolone [76], crown ether derivatives [77, 78] and 1,10-phenanthroline

derivatives [79], macrocycles [80] were also investigated as suitable ionophores to develop

Li -selective sensors. All these sensors were ofcomparable performance. Gupta et al. [81]

reported a Li+-selective sensor based on a carbosiloxane dendrimer. The sensor showed a

working concentration range of2.5 x 10"5-1.0 x 10"1 mol L"1 ofLi+ with a slope of52.0 mV

decade" of aL,+ and was used for the determination of Li+ in blood serum.

Amajor interest for Na+ analysis with ISEs comes from clinical chemistry. Most of

the reported Na+ selective sensors developed are based on neutral carriers. The sensors

prepared by Wu et al. [82] based on triglycollic bisdiamides in PVC matrix performed well

and showed good selectivity forNa+over other alkali and alkaline earth metals and could be

used for the determination of sodium in water with high magnesium content. The sensors

based on the membranes ofcrown ethers such as bis-[(3n+l)-crown-n]ether derivatives [83],

dibenzo-16-crown-5 derivatives [84], 16-crown-5-derivatives [85], bis-(12-crown-

4)methylmalonates [86], benzyloxymethyl-l1-crown-3 [87] and azo- and azoxycrown

compounds with sulphur atoms in long side chains [88] were also found to be Na+ selective.

Calixarenes have also been extensively used as carriers for the fabrication of sodium

selective sensors. Prominent among these are the sensors developed by symmetrical,

unsymmetrical and bridged /?-tert-butylcalix[4]arylacetate [89], calix[4]arene derivatives [90],

triestermonoacid derivative of p-tert-butylcalix[4]arene [91]. All these sensors show high

selectivity for Na+ as calix[4]arene compounds exhibit an optimum cavity size for complexation

with Na+ and have been used for Na+ determination in biological fluids. Recently, Kimura et

al. [92] designed several sol-gel derived membranes selective to Na+ which encapsulate
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valinomycin and bis-(crownether) as well as calix[4]arene ester and amide derivatives

electroactive materials, while Kim et al. [93] tried lipophilic trimesters of calix[4]arene and

calix[4]quinine to develop Na+ selective sensors. These membranes showed good sensitivity,

selectivity and low response time.

A major interest for K+ analysis comes from clinical chemistry because changes in

K+ concentration in human serum bring along the riskof acute cardiac arrhythmia. A number

of ISEs have been developed for K+ in view of its importance in clinical chemistry. Fiedler

and Ruzika [94] developed the first successful and commercially available sensor for

potassium ion by using valinomycin, an electroneutral carrier. Since then many researchers

[95-98] have developed neutral carrier based ISEs for K+. A number ofK+ selective sensors based

on crown ethers viz.,cis- and trans-bis-(crown ethers) [99],bis-(15-crown-5) [100],4'-picrylamino-

5'-nitrobenzo-18-crown-6 [101] and 4-acryloylamidobenzo-15-crown-5 and 4-acryloylamidobenzo-

18-crown-6 [102] have been prepared. All these sensors show high selectivity for K+ over other

alkali and alkaline earth metals and have been used for determining potassium in biological

fluids. Yan et al. [103] used calix[6]arene hexaester for the preparation of membranes and

investigated its applicability to determine K+ in human serum. Recently, Katsu et al. [104]

reported K+selective sensor based on macrocyclic metacyclophanes analogous to calixarenes

which showed linear response down to 7 uM of K+ but suffer serious interference from Na+.

Bobacka et al. [105, 106] introduced solid state potassium ion selective electrodes using carbon

nanotubesas ion-to-electrontransducer in polymer membranes.

The development of ISEs for Rb+ has received relatively less attention mainly

because of their conspicuous absence in biological systems. However, still some sensors

have been reported. Cosgrove et al. [107] reported a valinomycin based sensor selective for Rb
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and used it to determine rubidium in yeast cells. Singh and co-workers [108] used epoxy resin

based membranes of rubidium tungustoarsenate to develop Rb+-selective sensor. The sensors

prepared were not highly selective but could be used for its determination by potentiometric

titration procedure. A solid membrane electrode for the determination ofRb+ selectively in the

concentration range 4.0x 10"5 - l.Ox 10"' mol L"1 was reported by Shrivastava and co-workers [109].

Another Rb+ selective sensor was developed by Saleh et al. [110] using indanopyrazalo[l, 5-a]

pyrimidines as electroactive material which showed Nernstian response in the narrow

concentration range of 1.Ox 10"4 - 1.Ox 10"' mol L"'. Yang et al. [111] used decylidene bis-(4-

benzo-15-crown-5) ether to develop Rb+selective sensor. It exhibited anear Nernstian response in the

concentration range of5.0x 10"5 - 1.Ox 10"1 mol L"1 with detection limit down to 20 uM. Hyun et al.

[112] explored binaphthyl-based crown ether derivatives as ionophores in the preparation ofRb+-

selective polymeric membrane electrodes which worked in the linear concentration range

LOxlO^-l.Oxlo'molL"1.

Cesium has also received much attention during the last two decades and various

ionophores were reported for the development of Cs+-selective electrodes. Wang et al. [113]

found 15-crown-5-phosphotungustic acid precipitate selective for Cs+. It showed Nernstian

response in the concentration range of l.OxlO"4 - 1.0x10"' mol L"\ Several crown ether

derivatives viz., 14 and 15-crown formazans [114] and calix[4]crown ether-ester [115]

showed good selectivity for Cs+ over a number of ions. Cs+-selective electrodes based on

several calixarenes viz., calix[6]arene tetraester derivatives [116], bridged bis-calix[4]arenes

[117], 1,3-bis-bridged cofacial-calix[6]crowns [118], crown bridged thiacalix[4]arenes [119],

have also been reported. Shamsipur etal. [120] reported a 16-membered macrocylic diamide as a

Cs+-selective ionophore while Ganjali and co-workers [121] used a cavitand as Cs+- selective
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ionophore. Saleh et al. [122] developed a Cs+-selective sensor using cephalexin antibiotic drug as

ionophore and a new Cs+-selective graphite rod electrode based on Cs-Molybdophosphate was

reported by Arida et al. [123]. Recently, a Cs+-selective electrode, having longest lifetime ofnine

months, based on 5-(4'-nitrophenylazo)25,27-bis-(2-propyloxy)26,28-dihydroxycalix[4]arene has

been reported by Ramanjaneyulu and co-workers [124] while Sadeghi et al. [125] fabricated aCs+-

selective polymeric membrane coated graphite electrode based on 4',4"(5') di-tert-butyl di-benzo-

18-crown-6.

1.4.2 Alkaline earth metal ion-selective electrodes

Considerable efforts have been made by researchers to develop selective sensors for

alkaline earth metal ions due to their occurrence in diverse samples. As such, a large number

of sensors for these ions have been reported. A brief review on IESs for these metals is given

in the following paragraphs.

Among alkaline earth metal ions, beryllium has received less attention inspite of its

wide industrial uses. This may be due to high charge density on Be2+ leading to its excessive

hydration, as a result ofwhich the hydrated Be2+ is poorly sensed by ionophores. Fleet and

Rechnitz [126] used phosphate ester ionophores to prepare Be2+ selective sensors.

Ganjali et al. employed 2,4-dinitrophenylhydrazine-benzo-9-crown-3 [127], naphtho-9-

crown-3 [128], 2, 3, 5, 6, 8, 9-hexahydro-l,4,7,10-benzotetraoxa cyclododecine-12-

carbaldehyde-12-(2,4-dinitrophenyl)hydrazine [129] and 4-nitrobenzo-9-crown-3-ether

[130] to develop Be2+- selective sensors. The sensors [130] showed Nernstian response to

Be2+and worked in the concentration range of l.OxlO"10 - l.OxlO"4 with a limit of detection

3.5xl0"n mol L"1 (350 pg/L). Shamsipur et al. [131] developed graphite coated Be2+-

selective sensors based on a macrocyclic diamide, 15-diaza-3,4:12,13-dibenzo-5,8,ll-
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trioxabicyclo [13,2,2] heptadecane-2,14-dione and compared its characteristics with

polymeric membrane electrode.

The major challange in the design of Mg2+ ionophores lies in the discrimination ofCa2+.

AMg2+-selective sensor was prepared by Saleh et al. [132] using phenylene bis-(ditolyl

phosphineoxide) in PVC matrix which showed high selectivity for Mg2+ over Ca2+ in the

concentration range of6.0xl0"5 - 1.0x10"' mol L"1. Further, Mg(II)oxinate [133] and l-(N,N-

dicyclohexylcarbamoyl)-2-(A^A'-dioctadecylcarbamoyl)ethyl phosphonic acid monomethyl ester

[134] were also used as ionophores for magnesium selective sensors. These sensors exhibited

linear potential response towards Mg2+ ions with reasonably good selectivity. Gupta et al.

reported Mg2+-selective sensors based on benzo-15-crown-5 [135] and magnesium-

tetrazaporphyrin complex [136]. Both the sensors exhibited excellent selectivity for Mg2+over

other cations. Aggarwal et al. [137] carried out studies on zirconium(IV) selenomolybdate gel based

Mgf+-selective heterogeneous membrane sensor.

Development of a convenient method for the determination of calcium ions has been

an area of extensive research because of its widespread occurrence in biological and

environmental system. Initial attempts to develop a calcium selective sensor were not

successful. The useful Ca2+-selective sensors were developed by Thomas and coworkers

[138] by incorporating Ca-bis-(2,6-dinitro-4[l,I,3,3-tetramethyl(butyl)])phenoxide and Ca-

bis-(di[l,l, 3,3-tetramethyl(butylphenyl)]) phosphate in PVC. Later on, various

organophosphates, such as di(2-ethylhexyl) phosphate [139], Ca-di(n-octylphenyl) phosphate

[140], Ca-bis-(4-octylphenyl) phosphate [141] and polyaniline functionalized with bis-[4-(l,1,3,3-

tetramethyl(butyl phenyl)]phosphate [142] were employed as electroactive material for Ca2+

selective sensors. Some ofthese sensors respond to Ca2+over a wide concentration range (down
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to 1nM) with a fast response time butthe selectivity of these sensors was not good. Kumar etal.

[143] developed Ca2+-selective membrane sensor based on dibenzo-18-crown-6. Singh et al.

[144] developed highly Ca2+-selective potentiometric sensor based on furildioxime as neutral

carrier while Jain et al. [145] reported p-isopropylcalix[6]arene based sensor for the selective

determination of calcium.

Determination of barium is important as it is present in various drugs. In the

begining, non- ionic Antrarox CO-880 and its barium complex [146] were used to construct

Ba2+ selective sensors. Gupta et al. [147] used dibenzo-24-crown-8 to develop a highly selective

sensor for Ba2+ which exhibited linear response in the range of 14 uM - 0.1 M. Saleh [148]

reported a Ba2+ selective sensor using neutral bidentate organo phosphorous compounds. Singh et

al. [149] reported 2,3,4-pyridine-l,3,5,7,12-pentaazacyclopentadeca-3-ene as a Ba selective

ionophore. Othman et al. [150] used complex ion associate of barium(II)-Rose Bengal as an

ionophore for preparing Ba2+-selective PVC membrane sensor which exhibited fast linear potential

response for Ba2+ ions over the concentration range 5.0x 0"5 to l.OxlO"1 mol L"1 with a Nernstian

slope of28.5 ± 0.4 mV decade"1 of activity. Recently, Zamani et al. [151] constructed a Ba2+-

selective sensor based on 3-deoxy-erythro-hexos-2-ulosebis-(thiosemicarbazone) which showed

high selectivity for Ba2+ over l.OxlO"6 to 1.0x10" 2mol L"1 with a lower detection limit of

5.6xlO"7molL"'.

_2+The first Sr -selective sensor was developed by Baumann [152] using strontium

complex of nonylphenoxypoly(ethyleneoxy)ethanol as electroactive material but it exhibited

higher selectivity for Ba2+ over Sr2+. Qian etal. [153] reported a Sr2+-selective sensor based

on tetracyclohexyl-2,6-pyridine-bis-(methyleneoxyacetamide) as ionophore which showed

strong interference to Pb2+ and Ag+ ions. The sensor based on the membrane of dibenzo-30-
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crown-10 [154] was also found to be Sr2+ selective. Gupta et al. [155] used 5,11,17,23,9,35-

hexakis (1,1,3,3-tetramethyl butyl)-37, 38, 39, 40, 41, 42-hexakis-(carboxymethoxy)-calix-

[6]arene to prepare Sr2+-selective sensors. Potentiometric membrane sensor based on 6-(4-

nitrophenyl)-2-phenyl-4,4-dipropyl-3,5-diaza-bicyclo[3,l,0]hex-2-ene was developed by

Zanjanchi et al. [156] for trace level detection of Sr2+ ions. Zamani and co-workers [157]

used 2,3-diphenylquinoxaline-4',4"-dioxytriethylene glycol as a suitable ionophore for

preparing Sr2+-selective sensor which exhibited a linear dynamic range 1.0 x lO'M.O x 10"2

mol L"1 with a Nernstian slope of29.9 mV decade"1 of aSr2+ and a detection limit of6.7xl0"7

mol L*. Guo et al. [158] explored l-benzothiazol-3-benzoyl-thiocarbamide as neutral carrier

for the fabrication of fast response Sr2+ selective polymeric membrane sensor which exhibits

Nernstian response to Sr2+ over 4.0 x 10"7 to 1.0 x 10": mol L'1 with a detection limit of

2.5 x 10"7 mol L"1 and a slope of30.1 ± 0.1 mV decade"1 ofaSr2+.

1.4.3 Transition metal ion-selective electrodes

The determination of transition metals in pharmaceutical, clinical, environmental and

other samples is important in view of their toxicity above certain concentration level. As

such efforts have been made by many researchers in the field of ISEs to develop selective

sensors for heavy metals, which may permit quick and reliable quantification. As a result of

extensive investigations, a large number of sensors have been reported for the estimation of a

number oftransition metals. A detailed literature survey on various ISEs for Cu2+ and Cd2+ is

presented in the subsequent Chapters of the thesis. Here a brief review of recently developed

ISEs for various transitions elements viz., Cr3+, Ni2+, Ag+, Zn2+, Mn2+, Fe3+, V3+, Hg2+, Co2+,

Pb2+ etc. has been presented.
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Several neutral carriers viz., glyoxal bis-(2-hydroxyanil) [159], 2,3,8,9-tetraphenyl-

1,4, 7,10-tetraazacyclododeca-l, 3, 7, 9-tetraene [160], 1, 3-diamino-2-hydroxypropane-

N,N,N',N'-tetraacetic acid [161], 4-amino-3-hydrazino-6-methyl-l,2,4-triazin-5-one [162]

were explored as Cr3+-selective sensors. Recently, Schiff bases [163, 164] have also been

reported as highly selective ionophores for chromium ion determinations.

Pungor and coworkers reported the first nickel-selective electrode based on Ni-

dimethylglyoxime complex [165]. Recently, a number of ionophores viz., 5,7,12,14-

tetramethyl dibenzotetraazaannulene [166], dibenzo-18-crown-6 [167], Schiff bases [168,

169] have been reported for selective determination of nickel in various samples. Lai and

coworkers [170] reported the first neutral carrier Ag+-selective electrode based on

dithiacrown ether. Since then a number of Ag+ ISEs involving mainly calixarene derivatives

[171-174], crown ethers [175, 176], Schiff bases [177, 178] and sulphur donor neutral and

macrocyclic ligands [179, 180] have been reported.

Amongst heavy metal ions, the determination of mercury is probably most important

to analysts in view of its acute toxicity. Hg -selective sensor based on l-(2'-aminoaryl)-4,4,6-

trimethyl-l,4,5,6-tetrahydro-6-hydroxy pyrimidine-2-thiol [181] and 2-amino-6-purinethiol

and 5-amino-l,3,4-thiadiazole-2-thiol [182] as a chelating ionophores exhibited better

performance characteristics. Saleh et al. [183] developed a highly selective ethylenediamine-

bis-(thiophenecarboxaldehyde) based Hg2+ sensor which showed Nernstian response with a

low detection limit 7.0x10"8 mol L . Recently, Hosseini etal. [184] reported a calix[4]arene

derivative as an ionophore in the preparation of Hg2+-selective sensor which exhibited

Nernstian response in the linear range of l.OxlO"6 to l.OxlO"1 mol L"1 and detection limit of

4.0xlO"7molL"1.
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Manganese is essential micronutrient for various organisms but is toxic at higher

concentration level. There has been little workdone on manganese selective sensors. Lai and

coworkers explored cation exchange resin (Dowex 50WX-4) for fabrication of Mn2+-

selective sensor [185]. The sensor worked in concentration range of l.OxlO"5 - l.OxlO"1 mol

L"1 with long response time. ASchiff base was used by Gupta et al. [186] exhibited response

to Mn2+ over the range 1.25xl0"5 to l.OxlO"1 mol L"1. A recently reported Mn2+-selective

electrode, based on N-(2-picolinamidoethyl)-picolinamide, showed high response to Mn2+

over the concentration range of l.OxlO"5 to l.OxlO"1 mol L"1 with Nernstian slope of29.3 ±

0.5 mV decade"1 ofa^ and detection limit of 8.0xl0"6 mol L"1.

There are only few reports of Fe3+-selective sensors in the literature. Mashhadizadeh

and co-workers [187] explored 2-[(2-hydroxy-l-propenyl-buta-l,3-dienylimino)-methyl]-4-

/?-tolyazophenol as ionophore for fabrication of Fe3+-selective sensor but this sensor showed

super-Nernstain response. Recently, Ekmekci et al. [188] reported Fe3+ selective sensor

based on benzo-18-crown-6 crown ether as an ionophore. Zamani et al. explored N-(2-

hydroxyethyl)ethylenediamine-N,N',N"-triacetic acid [189], 5-amino-3-methyl-l-phenyl-1H-

pyrazole-4-carboxamide [190], di-tert-butylazodicarboxylate [191]. These sensors showed

very low detection limits.

A number of Zn2+-selective sensors based on a variety of ionophores have been

reported in the past few decades. Anew Zn2+-selective potentiometric sensor based on 4-tert-

butylcalix[4]arene [192] worked over the concentration range 9.8xl0"6 to l.OxlO"1 mol L"1

with a near-Nernstian slope of 28.0±1.0 mV decade"1 of aZn2+ and low detection limit 5.0x10"

mol L" . Singh et al. [193] explored tripodal chelating ligand-based Zn2+-selective sensor

which exhibited good selectivity to Zn2+ ions over a wide concentration range; 1.4xl0"7 to

19



l.OxlO"1 mol L"1 with a low limit of detection of 9.5xl0"8 mol L"1. Zn2+-selective

potentiometric sensor based on 3-hydroxy-2-naphthoichydrazide [194] exhibited a Nernstian

response over a concentration range of 1.8xl0"7 - 3.6x10"' mol L"1, with a detection limit of

1.1 xlO"7 mol L"1. Singh et al. [195] introduced electrochemical sensors based on pendant

armed macrocyclic ligand for the determination ofZn2+ ions. Worldwide toxicity oflead has

made its monitoring desirable for the analysts.

Thus, a number of Pb2+-selective sensors have been reported using a variety of

sensing agents. Some of the recently reported Pb2+ ISEs are discussed here briefly. APVC

membrane Pb2+-selective electrode was constructed using 1,10-dibenzy1-1,10-diaza-18-

crown-6 as membrane carrier [196]. This electrode had fast Nernstian response for Pb2+ over

the working range 5.0xl0"5 to l.OxlO"2 mol L"1 and showed long shelf life of more than ten

months. Bhat et al. [197] constructed coated wire lead ion selective electrode using 5, 11, 17,

23, 29, 35-hexa-tert-butyl-37, 38, 39, 40, 41, 42-hexahydroxycalix[6]arene.This electrode

exhibited linear Nernstian response over the range 1x10"6 to lxl 0"1 mol L"1 with a slope of

30.0 ± 1.0 mV decade"1 of aPb2+ and a detection limit of 6x10"7 mol L"1. Gupta et al. [198]

used N,N'-dibenzyl-l,4,10,13-tetraoxa-7,16-diazacyclooctadecane as an ionophore for

preparing Pb2+ selective sensor which exhibits a Nernstian response for Pb2+ over a wide

concentration range of 8.2x10"6 to 1.0x10"' mol L"1 with a slope of 30.0 ± 0.1 mV decade"1

of apb2+. Wilson et al. [199] reported PVC membrane ion selective electrodes for Pb(II) ion

based on l,3-bis-(N'-benzoylthioureido)benzene and l,3-bis-(N'-furoylthioureido)benzene.

Both the electrodes exhibited fast Nernstian response over a wide working concentration

range.
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Ganjali et al. [200] developed Co2+ selective sensor by incorporating newly

synthesized oxime derivative in PVC matrix. The sensorexhibiteda linearpotential response

to log aCo2+ in the concentration range of l.OxlO"6 - l.OxlO"1 mol L"1 with a high response

time of 25 s. A bridge modified 4-tert-butylthiacalix[4]arene was employed by Jain et al.

[201] as electroactive material in the preparation of cobalt selective sensor which performed

linearly in the range 5.3xl0"6 to l.OxlO"1 mol L"1 with near-Nernstian slope of 30.0 mV

decade'1 ofac02+ and adetection limit ofapproximately 0.3 ppm. Kumar et al. [202] usedp-

(4-n-butylphenylazo)calix[4]arene as an electroactive material for the fabrication of a new

Co -selective sensor which exhibited a fast linear response with the detection limit of

4.0x10"6 mol L". Recently, a Schiff base has been explored successfully for determination

of vanadyl ions by Ganjali and coworkers [203].

1.4.4 Rare earth metal ion-selective electrodes

Rare-Earths also called as lanthanides are an important group of 15 trivalent metals.

They usually have magnetic, catalytic and optic properties therefore they are used widely in

industry. Rare-Earths have a less toxicity rating; however, their intraperitoneal

administration affects metabolic processes. Industrial sources of lanthanides are potentially

hazardous to human health, and therefore, there is a growing demand for determination of

these metal ions. Considerable efforts have been made by researchers to develop selective

sensors for rare-earths [204]. A detailed literature on Gd3+ and Nd3+-selective sensors is

presented in the subsequent Chapters of this thesis; while a brief review on ISEs for other

rare-earths is given in the following paragraphs.

Akhond et al. utilized 2-aminobenzothiazole [205] in PVC matrix as a suitable

ionophore for preparing Ce3+ selective sensor. An addition to the family of Ce3+ sensors was
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made by Saleh et al. by utilizing [4-(4-nitrobenzyl)-l-phenyl-3,5-pyrazolidinedion)] [206] as

electroactive material while Zamani et al. utilized N-[(2-hydroxyphenyl)methylidene]-2-

furohydrazide [207] for developing cerium ion sensor. Abedi et al. [208] used 2,5-Dioxo-4-

imidazolidinyl as an excellent sensing material in the preparation of a PVC membrane for a

Ce3+-selective sensor. The developed sensor exhibited a wide linear response with a slope of

19.6 ± 0.3 mV decade"1 ofaCe3+ over the concentration range of l.OxlO"6 to 1.0x10"' mol L"1

and detection limit is 5.7 x 10"7 mol L"1.

Zamani et al. [209] explored 4-amino-3-{2-[4-amino-6-methyl-5-oxo-4,5-dihydro-

1,2,4-triazin-3(2H)-yliden]hydrazono}-6-methyl-3,4-dihydro-l,2,4-triazin-5(2H)-one (ATO)

as a suitable ionophore for determination of terbium ions. The sensor performed

satisfactorily in the concentration range of l.OxlO"6 to l.OxlO"1 mol L"1 with Nernstian slope

19.4±0.5 mV per decade of aTb3+ and detection limit 8.6 x 10"7 mol L"1. Singh et al. [210]

reported macrocyclic pendant ligands for development of Ce -selective electrodes. Coated

graphite electrode based on 3,4,5:12,13,14-dipyridine-2,6,ll,15-tetramethyl-l,7,10,16-

tetramethylacrylate-1,4,7,10,13, 16-hexaazacyclooctadeca-3,13-diene showed fast linear

response with a detection limit of 5.7xl0"9 mol L" . Gupta et al. [211] a new terbium

selective sensor based on N-(2-hydroxyphenyl)-3-(2-hydroxyphenylhydroxyphenylimino)-

N-phenylbutanamidine.

Ganjali etal. [212] reported a Sm3+-selective coated graphite electrode which showed

very high selectivity to Sm3+. 3-{[2-oxo-l(2H)-acenaphthylenyliden]amino}-2-thioxo-l, 3-

thiazolidin-4-one [213] and 2-[(E)-l-(lH-pyrrol-2-yl)methylidene]-l-hydrazinecarbothio

amide [214] have also been reported as a suitable ionophores for preparation of Sm -

selective sensor. 2-ethoxy-l-ethoxycarbonyl-l,2-dihydroquinoline [215] was used as a
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suitable neutral ionophore for the preparation of a highly selective Sm3+ membrane sensor.

This sensor exhibited a Nernstian response over a concentration range l.OxlO"6 to l.OxlO'2

mol L"1 with a detection limit of 5.0xl0"7 mol L"1.

Ion selective sensors for some other rare earth metal ions viz., for La3+ [216], Yb3+

[217], Dy3+ [218], Eu3+ [219], Ho3+ [220], Tm3+ [221], U022+ [222], Pr3+ [223], Lu3+ [224]

and Er +[225] etc., have also been reported. All these sensors exhibited good selectivity for

the primary ion over a sufficiently wide working concentration range and have a low

response time.

1.4.5 Anion selective electrodes

In recent years, intensive research has been directed towards the preparation of a

variety of selective receptors for anions. The most successful and important anion selective

sensor is for F" anion which is based on the crystal of LaF3. Another F" selective sensor

incorporating CaF2 or LaF3 or mixture of both has been reported by Newman et al. [226]. The

sensor exhibited working concentration range of 10 uM - 10 raM and detection limit up to

0.6 uM. Pandey et al. [227] designed a steroid based imidazolium receptor as a recognition

material for fluoride ions. Kang et al. [228] developed a fluoride-selective PVC membrane

electrode based on scandium(III) octaethylporphyrin as a highly selective ionophore. Membrane

sensors based on [tetrakis(4-Ar,Af-dimethylaminobenzene)porphyrinato]manganese(III)

acetate [229] and cobalt-salophen complex [230] have been developed which responded

selectively to I" ions. Pandey et al. [231] synthesized click bile acid polymers to stabilize

silver nanoparticles which were showed iodide sensing properties. Similarly, attempts have

also been made to prepare chloride selective sensors by using different ionophores such as

lanthanidetris(b-diketonates) [232] and 2-(l-H-imidazo[4,5-f] [l,10]-phenanthroline-2-yl)-
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6methoxyphenol [233]. Singh et al. [234] developed a novel bromide selective polymeric

membrane electrode based on Zn(II) complex.

Schwarz et al. [235] prepared NO3 -selective sensor using tridodecylmethyl-

ammonium nitrate as electroactive material and applied it for in-situ determination ofNO3 in

ground water and drinking water. Developement of NO3 -selective membrane sensors based

on various electroactive materials such as (2-hydroxyanil)acetylacetonelead (II) [236], tris(2-

aminoethyl)amine [237] and doped polypyrrole films utilizing carbon fibers as a substrate

[238].

Herman and Rechnitz reported first carbonate selective membrane sensors based on

the tri-fluoroacetyl-/7-butylbenzene derivatives [239]. However, the applicability of these

sensors has often been limited because of interference caused by lipophilic anions such as

salicylate, perchlorate, and thiocyanate. Asymmetric membrane technology was utilized to

prevent salicylate from responding to carbonate sensitive membranes in serum carbon

dioxide measurements [240]. Recently, Lee et al. [241] used urea-functionalized

calix[4]arenes as carriers for carbonate selective sensor. The sensor exhibited a linear

response over a narrow concentration range (5.0xl0"4 to l.OxlO"1 mol L"1) with a slope of

29.2 mV decade"1 of activity. Jain et al. [242] reported hydrogen bonding diamide receptor

N,N'-bis(2,4-dinitrophenyl)isophthalohydrazide as highly selective ionophore for carbonate

ion. This sensor worked well over a wide concentration range 1.3xlO"7 to l.OxlO"3 mol L"1

with Nernstian slope (29.0 mV decade"1 of activity) and a response time of approximately

7 s.
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Ganjali et al. reported complex of Zn(II) Schiff base[243] and pyrylium perchlorate

[244] as suitable ionophores to develop SO42 -selective sensors. These sensors were used as

an indicator electrode in the potentiometric titration ofSO42 with barium. Blikova et al. [245]

prepared salicylate selective sensors based on complexes of Sn(IV) with 8-hydroxyquinoline

and tetrakis(tert-butyl)phthalocyanine and used them to determine acetylsalicylic acid in medical

preparation. Mazloum et al. [246] reported CIO4 selective membrane sensor based on a new

complex of uranil and applied it for the determination of CKVin urine and water. Ganjali etal.

[247] reported perchlorate salts of Ni(II) complexes of 1,3,5,8,10,13-hexaazacyclotetradecane and

1,8-tert-butyl-l,3,5,8,10,13-hexaazacyclotetradecane as suitable ionophores in construction of

perchlorate selective membrane electrodes. Singh etal. [248] reported a potentiometric thiocyanate-

selective sensor based on zinc-tris(N-tert-butyl-2-thioimidazolyl)hydroborate complex as a neutral

carrier. The sensor exhibited significantly enhanced selectivity towards thiocyanate ions over the

concentration range 6.3xl0"7 to l.OxlO"2 mol L"1 with a lower detection limit of 3.16xl0"7 mol L"1

and aNernstian slope of59.4±1.1 mV decade"1 ofactivity.

Arsenite selective sensor was prepared by Gupta et al. [249] using 5,10,15,20-

tetrakis(4-methoxyphenyl)porphyrinatocobalt(II) as electroactive material which showed

linear potential response in the concentration range of 7.9x10"5 - l.OxlO"1 mol L"1 with a

slope of 28.8 mV decade"1 of activity. C-thiophenecalix[4]resorcinarene was employed as a

suitable ionophore in PVC matrix for the preparation of CrtV -selective sensor by Jain and

co-workers [250]. This sensor exhibited wide concentration range 5.6x 10"6 -1 .Ox 10"1 mol L"1

with Nernstian slope of 29.0 mV decade"1 of activity. Polyvinyl chloride (PVC) based

membranes using macrocyclic dithioxamide receptor were also prepared and explored as

HPO42-selective sensors [251]. Rawat et al. [252] developed a highly selective
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potentiometric oxalate ion sensor using Ni(II)[bis-(m-aminoacetophenone)ethylenediamine]

as an ion carrier. The sensor showed Nernstian response with improved linear range 1x10"' -

1x10"7 mol L"1 giving a relatively fast response within 10 s.

1.4.6 Miscellaneous electrodes

Besides inorganic ions, efforts have also been made to develop sensors for gases and

organic species. Arnold et al. [253] worked on the determination of glucose in a synthetic

biological matrix. Stefan and co-workers [254] constructed potentiometric enantioselective

membrane electrodes for the assessment of 1-proline. Kumar et al. [255] developed a

conductimetric immunosensor based on poly(3, 4-ethylenedioxythiophene). A nicotine-

selective sensor [256] has been prepared by adding silicotungstic acid and di(2-ethylhexyl)

phthalate in PVC matrix which showed Nernstian response in the range 1 uM - 0.1 mM

nicotine. In addition to organic species, a number of gas sensors for NH3, CO2, SO2, NOx,

H2S and O2 have been reported [257]. The NH3 gas sensors have been used in the analysis of

fresh water, effluents and sewage; similarly CO2sensor for blood analysis, SO2sensor for food and

beverages and NOx for the measurement of nitrite in soil extracts and water samples.

Electrochemical immunosensors were developed by Guilbault et al. [258] for the detection

of 19-nortestosterone and methyltestosterone in bovine urine. Guilard and co-workers [259]

designed a new colorimetric molecular sensor based on a 1,8-diaminoanthraquinone which

exhibited efficient binding for lead ion in water and allowed naked-eye detection. Glennon et

al. [260] synthesized and electropolymerized N-acetyltyramine with a negatively charged

sulfobutylether-P-cyclodextrin on a boron-doped diamond (BDD) electrode followed by the

electropolymerization of pyrrole to form a stable and permselective film for selective

dopamine detection.
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T 1.5 THE PROBLEM

An overview of literature already presented reveals that a number of ion selective

electrodes for alkali, alkaline earth, heavy metals and anions have been reported. For every

single ion, a number of sensors using different materials are reported. This is due to the fact

^ that researchers have tried to improve working concentration range, selectivity, life time and

response timeof already reported ISEs using newer materials. However, for most of the ions,

even the best sensor so far developed is not the final word and can always be improved in

some respect with the availability of newer selective materials. Further, literature survey

shows that the most of the sensors reported for Cu2+, Gd3+, Nd3+and Cd2+metal ions are not

of very high selectivity and generally show high response time and limited working

concentration range. As the determination of these ions is important, attempts have been

made to develop new ISEs for these metal ions which show improved performance

compared to the existing ones.

The performance of any ISEs depends mainly on the selectivity of the ionophore

(electroactive component) present in the membrane. It is important and essential that

^ ionophore used should have high affinity for a particular cation/anion and poor for others.

Such ionophores are likely to act as a selective sensor for the ion to which they show high

affinity. The high affinity of an ionophore for a particular ion may be due to various

processes such as selective ion exchange, sorption, ion-ionophore complexation or hydrogen

bonding. The problem is that very few materials are available which show high affinity to a

particular ion as a result of either of these processes. However, the newer materials such as

calixarenes, porphyrins, dendrimers, Schiff bases, macrocyclic compounds various types of

metal chelates and hydrogen bonding receptors are being continually synthesized and few of
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them have shown selective response to only a limited number of cations/anions. In the

present investigations, some of such materials have been explored as ionophores for the

9+

fabrication of polymeric membrane and coated graphite ion selective electrodes for Cu ,

Gd3+, Nd3+, and Cd2+ metal ions. The efforts have been successful to a significant extent as

evident from the results reported in the following chapters. The efforts have been successful

to a significant extent as evident from the results reported in the following chapters.

• Schiff bases are the compounds of great interest in the field of ion selective

electrodes as they provide different donor atoms, cavity size and ligand geometry to

guest ions. In view of the aforesaid applications, we thought it's worthwhile to

synthesize some Schiff s base ligands and to explore as molecular recognition

materials for selective determination of Cu2+ ions. Therefore, Polymeric membrane

electrodes (PME) of 2-[{(2-hydroxyphenyl)imino}methyl]-phenol (Li) and 2-[{(3-

hydroxy phenyl)imino} methyl]-phenol (L2), have been prepared and investigated as

Cu2+-selective sensors. The results obtained are given inThird Chapter, which clearly

demonstrates that efforts have been largely successful.

Chelating ligand 2,6-Bis-[l-{N-cyanoethyl,N-(2-methylpridyl)}aminoethyl] pyridine

(L3) having five nitrogen donor sites for complexation with cations was synthesized.

The stability constants of its complexes with various metal ions were determined and

it was found that that L3 has high affinity towards Gd +ion. Therefore, it was used as

a potential ionophore for the preparation of coated graphite Gd3+-selective electrode.

The results of these studies, given in Fourth Chapter, clearly indicate that efforts have

been successful to a significant extent and the developed Gd +-selective coated

graphite electrode show better performance than the existing ones in various respects.
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• Novel lariat ethers viz., l,5-di(cyanoethane)-2,4:7,8:13,14-tribenzo-l,5-diaza-9,12-

dioxacyclopentadeca-2, 7, 13-triene (L4) and 1, 5-di(cyanoethane)-2, 3, 4-pyridine-

7,8:13,14-dibenzo-1,3,5-triaza-9,12-dioxacyclopentadeca-2,7,13-triene (L5) were

synthesized and used as highly selective ionophores in the potentiometric

determination of neodymium. Complexation study of these ligands with several

metal ions revealed their high affinity for Nd3+ compared to others. A number of

PVC based coated graphite electrodes of L4 and L5 were prepared and explored as

Nd3+ selective electrodes. The results obtained are incorporated in Fifth Chapter

which indicates that efforts are successful to a significant extent and newly developed

ISEs show better performance than the existing ones in various respects.

• Three chelating compounds iV/,Ar2-dicyanoethyl-A^/)A^-bis-(pyridine-2-ylmethyl)

benzene-1,2-diamine [L6], MiV2-dicyanoethyl-V,A^-bis-(thiophen-2-ylmethyl)

benzene-1,2-diamine [L7] and N',N -dicyanoethyl-JV ,N -bis-(furan-2-ylmethyl)

benzene-1,2-diamine [L%] were synthesized and employed as electroactive material in

the fabrication of coated graphite electrodes as Cd2+-selective sensors. The results

obtained from the potentiometric studies of these electrodes are compiled in Sixth

Chapter which indicates that these are important addition to the existing set of

cadmium selective electrodes.
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In an ion selective electrode, a semipermeable membrane separates two solutions of

different concentration of an appropriate electrolyte and the electric potential developed

across the membrane is observed under zero current condition; i.e., when there is no

transport of charge at any point in the system. The generation of membrane potential

generally depends upon the ratio of activity of diffusible ions present on the two sides of

membrane. Thus, the membrane potential can be used to determine activity/concentration of

an ion by a proper membrane setup [1]. The theory of ion selective electrodes and

methodology adopted in suchdeterminations is briefly discussed here.

2.1 Potential of an Ion Exchange Membrane

A semipermeable cation-exchange membrane when placed between two solutions of

different concentration of an electrolyte AY allows the diffusion of A+ from higher to lower

concentration side as membrane is more permeable to these ions and hinders partially or

totally the diffusion of other ion Y~. As a result, an electrical double layer is formed across

the membrane and electrical potential gradient thereby generated. This potential is called

membrane potential (Em) and is the sum of Donnan and diffusion potential. Since potential

developed across a membrane depends upon the activity of a particular charged species, it

can be used to determine the activity of that species in any solution. Membrane potential Em

is given by the expression [2]:

£ =
2.303i?r

ZAF
log (zY-zA)jt;d\oga± (1)
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where zA and zY are the charges on the ion Aand Y, respectively, t~ is the transport

number ofY, a~ is the mean activity ofelectrolyte and (aA)\ and {aA )2 denote the activities

ofA+ in solutions 1and 2, respectively.

First term on the right hand side ofthe equation (1) gives the thermodynamic limiting

value of the concentration potential, i.e., Donnan potential while the second term denotes the

diffusion potential due to co-ion flux in the membrane. However, if the membrane is

considered to be ideally permselective (t;=0), then equation (1) takes the form ofthe Nernst

equation:

2.303/?7\ (aA\
-log-£_=±

ZAF (aA (2)

The equation (2) represents Donnan potential for an ideally permselective membrane.

The sign will be +ve for cation selective and -ve for anion selective membranes. It can also

be said that it gives thermodynamic limiting value of the concentration potential. The

following cell set up is generally used for the measurement of membrane potential using

saturated calomel electrodes (SCE) or other reference electrodes.

External External or Internal Internal

Reference Test Membrane Solution reference

Electrode Solution ofAY electrode

(SCE) of AY (SCE)

2

EACA

1

Et/n
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Generally, compartment 1 contains reference or internal solution whose concentration

is kept constant. The saturated calomel electrode dipped in this solution is known as internal

reference electrode. The membrane together with internal solution and internal reference

electrode is known as membrane electrode or membrane sensor. The saturated calomel

electrode dipped in external solution, which is usually referred to as test solution or sample,

is known as external reference electrode. The electromotive force (emf) across this cell is the

sum of all individual potential contributions. Many of these are sample-independent and the

measured emf can usually be described by the following expression

Eceii = Ecai + El{2) + Em + EL(i) - Ecai (3)

where Ecai, EL and Em are the saturated calomel electrode potential, liquid junction potential

and membrane potential, respectively. From equations (2) and (3):

p -v r?+c +c 4- 2.303i?r, {aA\
fccell - t,cai - bcal + fc.L(i) + fc-L(2) ± ——— log •

2AF (aA\

„ ._ x _ 2.303RT. . . . 2.303RT... ...
Eceii = [EL(i)+ EU2) ——\og(aA\ ]+ - \og(aA)2 (4)

ZAF ZAF

(For cation exchange membrane)

The values of El(1) and El<2) are small and generally remain constant. Also the term

2 303RT
— log (aA), remains constant if the concentration of internal solution is not changed.

ZAF

Therefore, in a given experimental setup, all the terms in parenthesis of equation (4)

are constant and can be substituted by a constant E0. The value of Eo would change only
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when experimental conditions are changed. The equation (4) is reduced to well-known

Nernst equation:

„ _. 2.3Q3RT. . .
Eceii = Eo+ log (aA)2 (5)

ZAF

Thus, it is clear from equation (5) that the cell potential is directly proportional to the

concentration or activity of the sample ions in aqueous solution under investigation.

Attempts are generally not made to determine the membrane potential by subtracting

external SCE potential. The whole electrochemical cell as described above is taken as a

sensor and the value of Ecen gives activity of the ion of interest. If for a developed membrane

sensor, the slope of the plot between Eceii and log(aA)2 comes out to be equal to theoretical

slope i.e., — , then the membrane is said to be ideal as it has responded according to
ZA

Nernstequation (5) [3 - 5]. The slope of such a membrane is calledNernstian slope.

2.2 Terms Used In ISEs

Before further discussion on the performance of ion-selective electrodes, some of the

terms used need to be defined. IUPAC compendium of nomenclature [6 - 8] is helpful in

sorting out the terms.

2.2.1 Membrane

A membrane is a phase, finite in space, which separates two other phases and exhibits

resistance to the permeation of different species [9]. Ion selective electrodes generally

employ homogeneous/heterogeneous membranes of chemical compounds. The capability to

differentiate between various permeating species is the principal characteristics of a
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-4 membrane used in electrochemical sensors. This differentiation leads to the formation of an

electrical double layer, which is the source of electric potential. The potential developed is

basically due to two processes: (i) different mobilities of the ions through the membrane

resulting in the generation of diffusion potential, (ii) Donnan or phase boundary potential

arisingfrom non-transport of one or more kind of ions. The potential developed is a function

of activityratios of the exchangeable ions on the two sides of the membrane.

Therefore, it can be used to determine the activity of an unknown solution. For the

satisfactory performance of the membrane, the diffusion potential should be absent or be

minimal. The membrane plays a critical role in the performance of the sensor in a particular

environment. A successful membrane needs to be generally hydrophobic, have ion-

exchanger properties and contain a lipophilic ionophore that provides selectivity to the

sensor. The lack of ion-exchanger properties would lead to substantial uptake of sample

cations as well as anions into the membrane, leading to effective breakdown of so-called

perm selective behavior. In some instances membrane materials are susceptible to in vivo

oxidative cleavage and hydrolysis. This would cause deterioration of the membrane and in

4 the long term would render the sensor inoperative.

2.2.2 Membrane Components

In general, the polymeric membrane used in ISEs consists of four components:

Electroactive material (ionophore), lipophilic additive, plasticizer and the polymer matrix.

,4. Thedetailed description is described in subsequent sections.
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i. Electroactive Material (Ionophore)

Ionophore or ion carrier is the key components of polymeric membrane ion-selective

electrodes that govern the ion selectivity and sensitivity because the molecular-level

phenomenon, sensed by the ISE is the binding between the ionophore and target ion. Ideally,

it forms reversible and relatively strong complex with target ion and not with the other ions.

Various substances viz., inorganic and organic ion exchanger, solid electrolyte, salts of

multivalent atoms, metal chelates, polyaza, polythia macrocycles, crown ethers, cryptands

and calixarenes which have been used as ion carriers for the preparation of ISEs.

To be used as suitable ion carrier; the electroactive material should be physically

compatible with the matrix, have a low solubility product, must exhibit some electrical

conductivity, have balance between the free energies of ion-ionophore interaction and high

conformational flexibility in order to guarantee rapid ion exchange at the membrane sample

interface. To keep the concentration on ionophore constant in the membrane, the ionophore

must retain within the membrane; therefore, aside from the binding centre it must contain

numerous lipophilic groups to enhance its lipophilicity. Depending upon the nature of

ionophore, ISEs can be classified into three different classes: (i) Neutral carrier based ion-

selective electrodes (ii) Charged carrier based ion-selective electrodes (iii) ion exchanger

based ion-selective electrodes. Schematic representation of the equilibria between sample,

ion-selective membrane, and inner filling solution for three important classes of solvent

polymeric ion-selective membranes is shown in Figure 2.1 which shows formation of ion-

ionophore complex in the membrane phase [10].
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Neutral carrier based ion-selective electrode

Sample solution Polymeric membrane Inner Tilling solution

I+ il+ R-
L

r

A- '

R- IL+ IL+ L

A-

Charged carrier based ion-selective electrode

r IL IL

L-

R+ 1+

A-" R+
L- IL

A

Ion exchanger based ion-selective electrode

I+ R- l+

I+

R-
I+

A-"
I+ R-

A-

Figure 2.1: Representation of equilibria between sample membrane and inner filling

solution: Top: electrically neutral carrier (L) and lipophilic cation exchanger (R-);

center: charged carrier (L-) and anion exchanger (R+); and bottom: cation exchanger

(R-)

ii. Polymeric (Inert) Matrix

The matrix used provides an inert base that imparts physical-mechanical stability and

elasticity to the membrane. As it was mentioned above, polymer membrane gives a unique

opportunity to obtain a variety of electrodes selective towards particular ions by doping

membrane with certain ionophore. Polymer matrix should be chemically inert, hydrophobic,

flexible, non-porous; stable and crack resistant. Moreover, it should not swell in sample
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solutions. Polymers as homogenous membrane matrices first came in use with charged

carriers. Polyvinyl chloride) (PVC) [11], Silicon rubber [12], some methacrylates [13],

polyurethanes [14] and polystyrene [15] have been demonstrated as polymer matrices

meeting this requirement. However, the most commonly used polymer is PVC due to

simplicity ofmembrane preparation. Ofthe various binders used for preparing heterogeneous

solid state membranes, PVC has been most widely used due to its relatively cheap cost, good

mechanical properties, inertness and amenability to plasticization.

It also offers good resilience to mechanical and pressure damage as well as the

electroactive materials is highly compatible with the matrix resulting in their reduced

leaching from the membrane and the electrode life is increased to a substantial extent.

Moody et al. [16] discussed a detailed comparative study of PVC with other polymeric

materials and their influence on the performance characteristics of Ca2+-selective electrode

was determined. Buck et al. [17, 18] discussed the properties of PVC and found that the

presence of dissociated fixed exchange sites contributes to the electrode response and

selectivity. Further, Mikhelson also reviewed the advantages and disadvantages associated

with the PVC matrix [19]. The incorporation of neutral carrier in a PVC matrix has provided

an economical way of simplifying ISE construction.

Hi. Solvent mediator or Plasticizer

Plasticizers are the high molecular weight compounds which are used in polymeric

membranes to enhance its flexibility and softness and provide mobility of membrane

constituents within the membrane phase. A good plasticizer should exhibit high lipophilicity,

low tendency to exudate from the polymer matrix, low vapor pressure and high capacity to

dissolve the membrane components [20]. Additionally its viscosity and dielectric constant
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should be adequate. Insufficient plasticizer lipophilicity causes its leaching from the

membrane and, which is especially undesired for in-vivo measurements, for microelectrodes

and sensors working under flow conditions. Extension of plasticizer alkyl chains may be a

partial solution, as it may lead to incompatibility of plasticizer with membrane components.

The membrane polarity, which may give a selectivity modifying influence because of the

improved solvation of high valence ions by more polar media, depends also on the nature of

membrane plasticizer.

It is well documented that the addition of plasticizers not only improves the

workability of the membranes but also contributes significantly towards the improvement in

the detection limit, stability and shelf life of the sensor. Being a dominating component of

PVC membranes, plasticizer acts as a membrane solvent, affecting membrane selectivity

through both extraction of ions into organic phase and influencing their complexation with

the ionophore [21, 22].

In order to obtain a homogeneous organic phase, plasticizer must be compatible with

the polymer and other membrane constituents have to be soluble in it. The main classes of

plasticizers for polymeric ISEs are defined by now comprise lipophilic esters and ethers [23].

Polymeric membranes usually comprise of a matrix containing ca. 33 % (w/w) of PVC and

66 % of (w/w) plasticizer. A number of organic solvents such as phthalates, dioctylsebacate,

2-nitrophelyl octyl ether, acetophenone and benzyl acetate have been suitably and efficiently

used as plasticizer to enhance the performance of ISEs.

iv. Lipophilic additive or lipophilic ionic sites

The prerequisite for obtaining a theoretical response with ISE membranes is their

perm-selectivity, which means that no significant amount of counter ions may enter the
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membrane phase. Lipophilic ionic additive is a salt of non-exchangeable lipophilic

anion/cation and an exchangeable counter ion. Their main function is to render the ion

selective membrane permselective by reducing interference due to foreign ions, to optimize

sensing selectivity (by defining the ratio of complexed to uncomplexed ionophore

concentration in the membrane) and to reduce the bulk membrane impedance [24, 25].

Besides, the presence of lipophilic additive in ion selective membrane not only diminishes

the ohmic resistance but also increase the sensitivity of membrane electrodes. These

additives may also catalyze the exchange kinetics at the sample-membrane interface [26, 27].

Thus, the concentration of additive relative to the ionophore has an important

selectivity modifying characteristic due to the influence of the involved equilibrium.

Lipophilic ion exchangers traditionally used for polymeric membrane preparation are the

anionic tetraphenylborate derivatives viz., sodium tetrakis-[3,5-bis- (1,1,1,3,3,3-hexafluoro-

2-methoxy-2-propyl)-phenyl]borate trihydrate (NaHFPB), sodium tetraphenyl borate

(NaTPB) and potassium tetrakis p-(chloro phenyl)borate (KTpClPB) and the cationic

tetraalkylammonium salts viz., tridodecyl methylammonium chloride (TDDMAC1),

hexadecyl trimethylammonium bromide (HTAB) and tributylammonium chloride (TBAC).

The charges on both lipophilic ions are localized on a single (boron or nitrogen) atom, but

the steric inaccessibility of the charged centre, due to bulky substituents, may inhibit ion-pair

formation in the membrane and provide, when necessary, non-specific interactions between

ionic sites and sample ions.

2.2.3 Combination electrode/Cell assembly

It is an electrochemical apparatus that incorporates an ion-selective electrode and a
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reference electrode in a single assembly, thereby avoiding the need for a separate reference

electrode. A simple format of the assembly is represented schematically in Figure 2.2.

Potential Recorder

Glass or Epoxy Stem

Internal Reference Electrode

External Reference Electrode

=| Internal Solution

Membrane

External Solution

Figure 2.2: Schematic representation of membrane electrode cell assembly

2.2.4 Calibration curve

The cell potential of the assembly is changed when the activity of the solution of

primary ion is altered. A plot between cell potential and logarithm of the activity or

concentration of the primary ion is normally referred as calibration curve. It determines the

performance characteristics of the ion selective electrode and is used in the determination of

primary ion concentration. For a primary ion A, the logarithm of its activity (log oa) is

usually plotted along the abscissa of the graph and the cell potential is plotted along the

ordinate. A Typical calibration curve ordinarily is shown in Figure 2.3.
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Figure 2.3: Calibration Curve ofan ion-selective electrode

2.2.5 Limit of detection

According to the IUPAC recommendation of 1976, detection limit can be defined as

the minimum concentration that can be determined for the primary ion. It is obtained from

the point of intersection of two extrapolated linear segments of the calibration curve as

shown in Figure 2.3. The potential response of ISEs becomes stable below the detection

limit.

2.2.6 Measuring range/Linear range/Working concentration range

Themeasuring range of ISEs is normally defined as the activity range over which the

potential response of the cell is linear. In this range the electrode responds according to the

Nernst equation. A maximum range will be achieved if the interfering ion is not complexed

at all bythe carrier. A typical linear range of the calibration curve of the ISE shown in Figure

2.3 is considered to be its linear part between A and B.
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2.2.7 Slope of the ISE

Slope is normally defined as the gradient of the linear portion of the calibration

curve. According to Nernst equation (5)

_. 2.303*7", . ,
ECeii = E o+ log (aA )

ZAF

If the slope is equal to 2.303 RT/ zAF, the slope is normally called Nernstian slope. If

the slope of an ISE Nernstian, it is said that the electrode behaviour is ideal. The theoretical

values of the slope is 59.1 mV decade"1 activity at 298 K for monovalent ion, 29.5 mV

decade"1 activity for divalent ion and 19.7 mV decade"1 activity for trivalent ion.

2.2.8 Response time

The first Recommendations by IUPAC [28] defined the practical response time as

"the length of time which elapses between the instant at which an ion-selective electrode and

reference electrode are brought into contact with a sample solution and the first instant at

which the potential ofthe cell becomes equal to its steady state value within 1mV". In the

'Recommendations for Publishing Manuscripts' on Ion-Selective Electrodes issued shortly

after, the response time was measured as "the first instant at which the potential of the cell

has reached 90 % of the final value". The corresponding symbol is t9o- However, a more

recent version of recommendations with the same title reverted to t as the preferred

expression of response speed. Finally, In 1994 Recommendations for Nomenclature of Ion-

Selective Electrodes [1] adopted a still different criterion.

According to it, the response time is the time elapses between the instant at which an

ion-selective electrode and a reference electrode are brought into contact with a sample

solution and the first instant at which emf/time slope (AE/At) becomes equal to a limiting
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value on the basis of the experimental conditions and/or requirements concerning the

accuracy.

The IUPAC recommendations outline two experimental procedures for measuring the

response time. According to first method so called dipping method, the electrode is

instantaneously immersed into a solution ofknown activity ofthe target ion; simultaneously

the response time is recorded. The response time determined by this method is called as

static response time. In second method response time is recorded by varying standard test

solutions with different target ion concentrations. The measurement sequence is from lower

to higher concentration [29]. To evaluate the reversibility of the electrodes, a similar

procedure in the opposite direction can also beadopted.

2.2.9 Lifetime of ISE

The lifetime of an ion-selective electrode may bedefined as the time interval between

the conditioning of the membrane and the moment when at least one parameter of the

functionality characteristics ofthe device changes detrimentally. The working shelf life ofan

ISE can vary from a few days to a few months. After this time the slope and detection limit

ofthe sensor get changed significantly. It will depend on the nature ofthe samples analyzed

and the lipophilicity of the ingredients of ion selective membrane. The continuous loss of

plasticizer, ionophore or ionic site from the polymeric film into the sample due to an

increasing period ofexposure finally results in abreakdown ofthe ion measuring capacity of

the system and hence, a primary reason for limited lifetime ofion selective electrodes [30].

2.2.10 Drift

This is the slow, non-random change with time in the potential (emf) of an ion-

selective electrode assembly maintained in a solution of constant composition and
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temperature. The drift in potentials is measured by a linear curve fitting of the data collected

in a given period of time.

2.2 Potentiometric Selectivity

Selectivity is an important characteristic of a sensor that delineates the extent to

which the device may be used in the estimation of analyte ion in the presence of other ions.

The ion for which the sensor is designed is called primary ion and all other ions are referred

to as interfering ions or foreign ions or secondary ions. In fact, no ISE responds exclusively

to primary ion i.e., specific to it. However, in practice it is more selective to primary ions

than to interfering ions. Therefore, it is a necessary parameter to determine as it indicates the

commercial potential of any sensor. The degree of selectivity of the sensor for primary ions

A, with respect to interfering ion B, is expressed in terms of potentiometric selectivity

coefficient (K^) which isdefined by the semi-empirical Nicolsky-Eisenmann equation (6)

E = E°± log
ZAF

aA + 2^KA,B aB (6)

where zA, zB, aA and ae are the charges and activity of ions A and B, respectively. It

is apparent from equation (6) that a value of KA°'B =1 at zA=z b indicates equal response to

both A and B. Similarly, the value of KA°B < 1 indicates that the sensor responds more to A

in comparison to B i.e., the sensor is selective to A over B. Smaller is the value of selectivity

coefficient better is the selectivity. On the other hand, KA°'B > 1 indicates that the sensor's

response is more towards B rather than A and in such a case it is said that the ion B causes

considerable interference.
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When the charges zA*zB, the values of selectivity coefficient K^sl does not

indicate equal response to primary and interfering ions as per equation (6), but now it

depends on the values of zA and zB. For different values of zA and zB, K^ values showing

equal response to both A and B have been computed from equation (6) at an activity of

1.OxlO"2 mol L"1 of B and are summarized in Table2.1.

Table2.1: Selectivity coefficient values (K^) indicating equal response of the sensor to
both primary (A) and interfering ion (B) at an activity of 1.0 x 10"2 M of B.

Charge on primary ion (A), Charge on interfering ion (B),

zA zB

2

2

2

3

3

3

I

2

3

I

2

3

I

2

3

KPA°'B Values

1.00

0.10

0.05

100

1.00

0.20

104

10.00

1.00

The KpA°l values indicating equal response for both ions A and B not only depend on

zA and zB but also on the concentration of interfering ions. At an activity of l.OxlO"3 mol L"1

of B, selectivity coefficient values change drastically as seen from Table 2.2.
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Table 2.2: Selectivity coefficient values showing equal response for primary (A) and
interfering ion (B) at an activity of 1.0 x 10"3 M of B.

Chargeon primary ion (A), Chargeon interfering ion (B), K™ Values

zA zB

1 1 1.00

1 2 0.03

1 3 0.01

2 1 103

2 2 1.00

2 3 0.10

Thus, it is seen from Table 2.1 and 2.2 that the discussion of the selectivity of the sensors is

± rather difficult. At an activity of l.OxlO"2 mol L"1, with zA=zB=l, K^>1 indicate

interference but with zA=2 and zB=l, K^>1, does not indicate any serious interference. The

interference becomes serious when K^>100. As a matter of fact, with zA=2 and zB=l, a

value of KpAotB upto 100 means that sensor is more selective to A compared to B. Similar

problem also exists when zA=l, zB=2 orzA=2, zB=3 etc. In order to make it easy toappreciate

the relative selectivity of the sensor when large number of ions of different charges are

involved, it would bebetter to have only a single value of K^ that indicates equal response

to A and B irrespective of their charges. Viteri and Diamond [31] have proposed a

modification in the Nicolsky equation. They neglected the power term from the equation (6)

and reported thedata. The selectivity coefficient data reported in this way (i.e., by neglecting

the power term, zA/ zB) comes out to be on a scale for which KpAotB =1 indicates equal

response for both A and B irrespective of their charges.

It is important to emphasize that selectivity coefficient values signify the selectivity
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only at the conditions ofdetermination but in actual practice the interference caused depends

on the relative concentration of the primary and interfering ions and other experimental

conditions. Though the selectivity coefficient may not reflect exactly the interference level

but still it is a very important parameter to estimate the likely performance of a sensor.

However, it has been seen that the deviation between the expected performance of a sensor

on the basis of selectivity coefficient and the experimental performance is not large.

Therefore, it is necessary to evaluate the performance of a sensor in the presence of other

ions by determining selectivity coefficient. A number of methods have been described to

determine selectivity coefficient [32-34] and are grouped into the following categories.

2.2.1 Separate Solution Method (SSM)

2.2.2 Mixed Solution Method (MSM)

2.2.3 Matched Potential Method (MPM)

2.2.1 Separate solution method (SSM)

In SSM method, the potential of the cell containing test solution ofprimary ion A of

activity aA is first determined. The emfofthis cell EA is related to the activity ofprimary ion

by the equation (7)

„ „o , 2.303*7',EA=E°+ — logo,
ZAF

(7)

Next, the emf of a separate cell containing test solution of interfering ion B ofactivity aB is

determined. ItsemfEB is related to activity aB bythe equation:

. +23QMrf.
*A*

logK™(aBr i/-«
(8)
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From equations (7) and (8)

_EB-EA . a,
•A,B'^-^Tyt^108^ <9)

When EA = EB

Pol aAk,;=—^-r do)
(«fl)A

The separate solution method, although simple to perform, is not normally used for the

determination of K^ values, because it does not represent the actual conditions under

which the ion selective electrode is used [35].

2.2.2 Mixed solution method (MSM)

This method involves measurement of the sensor potential in a range of solutions

containing both A and B. Since in real conditions, analyte ion (primary ion) is present

together with many other foreign ions (interfering ions). Thus, this method is preferred over

separate solution method. There are two procedures for determining selectivity coefficients

using MSM.

Procedure I (Fixed Primary Method)

In this method, the potential of the cell containing test solution of primary ion A

of activity aA is first determined. The emf of this cell EA is related to the primary ion by the

equation (7). Then, the potential of the cell containing mixed solution of primary ion of

activity aA and interfering ion of activity aB is determined. The emf of this cell EAB is given

by equation

EAg=Eo +2303RTlQi k +Kjj(flj)^] (11)
ZA*
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From equations (7) and (11)

KI'ol _
A.B -'

(«»)
'-«

f R -E• \r'A,B ^A
ri2.i0iRT/z,F

-1 (12)

Thus, knowing EA and EAB selectivity coefficient values can be calculated.

Procedure II (Fixed Interference Method)

In this procedure, the potential of the cell is measured for a number of solutions

containing interfering ion of constant activity aB but varying values of activity of primary ion

aA. The plot of potential so obtained against activity aA is shown in Figure 2.4.

>
E
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o
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O

, p

S R '' T

logaA

Figure 2.4: Potential vs. (log]0 aA) plot illustrating the determination of

selectivity coefficient by Fixed interference method

This plot generally has three distinct regions. In the first region PQ, the linear

response of the sensor indicates that it is responding only to primary ion, A, with no

interference caused by B in this concentration range. In the second region QR, deviation
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from linearity is caused because now the sensor is also responding to the activity of B as the

concentration of primary ion decreases. So in this region (QR), the response of the sensor is

mixed and is due to both the ions A and B. The third region RS of the plot is linear and the

potential is constant. Constancy in the potential indicates that the sensor is now only

responding to interfering ion B with no contribution arising due to primary ion, A. This

generally occurs at lower activity of A. As the activity of B is constant and A is not affecting

the potential in this concentration range, the potential of the sensor remains constant. The

linear portion PQ and RS are then extrapolated and meet at the intersection point T. The

potential corresponding to point T can be generated by constant activity of B or by the

activity of A. Thus, for point T, EA is equal to Eb (Ea is generated by A of activity aA and Eb

by B of activity aB). Under this condition of EA=EB, the KA> B can be calculated by the

following equation (10) already derived under separate solution method.

vPol _ aA

'bS(«b)/z*

This procedure of mixed solution method is known as Fixed Interference Method

(FIM) and is the most widely used procedure as per IUPAC recommendation for determining

selectivity coefficients [36, 37]. The reason is that the conditions prevailing at the

membrane-solution interface are similar to those which are prevalent while analyzing the

sample.

2.2.3 Matched potential method (MPM)

The Matched potential method (MPM), which is independent of the Nickolsky-

Eisenmann equation, was proposed by Gadzekpo and Christian [38] to overcome the

difficulties in obtaining accurate selectivity coefficients when ions of unequal charge are
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involved. In this method, the selectivity coefficient K%'B is given by the following

expression:

v Pol _ °A
KA,B ~

a. Act

a,
(13)

and is determined by measuring the change in potential upon increasing by a definite amount

the primary ion activity from an initial value of aA to a'A and aB represents the activity of

interfering ion added to same reference solution of activity aA which brings about same

potential change. The potential response curve obtained in the matched potential method is

shown in Figure 2.5. This method provides practically realistic values ofA:^. The

characteristics of Matched Potential Method are that the charge number on primary and

interfering ions is not taken into consideration andNernstian responses are assumed neither

>
B

w

ion B

log aA log a'A log aB

-log a

Figure 2.5: Potential vs. log aA plot illustrating the determination of selectivity coefficient by

Matched potential method (activity of B = aB)
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to the primary nor interfering ions. These characteristics lead to the following advantages:

(i) the power term problem for ions of unequal charge disappears, and (ii) the method is

applicable even to non-Nernstian interfering ions. However, as this method is independent of

the Nicolsky-Eisenmann equation or its modified forms, and it is therefore difficult to

correlate the values of KP"B obtained by this method with anyparticular phenomena such as

ion exchange [39].

It is seen from the above paragraphs that the selectivity of ion selective electrode

depends on the experimental conditions, usually the concentration of ions and the method of

determination. It is for this reason, KA°'B is not called selectivity constant but selectivity

coefficient. Further, different methods give different values of selectivity coefficient as the

conditions prevailing at the membrane-solution interface are not same [40-42]. In this thesis,

the selectivity coefficient values have been determined using Fixed Interference and

Matched Potential methods and the values have been worked out from the experimental data

using equations (10) and (13).
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3.1 Introduction

The design and synthesis of ligands that, upon coordination with metal ions can

induce high selectivity and sensitivity constitute an important issue in modern

coordination chemistry. In this context, Schiff base ligands are topical in connection and

they have played a special role as chelating ligands in main group and transition metal

coordination chemistry, due to their stability under a variety of oxidative and reductive

conditions, and to the fact that imine ligands are border line between hard and soft Lewis

bases [1, 2]. These ligands have been amongst the most thoroughly studied in the past

few years. For following reasons, Schiff bases have been found to be among the most

attractive ligands.

• The steric and electronic effect around the metal core can be finely tuned by an

appropriate selection of electron withdrawing or electron donating substituents

incorporated into the Schiff bases. As a consequence of this, these are able to

stabilize different metals in various oxidation states, controlling the performance

of metals in a large variety of useful catalytic transformations.

• The two donor atoms, N and O, of the chelated Schiff base exert two opposite

electronic effects: the phenolate oxygen is a hard donor known to stabilize the

higher oxidation state of the metal atom whereas the imine nitrogen is a soft

donor and accordingly will stabilize the lower oxidation states of the metal ion

[3]-

• Schiff bases are currently prepared in high yield through one step procedures via

condensation of common aldehydes with amines, in practically quantitative yields

[4] and have good solubility in common solvents.
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They are used in diverse range of applications such as in organic synthesis [5-7],

as liquid crystals [8], as heterogeneous catalysts [9], as well as in many biological

aspects, viz., proteins, visual pigment [10], enzymic aldolization [11], decarboxylation

reactions [12], in pyridoxal phosphate degradation [13] and mechanistic investigations of

the drugs used in pharmacology, biochemistry and physiology [14]. These ligands have

proved to be very effective in constructing supramolecular architectures such as

coordination polymers, double helixes and triple helicates. Schiff bases are potential

anticancerdrugs and when administered as their metal complexes, the anticancer activity

of these complexes is enhanced in comparison to the free ligand. They can accommodate

different metal centres involving various coordination modes allowing successful

synthesis of homo and heterometallic complexes with varied stereochemistry [15]. This

feature is employed for modelling active sites in biological systems [16].

Additionally, they are widely used for analytical purposes such as their use as

extracting agents in liquid-liquid [17], solid phase [18] and cloud-point extraction

techniques [19]. The abilityof these ligands to reversibly bind oxygen [20], their catalytic

activity in the hydrogenation of olefins [21] and photochemical properties [22] has also

been reported. However, the latest research has revealed that these entities provide the

opportunity to design new systems for selective recognition of specific metal ions [23].

The lipophilic ability of Schiff bases provide geometric and cavity control for host guest

complexation modulation and thus produces remarkable selectivity, sensitivity and

stability for a specific ion. Potentiometric sensors comprising Schiff bases ligands as

electroactive ingredient into PVC-membranes, for the fabrication of a variety of cations

[24-29] and anions [30-35], have been reported. The subsequent discussion shows that
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the determination of Cu ions is important and a number of ISEs have been developed

using different materials for this purpose.

Copper is an essential trace element and present in all land and marine organisms.

It is widely used for industrial, agricultural and domestic purposes and is therefore widely

distributed in the environment. It is a proven fact that copper plays an important role in

many biological processes, such as blood formation and functioning of various enzymes

but its maximum tolerable level is 2.0 mg L"1 [36-38]. However, relatively higher

concentration of copper can be tolerated by human beings but its excessive intake

manifests in certain diseases in humans such as gastrointestinal catarrh, hypoglycaemia,

Menke's syndrome and Wilson's disease [39, 40]. Thus, the determination of copper at

low level concentration is important in view of its utility as well as toxicity.

Cu ion-selective electrodes

Due to urgent need for selective potentiometric determination of trace amounts of

copper ions, especially in food and water samples, a variety of ion carriers have been

9+

used as ionophores in the construction of ion selective electrodes (ISEs) for Cu

determination [41-68]. A mixture of CuS-Ag2S was used as electroactive material to

prepare copper selective electrodes by early workers [69, 70] but these electrodes showed

significant interferences to Hg2+, Hg+, Ag+ and Fe3+. Later on, Kamata et al. developed

Cu2+- selective sensors using solid membranes of thiuramdisulfide [71], xylene-bis-

(diethyldithiocarbamate) [72] and o-xylenebis-(dithiocarbamate) [73] but these sensors

worked in the narrow concentration range of l.OxlO"5 - l.OxlO"1 mol L" . Xia et al. [74]

reported a Cu2+-selective sensor based on A^./V'-(l,4-butylediene)-l-thiauram disulphide

which exhibited a working concentration range of 0.8 uM - 10 mM. Jain et al. [75]

reported PVC based membrane sensors incorporating 3,5,7,7,10,12,14,14-octamethyl-l,4,
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8,ll-tetraazacyclotetradeca-4,ll-diene diperchlorate and 5,7,7,12,14,14-hexamethyl-l, 4,

8, ll-tetrazacyclotetradeca-4,ll-diene dipercholrate which worked in the concentration

range of 10 uM - 0.1 M. Various Schiff bases viz., /3w-thiophenalpropanediamine [76],

diphenylisocyanatebis(acetylacetone) ethylenediimine [77], salens [78], bis-(2-

hydroxyacetophenone)butane-2,3-dihydrazone [79], 1,2-6/s(E-2-hydroxybenzylidene-

amino)anthracene-9,10-dione [80], 2,2'-[l,2-ethanediylbis(nitriloethylidene)]bis(l-

naphthalene) [81] and Schiff base complexes [82-85] have also been used as excellent

neutral ion carriers in the construction of highly selective Cu2+ membrane electrodes.

Ganjali et al. [86] reported a highly selective membrane coated graphite electrode based

on a novel Schiff base 6z5-2-thiophenal propanediamine (TPDA) for Cu2+ ion

determination in black tea. This electrode worked over a wide working concentration

range (1.0 x 10"' to 6.0 x 10"8 mol L"1) with a detection limit of 3.0 x 10~8 mol L*1.

Chandra et al. developed Cu2+-selective electrodes using a Zinc Complex [87], 8,11,14-

triaza-1, 4-dioxo,5(6), 16(17)-dibenzocycloseptadecane [88] and 1, 2, 5, 6, 8, 11-

hexaazacyclododeca-7, 12-dione-2, 4, 8, 10-tetraene [89] as selective ionophores.

Sadeghi et al. [90] investigated the potentiometric response characteristics of a new

Cu2+-membrane electrode based on erythromycinethyl succinate (EES). The electrode

exhibited a Nernstian response to Cu2+ over the activity range 1.5 x 10"2 to 2.0 x 10"6 mol

L"1 with a detection limit of6.3 x 10"7 mol L"1. Shamsipur et al. [91] developed Cu2+-

selective PVC membrane (PME) and coated graphite electrode (CGE) based on a benzo-

substituted macrocyclic diamide. Some other neutral ligands [92-101] were explored as

sensing materials for the development of Cu2+ selective sensors by many researchers.

Thus, the review of literature reveals that the most of the reported Cu2+-ion selective

sensors generally show some limitations; (i) poor detection limit, (ii) narrow working

concentration range, (iii) interference to some ions, (iv) narrow useful pH range and (v)
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slow response. It is, therefore, still necessary to have better performing sensors for

quantitative determination of copper in view of its toxicity. Taking an account of the

highly desirable attributes of Schiff bases, we have also explored 2-[{(2-

hydroxyphenyl)imino}methyl] -phenol (Li, Figure 1) and 2-[{(3-hydroxyphenyl)-

imino}methyl]-phenol (L2, Figure 2) as highly selective and sensitive ionophores for

preparing ISEs for Cu ions. As a result, PVC based membranes electrodes of these

1 2+ionophores were fabricated using different plasticizers and investigated as Cu -selective

sensors for the estimation of Cu ions in various samples. The results of these

investigations are presented in this Chapter.

3.2 Experimental

3.2.1 Reagents

Reagent grade, oleic acid (OA), dibutyl phthalate (DBP), dibutyl sebacate (DBS),

benzyl acetate (BA), o-nitrophenyloctylether (o-NPOE), tetrahydrofliran (THF) and high

molecular weight PVC were procured from E. Merck (Mumbai) and used as received.

2-aminophenol, 3-aminophenol, Glaxo Ltd. (Mumbai) and salicylaldehyde, Loba Chemie

Ltd. (Mumbai) were reagent grade and used as received. AR grade Copper nitrate and

other metal salts (E. Merck) was used throughout. Double distilled water was used to

prepare stock solution (0.1 M) of metals which was then diluted to prepare solutions of

different concentrations.

3.2.2 Apparatus and instrumentation

The potential measurements were carried out using 5652 digital pH meter/millivoltmeter

-^ (ECIL, India) and Cyberscan 510 bench pH/ion/mV meter (Eutech Instruments, Singapore).

Metal concentrations in real samples were determined on a Perkin Elmer-3100 Atomic

Absorption Spectrophotometer. Infrared spectra of ligands were recorded as KBr discs on a FTIR,
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Nexus, Thermo Nicolet in the range 4000-650 cm"1. A Shimadzu UV 1601 PC Double Beam

Spectrophotometer, with a 10 mm path length silica cell, was used for recording the UV-Vis

spectra ofligands. *H NMR spectra were recorded on a Bruker DRX 500 MHz spectrometer at

the Institute Instrumentation Centre, Indian Institute of Technology, Roorkee. The melting points

were determined on Buchi SMP 20 melting point apparatus and elemental analyses were

performed with Vario EL III instrument.

3.2.3 Synthesis of Schiffs bases

The ligands Li and L2 were synthesized according to reported method [102].

3.2.3.1 Synthesis of2-[{(2-hydroxyphenyl)imino}methyl]-phenol [LJ

2-Aminophenol (0.218 g, 2mmol) was dissolved in 50 ml dried ethanol at

elevated temperature under nitrogen atmosphere. Salicylaldehyde (0.244 g, 2 mmol) in

ethanol was added drop-wise to this solution. The reaction mixture was heated under

refluxing condition. Orange precipitates were observed within lOmin. Reaction was

continued for 1 h. Precipitates were filtered, washed with toluene and dried in a vacuum

oven at 60 °C, orange crystals were obtained, m.p. 110°C. Elemental Anal. Calc. for

C13H11NO2: C, 73.23; H, 5.20; N, 6.57. Found: C, 73.28; H, 5.33; N, 6.61 %. IR(KBr,

cm"1) 1614 (s, von). 3453( m, v0-h), "H NMR (CDC13; 8/ppm ): 6.7-7.3 (m, 8H), 8.5 (s,

1H), 11.3(s,2H).

3.2.3.2 Synthesis of2-[{(3-hydroxyphenyl)imino}methyl]-phenol [L2]

3-Aminophenol (0.218 g, 2 mmol) was dissolved in 50 ml dried ethanol at

elevated temperature under nitrogen atmosphere. Salicylaldehyde (0.244 g, 2 mmol) in

ethanol was added drop-wise to this solution. The reaction mixture was heated under

refluxing condition for 2 h. Orange yellow precipitates were observed. Precipitates were

filtered and washed with toluene, and dried in a vacuum at room temperature (« 30°C),
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orange yellow crystals were obtained, m.p. 125°C. Anal. Calc. for Ci3HnN02: C, 73.23;

H, 5.20; N, 6.57. Found: C, 74.28; H, 5.14; N, 6.22 %. IR(KBr, cm"1) 1620 (vc=N). 3664

(m, v0-h), 'H NMR (CDC13,8/ppm): 6.8-7.8 (m, 8H), 8.3 (s, 1H), 11.3 ( s, 2H)

3.2.4 Preparation of polymeric membranes electrodes

In the present work ion sensitive membranes of the PVC matrix were fabricated

according to the procedure described by Craggs et al. [103]. An important requirement

for making PVC membranes of an ion selective electrode is that the membrane

ingredients should be soluble in some fast evaporating solvent. The ionophores, PVC,

different plasticizers and anionic additives, used in the present investigations, were found

to be soluble in THF. Therefore, a number of membrane cocktails were formulated by

dissolving varying amounts of membrane components (PVC, Ionophore, Plasticizer and

liphophilic additive) in 5 mL THF. After thorough dissolution, the homogeneous mixture

was concentrated to about 2 mL by evaporating THF and it was then poured into

polyacrylate rings placed on a smooth glass plate. The solution should be poured gently

so that bubbles are not formed. A pad of filter papers and a heavy weight are then placed

on top of the ring and it was left for one day at room temperature to allow complete

evaporation of THF. After the evaporation of solvent, a transparent membrane was

obtained which was removed carefully from the glass plate. It was attached to one end of

Pyrex glass tube with araldite.

Besides the critical role of the nature of ion carrier in preparing membrane

electrodes, some other important parameters for PVC based membrane electrodes, such

as amount of ionophore, nature of solvent mediator, plasticizer/PVC ratio and nature of

additive used are known to significantly influence the sensitivity and selectivity.

Therefore, the ratio of membrane ingredients, time of contact and concentration of
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equilibrating solution was optimized to provide membranes which gave reproducible

results and best performance. Blank membranes having only PVC were also prepared to

observe whether any background potentials being produced due to binding material or

not. The membrane that gave reproducible results and best performance was selected for

detailed studies.

3.2.5 Preparation of sandwich membranes

Ion-selective electrode membranes were cast from above mentioned procedure.

The blank membranes (without ionophore) having same composition of other ingredients

were also prepared. The sandwich membrane was made by fusing two individual

membranes (ordinarily one without ionophore and one with the same components and an

additional ionophore) together with pressure from a metal spatula immediately after

blotting them individually dry with tissue paper. The drying step is necessary to avoid an

aqueous phase between the two membrane segments. The combined segmented

membrane was then rapidly mounted into the electrode body with the ionophore-

containing segment facing the sample solution. The obtained sandwich membrane was

visibly checked for air bubbles before mounting in electrode body. The segmented

sandwich membrane technique was reported to be a simple method to investigate the

binding properties in the membrane.

3.2.6 Equilibration of membranes and potential measurements

The membranes were equilibrated for 4 days in 1.0 x 10"1 mol L"1 Cu(N03)2

solution. The potentials were measured by varying the concentration of Cu(N03)2 in test

solution in the range 1.0 x 10"8 - 1.0 x 10"1 mol L". Each solution was stirred and the

potential reading was recorded when it became stable, and then plotted as logarithmic
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function of Cu2+ cation activity. The activities of metal ions were calculated using the

following modified form of the Debye-Huckel equation:

log7 =-0.511Z2[//^/(l +1.5//^)-0.2//] (1)

where p. is the ionic strength and Z the valency.

The potential were measured out at 25 ± 0.1 °C using saturated calomel electrodes

(SCE) as reference electrodes with the following cell assembly:

Hg/Hg2Cl2| KC1 (satd)|0.1 M Cu(N03)2 ||PVC membrane||test solution|Hg/Hg2Cl2| KC1

3.2.7 Determination of stability constant

A selective complexation of analyte ions by ionophores is primarily responsible

for the selectivity of an ion electrode. Stability constant of the ion-ionophore complex

within the membrane phase is an important parameter that indicates the practical

selectivity of the electrode. Despite the wide use of lipophilic and chemically

immobilized ionophores in chemical electrode applications, only a limited number of

experimental techniques are available to assess the binding strengths of these highly

selective molecular probes directly in the polymeric matrix of the electrode. A different

approach to measure stability constants of ion-ionophore complexes in ISE membranes

depends on recording electrical potential of segmented sandwich membranes [104].

Polymeric membrane electrodes primarily respond to ion activities on both sides of the

aqueous-organic phase boundary. The incorporation of an ion carrier into the membrane

phase should induce a substantial potential change at the sample-membrane phase

boundary, since the ion activity within the organic phase is dramatically altered due to

complexation with the sample ions. Therefore, this effect could be used to determine the

formation/stability constant of the ion-ionophore complex.
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Thus, the ion-ionophore complex formation constants were evaluated by a

potentiometric sandwich membrane method [105]. In this method, the membrane

potential measurement is carried out using a two-layer sandwich membrane, where only

one side contains the ionophore. This sandwich membrane electrode was brought in

contact with the aqueous ion solution, having identical concentration on both sides, and

the change in cell potential was recorded.

On the other hand the cell potential of another membrane having no ionophore

was measured. As reported in the method, the membrane potential (Em) is determined by

subtracting the cell potential for a membrane without ionophore from that of the

sandwich membrane. The formation constant is then calculated from the following

equation:

PiK-
\n rEMZjF^nR,

ZiJ
L\ l- exp -&-i— (2)

RT J

where Lj is the total concentration of ionophore in the membrane segment, Rj is the

concentration of lipophilic ionic site additives, n is the ion-ionophore complex

stoichiometry, and R, T and F are the gas constant, the absolute temperature, and the

Faraday constant. The ion I carries a charge ofz\.

This relationship allows for the convenient determination of formation constants

of ion-ionophore complexes within the membrane phase on the basis of transient

membrane potential measurements on two-layer sandwich membranes if ion pairing can

be neglected. The knowledge of formation constants of the relevant complexes is

beneficial to the process of optimizing the structure of ionophores and the composition of

ISE membranes for given analyte ions.
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3.3 Results and Discussion

3.3.1 Evaluation of stability constants

In preliminary experiments, the complexation of the (Li) and (L2) with a number

of metal ions was investigated using segmented sandwich membrane method. The

Stability constants (log/?ML«) of severalmetal complexes of Li and L2 were determined as

described in section 3.2.5. The resulting values of stability constants for the examined

complexes are compiled Table 3.1. A careful analysis of the values show that the Schiff

bases Li and L2 interact strongly with Cu2+ ion (stability constant 7.14 for CuLf complex

and 4.38 for CuL2 complex) but show moderately weak interaction with other metals

such as Co, Ni, Fe, Hg, Cd, Mg, Pb, Zn, Ag, La, Na, Ca (having stability constant of

metal complexes in the range 3.82-0.66). As under identical conditions of measurement

Schiff base Li and L2 have high affinity of complexation with Cu2+ ion, the two ligands

can be used for the development ofCu2+-selective electrodes.

3.3.2 Optimization of membrane composition

Various components which are usually present in membrane are binder (matrix

material), ionophore, plasticizer and anion excluding additive. It is well known that the

composition [106-108] of the membrane affects the performance of the electrode. The

performance characteristics which render an electrode better are wide working

concentration range, low response timeandNernstian slope. In terms of these parameters,

various membranes of different compositions were prepared by dissolving varying

amounts of ionophore (Li and L2), PVC, anion excluder (NaTPB) with various

plasticizers viz., o-NPOE, DBP, BA and DBS inTHF and their potential response to Cu2+

ion in the concentration range 1.0 x 10"8 - l.Ox 10"1 mol L"1 was measured. The

performance characteristics determined from the potential response plots are given in
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Tables 3.2 and 3.3. It is seen from the Tables that the blank membranes no. 1 and 11,

having only plasticizer, additives and PVC show very poor response to Cu with a very

small slope and short working range (6.2 x 10"3- 1.0 x 10"1 mol L"1). The membranes no.

2 and 12 which only have ionophore show an increased slope (21.6 mV decade _1 and

20.4 mV decade "' of acu2+ respectively) and working concentration range (5.2xl0"5-

l.OxlO"2 mol L"1 with L! and 7.5xl0"5-1.0xl0"2 mol L"1 with L2) indicating the selectivity

of ionophores. Though in the presence of ionophore the response of membrane electrodes

is better as compared to blank membranes but the slope is sub-Nernstian and the working

concentration range is still much shorter. Therefore the electrodes need improvement

with regard to performance.

The membrane no. 3 to 10 for Li having different compositions were prepared

and investigated and their performance characteristics also gathered in Table 3.2. It is

well established that a plasticizer with good lipophilicity and capacity to dissolve the

membrane components tend to improve the performance of electrode with regard to

sensitivity, selectivity, working concentration range and response time [109]. This is

because the plasticizer forms a liquid organic phase through which the cations can easily

extract into the membrane. Therefore the performance of PVC based membranes of Li

and L2 was examined in the presence of different plasticizers viz., o-NPOE, DBP, BA and

DBS in PVC matrix and their potential response plots are shown in Figures 3.3 and 3.4.

A perusal of Table 3.2 shows that the addition of plasticizers improves the slope and

broadens the working concentration range. However, the membrane electrode no. 3 of Li

with DBS plasticizer shows better characteristics in terms of slope (27.9 mV decade " of

ac2+) and working concentration range (4.0 x 10"7-1.0 x 10"2 mol L"1). The performance

of this membrane electrode was further improved by adding oleic acid as a lipophilic
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anion additive. The use of 10 % (w/w) oleic acid (OA) was found suitable for the

electrodes based on ionophore L] and the electrode no. 7 having membrane composition

Li:DBS:OA:PVC ratio as 6:54:10:30 (%, w/w) shows the best performance

characteristics with regard to Nernstian slope (29.5 mV decade" of acu ) and widest

activity range (3.2 x 10"8 -1.0 x 10"1 mol L"1). In the case of carrier type ion-selective

electrodes, the extraction equilibrium in the vicinity of the interface between the

membrane and aqueous layer affects the potentiometric response of membranes [110].

Therefore, the effect of amount of ionophore was also seen and it was found that 6 %

(w/w) amount of the ionophore (Li) is optimum with regard to all performance

parameters. It can be seen from the Table 3.2 that both the slope and the working

concentration range were affected as the amount of ionophore was changed from its

optimum concentration.

Similarly the membranes no. 13 to 20 of L2 having different compositions were

also prepared and their performance characteristics are gathered in Table 3.3. The

additive used in these preparations was more lipophilic NaTPB (3 %, w/w). It is seenthat

in this case also the addition of plasticizers improves the performance characteristic of

membrane electrode. However, the effect of DBP is the best and 8 % (w/w) amount of

ionophore is optimum with regard to all performance parameters. Hence, the membrane

no. 17 having composition L2:DBP:NaTPB:PVC ratio as 8:58:3:31 (%, w/w) was

observed to perform best as it exhibited the widest working concentration range (2.2x10"

- l.OxlO"2 mol L"1) with Nernstian slope (29.6 mV decade"1).

The experimentally determined results show that DBS gives better results with Li

and DBP is better for L2. This is due to a synergism between lipophilicity and polarity

and the best results are obtained when these properties gain an intermediate value. The
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use of NaTPB with L2 was to enhance the selectivity of the membrane electrodes and to

promote the exchange kinetics at the sample membrane interface.

3.3.3 Potentiometric calibration characteristics of electrodes

The calibration curve (Figure 3.5) for the two copper ion selective electrodes

indicate that the electrode no. 7 based on Li exhibits Nernstian slope (29.5 ± 0.5 mV

decade'1 ofacu2+) over a wide concentration range of3.2x10"8 - l.OxlO"1 mol L"1 with a

detection limit of 2.0xl0"8 mol L"1, while electrode no. 17 based on L2 exhibits a

Nernstian slope (29.6 ± 0.5 mV decade"1 of ac„2+ ) and linear concentration range of

2.2 x 10"7-1.0 x 10"2 mol L"1 with limit of detection as 1.2 x 10"7mol L"1.

3.3.4 Effect of internal solution and equilibration time

Accordingto generally adopted ion electrode response formalism, the influence of

the concentration of internal solution on the potential response of the polymeric

membrane electrode based on Li and L2 was studied. The concentration of copper nitrate

solution was varied from 1.0 x 10"1 to 1.0 x 10"3 mol L"1 and the potential response of

the electrode was obtained. It was found that the best results in terms of slope and

working concentration range were obtained with internal solution of activity 1.0 x 10"1

mol L" . Thus, 1.0 x 10"1 mol L"1 concentration of the reference solution was quite

appropriate for the smooth functioning of the proposed electrode. The membrane to be

used in ISEs should generate noiseless and reproducible potential. These characteristics

generally depend on the optimizing ratio of membrane ingredients, time of contact and

concentration of equilibrating solution. Imperfect equilibration gives rise to erratic

potential and large response time. Studies revealed that a minimum of 4 days

equilibration was necessary for generating reproducible and stable potentials in 0.1 M

Cu solution for this sensor.
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3.3.5 Potentials response of the electrodes based on Li and L2 to various cations

A number of PVC membrane electrodes based on Schiff bases Li and L2 were

prepared under optimum conditions and the potential response characteristics of the

electrodes were evaluated for various metal ions. A perusal of working concentration

range, slope and detection limit of potential response curve for these cations are presented

in Figures 3.6 and 3.7. It was observed from these figures that the membrane electrodes

based on two ionophores gave linear potential response over a wide concentration range

for Cu ion whereas for the other cations the response is poor with narrow working

concentration range. It appears that these electrodes are responding to Cu2+ strongly as

compared to many ions studied. The preferential response toward Cu2+ ion is believed to

be associated with the strong complexation ofCu2+ with the donor sites ofthe ligands.

3.3.6 Potentiometric selectivity of the polymeric membrane electrodes

Selectivity is the most important characteristic as it determines the extent of

utility of any electrode in real sample measurements. It gives the response of ion-

selective electrode for the primary ion in the presence of other ions present in solution,

which is expressed in terms of the potentiometric selectivity coefficients. Potentiometric

selectivity coefficient (KPou'B) for the Cu2+ selective electrodes were determined by the

IUPAC recommended Matched potential method (MPM). This method has an advantage

of removing limitations imposed by Nicolsky-Eisenman equation while calculating

selectivity coefficient by other methods. These limitations include non-Nernstian

behavior of interfering ion and problem of inequality of charges of primary and

interfering ions. According to this method, change in potential of a reference solution of

primary ion ofactivity; aCu2+ =1.0 x 10"4 mol L"1 is noted with addition ofprimary ions
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of specified activity (ac2+ = 5.0 x 10"4 mol L"1). In a separate experiment, interfering

ions (aB = 1.0 x 10"2 mol L"1) were kept on being added in small amounts to the identical

reference solution until the change in potential is same as that produced by adding

primary ion. The amount of interfering ion added producing same change was noted and

the selectivity coefficients were calculated using equation (13) of section 2.3.3 as

described in Chapter 2. The selectivity coefficients so calculated for the electrodes based

on ionophores Lj and L2 are listed in Table 3.4. A value of 1.0 for selectivity coefficient

shows equal response of the electrode both to primary and interfering ions. The values of

selectivity coefficient those are smaller than 1.0, show that the electrode is selective to

primary ions over interfering ions. It is seen from the Table 3.4 that the selectivity

coefficients are of the order of 10"3 or smaller, indicating that the electrode is appreciably

selective to Cu2+ ions over a number of foreign ions studied.

3.3.7 Influence of pH on the Performance of the Electrodes

The dependence of potential response of the electrodes was investigated over the

pH range 1.0 to 12.0 for 1.0 x 10"2 mol L"1 and 1.0 x 10"3 mol L"1 Cu2+ solution. The

operational pH range was studied by varying the pH of the test solution with 0.1 M nitric

acid or sodium hydroxide. The effect of change in the pH of the solutions on the potential

response of the electrodes is shown in Figure 3.8 and 3.9. A close examination of these

figures shows that the potentials are independent of pH in the range 3.0 - 8.5 and 3.2 -

7.5 for electrode no. 7 and 17 respectively. Therefore, the same was taken as the useful

working pH range of the electrodes based on Li and L2. The change in potential below

pH 3 and 3.2 is apparently due to the interference of H+ and above pH 8.5 and 7.5 due to

strong hydrolysis of Cu2+ ions.
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3.3.8 Determination of response time of the proposed electrodes

It is well known that the response time of an ISE is an important factor in its

evaluation. Response time of an ion selective electrode is defined as the length of time

between the instant at which the ISE and a reference electrode are brought into contact

with a sample solution and the first instant at which the cell gives a constant potential. To

measure the response time of the proposed electrodes the concentration of the test

solution was successively changed from 1.0 x 10"7 mol L'1 to 1.0 x 10"2 mol L"1. The

results depicted in Figure 3.10 and 3.11 show that the time needed to reach a potential

within ± 1 mV of the final equilibrium value after successive immersion of the electrodes

• 94-

in a series of Cu ions, each having a ten-fold difference in concentration, is 7 s for

electrode no. 7 and 10 s for electrode no. 17. This indicates fast exchange kinetics of

complexation-decomplexation ofCu2+ ions with the ionophores Li and L2 at the sample-

membrane interface. To evaluate the reversibility of the electrode, a similar procedure in

the opposite direction was adopted. The measurements were performed in the sequence

of high-to-low (1.0 x 10"2 mol L"1 - 1.0 x 10"7 mol L"1) sample concentrations and the

results showed that the potentiometric response of the electrodes were reversible.

Reproducibility of the electrode was examined by using a set of similarly constructed

electrodes under the optimum conditions. The result showed good reproducibility (± 0.6

mV) for the electrode.

3.3.9 Determination of lifetime of the electrodes

The deviation from the Nernstian behaviour has been ascribed to decomposition

of the ionophore and loss of other components in the membrane phase that contacts

aqueous test solution [111]. To investigate the lifetime of the electrodes, the potential

response characteristics of these electrodes were measured from time to time over a
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period of 100 days. It is important to mention that electrodes were stored in 0.1 mol L"

Cu2+ solution when not in use. During this period, the potential response of both

electrodes was measured by recording the calibration graph at different time intervals.

The results summarised in Tables 3.5 and 3.6, showed the effect of soaking time on the

performance characteristics of the electrodes. It was observed that up to 90 days there is

no significant change in the slope and working concentration range of electrode no. 7

whereas this period is 45 days for electrode no. 17. Above this period the performance of

both the electrodes started deteriorating. Thus the shelf- life of the electrodes can be

taken as 3 and 1.5 months for the electrode no. 7 and 17 respectively.

3.3.10 Effect of non-aqueous content on the performance of the electrodes

The real samples may contain non-aqueous content, so the performance of the

electrodes was also investigated in partially non-aqueous solutions of methanol-water,

ethanol-water and acetone-water mixtures containing 10 %, 20 %, 25 %, 30 % and 35 %

(v/v) non-aqueous impurities. The performance characteristics of the electrodes were

measured in each solution and the results are summarized in Table 3.7. It was found that

the electrodes do not show any appreciable change in working concentration range and

slope in non-aqueous mixtures containing up to 25 % (v/v) organic impurities, but

acetone affected the performance of the electrodes more than others. However, above 25

% (v/v) non-aqueous content, the potentials showed drift with time both in working

concentration range and slope which may be probably due to leaching of the ionophore at

higher organic content.

3.4 Analytical Applications

The high selectivity and sensitivity showed by the electrode no. 7 and 17 based on

94-

Li and L2 for Cu makes them potentially useful for monitoring the concentration of

97



94- •

Cu in various samples. Trace levels of copper, present in edible oils, tomato plant

material and river water were analyzed by AAS and the proposed electrode.

3.4.1 Estimation of Cu2+ in edible oils and tomato plant leaves

The oil and plant samples were ashed and the residue was dissolved in dilute

hydrochloric acid and then it was diluted to 50 mL. The pH of the test solution was

adjusted to 5.0 and Cu2+ concentration was determined by AAS and the proposed

electrodes. The results obtained by two different analytical techniques are compiled in

Table 3.8.

3.4.2 Determination of Cu2+ in theGanga river water

The electrodes were also successfully applied to determine copper directly in the

Ganga river water sample. The water sample was acidified with 0.1 M HC1 to adjust the

pH of the sample at 5.0. The results obtained from the triplicate measurements are

compared with those determined by atomic adsorption spectrometry (AAS) and are

summarized in Table 3.8.

It was observed from the Table 3.8 that there is a close agreement between the

results obtained by AAS and the proposed electrodes. It shows that the estimation of

copper by the proposed electrodes is reliable. Thus the electrodes canbe used successfully

to determine Cu +ion concentration in tomato plant, edible oils and river water and also in

other samples.

3.4.3 Potentiometric titration

The electrodes were also found useful as indicator electrodes in potentiometric

titration of Cu2+ against EDTA under laboratory condition. A 10 ml solution of 5.0 x 10"3

MCu2+ was titrated against a 1.0 x 10"2 MEDTA solution at pH 6. As indicated from
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Figures 3.12 and 3.13, a sharp inflection point, corresponding to 1:1 stoichiometry was

observed in the titration plot.

3.5 Conclusion

Two Schiff bases, viz., 2-[{(2-hydroxyphenyl)imino}methyl]-phenol [Li] and

2-[{(3-hydroxyphenyl)imino}methyl]-phenol [L2] were found to show strong affinity for

Cu2+ and hence, they can be used as selective ionophores for preparing Cu +ion selective

electrodes PVC based membrane electrodes based on Li and L2 showed good selectivity

towards Cu2+and wider working concentration range (3.2 x 10"8tol.0 x 10" mol L"

and 2.2 x 10'7 to 1.0 x 10"2 mol L"1) with fast response times 7 and 10 s respectively. A

comparison of the proposed electrodes with reported ISEs (Table 3.9) show that the

electrodes show better performance characteristics than most reported ISEs in terms of

working concentration range, detection limit, response time and selectivity. Most

reported electrodes show interference to Na+ [44], Cd2+ [44, 50], Ag+ [50, 51], Hg2+ [81,

50], Pb2+ [44, 49], Zn2+ [47, 48], Co2+ [44, 50] where as the proposed electrode show

better selectivity with respect to these ions, therefore superior to them. However, there

are only few reported electrodes [51, 79, 86] which show similar selectivity but have

poor sensitivity (higher detection limit). Thus the proposed electrode is better when

compared to the reported electrodes in terms of working concentration range, detection

limit and response time.

The utility of the proposed electrodes was demonstrated by using them to

determine copper in various samples (edible oils, tomato plant material, and river water)

and hence, the availability of these electrodes can be termed as a good addition to the

family of Cu2+ ion selective electrodes.
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Table 3.1: Stability constants of various ion-ionophore complexes

with Lj and L2

Cation

Stability constants (log 0ML) (n=2)

*

(Mn+) L, U

Cu2+ 7.14 4.38

Co2+ 3.27 2.98

Ni2+ 3.82 3.62

Fe2+ 3.71 2.02

Hg2+ 1.76 1.61

Cd2+ 1.72 1.68

Mg2+ 1.62 0.74

Pb2^ 1.60 0.69

Zn2+ 1.57 1.32

Ag+ 1.43 0.85
* Ca2+

Na+

La3+

1.22

0.97

0.83

0.96

0.72

0.66
s|c n - Ligand to metal ratio

Table 3.2 : Potentiometric response characteristics of Cu2+ PVC membrane sensors

±

based on ionophore Li.

Electrode

No.

Composition of membrane (%, w/w) Slope Linear range
/ \ T J J-l / 1T-I\(mV decade (mol L )

Ionophore Plasticizer Additive PVC
ofaCu2+)

1
- 60 10, OA 30 <9.2 6.2xl0"J-1.0xl0"'

2 6, L, - - 94 21.6 5.2xl0"5-1.0xl0"2
3 6,L, 54, DBS - 40 27.9 4.0 xlO"7-l.OxlO"2
4 6,L, 54, BA - 40 23.9 7.4xl0~6-5.0xl0"2
5 6, L, 54, DBP - 40 22.3 7.8xl0"6-2.0xl0"2

6 6,L, 54, NPOE - 40 20.8 2.8x10"*-3-OxlO"2
7 6, L, 54, DBS 10, OA 30 29.5 3.2xl0"8-1.0xl0"'

i 8 5.L, 54, DBS 10, OA 31 26.8 1.3xl0"7-1.0xl0"2

9 4,L, 54, DBS 10, OA 32 25.4 9.6xl07-1.0xl0"2
10 6,L, - 10, OA 84 21.3 1.5xl0"5-1.0xl0"2
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.2+Table 3.3: Potentiometric response characteristics of Cu PVC membrane sensors

based on ionophore L2.

Electrode Composition of membrane (%, w/w) Slope Linear range

No.
Ionophore Plasticizer Additive PVC

(mV decade"'

ofac„2+)

(mol L"')

11 - 60 3, NaTPB 37 <14.2 1.5xlO"M.OxlO"'

12 8,L2 - - 92 20.4 7.5xl0"5-1.0xl0-2

13 8,L2 58, DBP - 34 27.3 S.lxlO^-l.OxlO"2

14 8,L2 58,NPOE - 34 33.1 s.sxio^^^xio"2

15 8,L2 58, DBS - 34 35.3 5.2xl0"6-4.0xl0"2

16 8,L2 58, BA - 34 34.9 6.5xl0"6-7.0xl0"2

17 8, L2 58, DBP 3, NaTPB 31 29.6 2.2xl0"7-1.0xl0"2

18 7,L2 58, DBP 3, NaTPB 32 26.4 8.8xl0"6-1.0xl0"2

19 6,L2 58, DBP 3, NaTPB 33 24.8 4.2xl0"6-1.0xl0"2

20 8,L2 -
3, NaTPB 89 20.5 1.0xl0"5-1.0xl0"2

.2+Table 3.4: Selectivity coefficients of Cu -selective electrodes for various interfering

ions by MPM

Interfering ions (B)

Co2+

Ni2+

Fe2+

Hg2+
Cd2+

Mg2+
Pb2+

Zn2+

Ag+
,3+La

Na:

Ca2

2t

Selectivity Coefficients (KPA0,B)

Electrode no. 7

6.4x10""

2.3x10"3

1.6X10"4

7.2xl0"5

4.6x10"5

3.2xl0"5

2.6xl0"5

1.8xl0"5

1.3xl0"5

8.8x10"6

7.3X10"6

6.5xl0"5
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Electrode no. 17

7.3x10"*

1.2xl0"3

1.8xl0"3

2.8xl0"5

5.2xl0"5

9.4x10"6

8.4x10"6

3.2xl0"5

4.3 xlO"5

7.9x10"6

7.6x10"6

3.3xl0"3
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Table 3.5: Effect of soaking time on the potential response of the electrode no. 7

Soaking time Slope Working concentration range Detection limit

(Days) (mV decade"1 acu2+) (mol L"1) (mol L"1)

15 29.5 3.2xl0"s-1.0xl0"' 2.0xl0"8

* .
30 29.5 3.2xl0"8-1.0xl0"' 2.0xl0"8

45 29.3 3.6xl0"8-1.0xl0"' 2.2xl0"8

60 29.2 3.6xl0"8-1.0xl0"' 2.3xl0'8

90 28.9 4.1xl0"8-1.0xl0"' 2.9xl0"8

95 23.8 8.7x10"7-5.0xl0"2 1.9xl0"7

100 26.3 g.exio-M.oxio"3 5.3xio7

>

Table 3.6: Effect of soaking time on the potential response of the electrode no. 17

Soaking time Slope Working concentration range Detection limit

(Days) (mV decade"1 of aCu2+) (mol L"1) (mol L"1)

15 days 29.6 2.5xl0"7-1.9xl0"2 1.2xl0"7

30 days 29.2 2.5xl0"7-1.9xl0"2 1.3xl0"7

45 days 28.5 6.8xl0"7-1.9xl0"2 7.1xlO'7

* 60 days 27.2 2.5xl0"6-1.9xl0"2 1.9xl0"6

90 days 26.9 3.5xl0"6-1.9xl0"2 2.3xl0"5

95 days 25.2 2.3xl0"5-1.0xl0"2 1.5xl0"5

100 days 24.4 7.3xlO"5-1.0xlO"2 4.5xl0'5

i '
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Table 3.7: Effect of partially non-aqueous medium on the performance of Cu

electrodes no.7 and 17).

2+

Non-aqueous Working Slope Working concentration Slope

content concentration (mV decade"' of range (mV decade"'
(% v/v) range

(mol L"')
«cu2+ ) (mol L"1) ofaCu2' )

0 3.2xl0"8-1.0xl0"' 29.5+0.5 2.2xl0"7-l.OxlO"2 29.6+0.5

Methanol

10 3.2xl0"8-1.0xl0"' 29.5 2.2xl0"7-1.0xl0"2 29.6

20 3.2xl0"8-1.0xl0"' 29.5 2.4xl0"7-1.0xl0"2 29.4

25 S.OxlO^-l.OxlO"1 29.1 2.4xl0"7- l.OxlO"2 29.4

30 9.2x10"7-5.0xl0"3 24.2 l^xlO-^.OxlO"2 28.1

35 3.2xl0"6-1.0xl0"3 22.6 6.4xl0"5-l.OxlO"2 23.9

Ethanol

10 3.2xl0"8-1.0xl0-' 29.5 2.2xl0"7-l.OxlO"2 29.6

20 3.2xl0"8-1.0x10"' 29.5 2.2xl0"7-l.OxlO"2 29.6

25 3.8xl0"8-2.3xl0"' 29.3 2.8x10"7-5.0x10"2 29.2

30 6.2xl0"7-5.0xl0"2 24.6 9.4xl0"7-5.5xl0"2 25.1

35 5.0x10"6-2.0xl0"3 23.9 2.0x10"6-2.0x10"3 24.3

Acetone

10 3.2xl0"8-1.0x10"' 29.5 2.4xl0"7-5.0xl0"2 29.4

20 5.1xl0"8-1.0xl0"' 29.1 3.1xl0"7-1.0xl0"2 29.1

25 6.2xl0"8-3.0x10"' 28.9 5.2xl0"7-5.0xl0"2 28.6

30 8.2x10"6-2.4xl0"2 25.6 1.2xl0"6-5.0xl0"3 23.9

35 7.3x1 O^-S.OxlO"2 22.8 7.3xl0"5-5.0xl0"3 20.8

Table 3.8: Quantification of copper in edible oils, plant material and water samples
.2+using AAS and proposed Cu selective electrodes no. 7 and 17

Sample

Soya bean oil

Sunflower oil

Tomato plant leaves

River water sample

Copper found

by AAS

(ug/ml )a

0.90 + 0.06

0.97 ± 0.08

121 ±2.1

14.9 + 0.5

Average ofthree replicate measurements

Copper Found

by electrode no. 7

( Ug/ml) a(%,RSD)

0.93+0.02(2.15)

0.96 ± 0.02 (2.08)

122 + 1.3 (1.06)

15.3+0.7 (4.58)
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Copper Found

by electrode no. 17

( ug/ml)a (%, RSD)

0.91+0.01 (1.09)

0.94 ± 0.05 (5.32)

119 + 0.8 (0.67)

15.2 + 1.2 (7.89)
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Table 3.9: Comparison ofthe proposed Cu2+-selective electrodes with the reported
electrode

Ref.

no.

Linear

range

(M)

Slope

(mV/decade

of activity)

Detection

limit (M)

Selectivity coefficients

(-logJO pH range Response
time (s)

100

8.0X10"6-
1.0x10"' 29.5 3.0x10s

Mg'+(2.3),Si/+(2.1),Ba'!+(2.1),
Co2+(2.2),Cd2+(2.2),Pb2+(0.5),

Zn2+(2.3), Zn2+(2.2)
3.0-6.5 15

44

7.9X10"6-
1.0x10"' 29.9 7.0x10"6

Ba'+(0.6), Coz+(0.2),Pb"+(0.6),
Ag+(0.6), NH4+(0.6), Li+(0.7),

Na+(0.2), K+(0.2)
2.1-6.3 11

47

•1.0 xl o5-
l.OxlO"2 25.9 2.1xl0"7

Sri+(2.8), Ba'+(3.0), Ni"+(2.5),
Co2+(2.7),Hg2+(2.5),Cd2+(2.4),

Zn2+(1.7), Pb2+(0.5)
4.5-7.0 15

48

l.OxlO"6-
1.0x10"'

28.2 5.0xl0"7
Ni2+(3.0),Co'+(3.0),Cd"+(2.9),
Zn2+(1.7), NH,+(2.5), Li+(2.3),

K+(2.9), Mg2+(2.4)
3.3-6.5 10

81

5.0xl0"8-
2.0x10"2

29.8 3.1x10s
Mg2+(3.0),Ni2+(1.5),Coz+(2.1),
Cd2+(2.1),Zn2+(2.1),Na+(1.3),

Hg2+(1.2), Pb2+(2.4)
4.0-7.0 5

77

6.0x10s-
1.0x10"'

29.8 6.0x10"7
Caz+(3.4),Mgz+(3.5),Ni'i+(3.7),
Co2+(3.6),Cd2+(3.5), Zn2+(3.4),

K+(3.7), Pb2+(3.7).
3.0-7.5 15

49

l.OxlO"6-
1.0x10"'

29.0 1.4xl0"7
Ca'+(3.6),Niz+(3.2),Co'+(4.0),
Pb2+(0.7), Zn2+(2.2), K+(2.3),

Mg2+(3.6), Na+(2.6)
3.2-5.5 9

50
5.0xl0"8-
l.OxlO"2

29.5 4.0x10s
Ni2+(2.9),Co'!+(1.1 ),Cd2+(2.2),
Pb2+(1.5),Zn2+(2.4),Hg2+(0.8),

Ag+(0.5), Na+(2.9).
3.0-9.5 12

86
6.0x10"8-

l.OxlO"1

29.1 3.0x10-8
Co2+(3.4),Pb2+(3.4),Zn2+(3.77),
Ni2+(3.6), Cd2+ 3.9), Sr2+(4.1),

Na+(4.0), K+(4.00)
2.8-5.8 <15

51
l.OxlO"7

-l.OxlO"3
28.1

6.3X10"8
Ag+(0.0),Ni2+(4.2),Coi!+(5.2),
Zn2+(4.7),Fe3+(4.9),Mn2+(5.2),

Cd2+(4.3)
5.3-7.2 6

27
5.0xl0"8-
l.OxlO"2

29.6 3.0x10"8
Co2+(4.4),Pb2+(4.6),Zn2+(4.5))
Ni2+(4.5),Hg2+(4.9),Ag+(5.1),

Li+(5.7),Gd3+(4.6)
2.8-5.8 <15

Present

work

3.2xl0"8-
l.OxlO"2

29.5 2.0x 10"8
Co"+(2.2),Ni'+(3.6),Fe'!+(3.8),

Hg2+(4.1),Cd2+(4.3),Mg2+(4.5),
Pb2+(4.6),Zn2+(4.7)

3.0-8.5 5

Present

work

2.5xl0"7-
1.9xl0"2

29.6 1.2x 10"7
Co'+(3.1),Ni'+(2.9),Fe'+(2.7),

Hg2+(4.5),Cd2+(4.8),Mg2+(4.5),
Pb2+(5.0), Ag+(4.5)

3.0-8.5 5
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Figure 3.1: Structure of 2-[{(2-hydroxyphenyl)imino}methyl]-phenol [Li]
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Figure 3.2: Structure of 2-[{(3-hydroxyphenyl)imino}methyl]-phenol [L2]
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Figure 3.5: Calibration plot for copper ion selective electrodes: (A) for sensor

no. 7 (B) for sensor no. 17
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Figure 3.12: Potentiometric titration curve for 10ml of 5.0 x 10"3M Cu2+with

1.0 x 10"2 M EDTA, at constantpH range 6 using the proposed
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4.1. Introduction

Gadolinium is a lanthanide element and occurs in trace amounts in the mineral

gadolinite. Unlike other rare earths, gadolinium is relatively stable in dry air and is chiefly

used in petroleum industries to produce catalysers, in nuclear research as neutron absorber, in

steel industries and polishing glassware. Gadolinium compounds are also used as phosphors

in the manufacture of color-television picture tubes. Because of their paramagnetic

properties, solutions of organic gadolinium compounds are used as intravenous radio-contrast

agent in medical field to enhance image quality of the magnetic resonance imaging (MRI) of

all anatomic regions. They are excreted non-metabolized from the organism via urine. They

generally, pass through waste water treatment plant and contaminate surface water [1].

Free gadolinium ion is an inorganic blocker as its ionic radius (107.8 pm) is very

close to that of Ca2+ ion (114 pm). Thus it inhibits physiological processes which depend

upon Ca2+ influx as well as the activity of some enzymes [2]. It may also depress the

reticuloendothelial system and has been found to increase the expression of hepatic cytokines

[3]. In view of toxic effects of gadolinium, it is important to determine it in environmental

samples.

A number of analytical techniques [4-12] have been used for its determination but

they are all very sophisticated expensive, time consuming and require large infrastructure

back up and expertise. Hence these are not very appropriate for monitoring of large number

of environmental samples in the field. However, ion selective electrodes (ISEs) are the ideal

choice for the analysis of large number of environmental samples as they provide a low cost,

fast and convenient method with no chemical manipulations. As such there has been intensive

activity in developing ion selectiveelectrodes for many metal ions.
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.3+
Gd ion-selective electrodes

A number of good electrodes have been reported for many toxic metals. However,

development of good selective electrodes for lanthanides has lagged behind and only few

good lanthanides selective electrodes have been reported [13-24]. A detailed literature survey

showed availability of only a limited number of ionophores which were used in developing

Gd3+-selective sensors. Zhang et al. [25, 26] reported the first Gd3+ sensors based on

functional polymers as the electroactive material. These electrodes worked over a narrow

linear range with higher slopes and short pH range. Ganjali et al. [27] used antibiotic

omeprazole for preparing Gd3+ sensor. This sensor has a linear dynamic range of l.OxlO"5 -

l.OxlO"1 mol L"1 with aNernstian slope of19.3 ±0.3 mV decade"1 ofaGd3+.

Shamsipur et al. [28] used a Schiff base 2-[{3-[(2-sulfanylphenyl)imino)-l-

methylbutylidene}amino]phenyl hydrosulfide for developing a Gd3+ selective sensor. The

electrode showed Nernstian response with a detection limit of 3.0x10"6 mol L"1 and worked

well in the pH range of 4.0-8.0. A pentadentate Schiff base Bis(thiophenal)pyridine-2,6-

diamine (BPD) was used by Ganjali et al. [29] as an excellent ion carrier to prepare Gd3+

selective membrane electrode. The resulting sensor worked linearly in the range l.OxlO"6 -

l.OxlO"1 mol L"1 with a Nernstian slope of 19.4 ± 0.4 mV decade"1 of aGJ+ and detection

limit as 7.0xl0"7 mol L"1 (110 ng mL"1). Norouzi et al. [30] developed a highly selective and

sensitive Gd3+ membrane sensor based on N-(2-pyridyl)-N'-(4-nitrophenyl)thiourea as an

excellent neutral ion carrier. This sensor exhibited a Nernstian slope of 19.95 ± 0.3 mV per

decade ofaG/+ over the concentration range of3.0x10"7 to 1.0x10"' mol L"1 with a detection

limit of 3.0xl0"7 mol L"1. Zamani et al. [31] used 6-methyl-4-{[l-(2-thienyl) methylidene]

amino}-3-thioxo-3, 4-dihydro-l, 2, 4-triazin-5-(2H)-one as an ionophore for the preparation

ofGd3+ selective electrode. This electrode worked in the range of l.OxlO"6-l.OxlO"1 mol L"1
124
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with Nernstian slope of 19.8 ± 0.2 mV per decade of aGcj3+ and a detection limit as 5.8x10"7

mol L"1. Faridbod et al. [32] constructed the first asymmetric microsensor based on N-(2-

pyridyl)-N'-(4-nitrophenyl)thiourea. This sensorexhibiteda Nernstian slope of 17.46±0.3 mV

decade"1 ofaG/+ over the concentration range of l.OxlO"8 to l.OxlO"3 mol L"1 and a detection

limit of 3.0xl0"9 mol L"1 of Gd3+ ions. A critical examination of literature show that, in

general, most of the reported gadolinium electrodes are not good enough as they show short

working concentration range, low sensitivity and poor selectivity. It is, therefore, necessary to

prepare a more sensitive and selective gadolinium electrode for its determination in various

samples.

In order to have a selective sensor for any metal ion, the most important requirement

is to have an ionophore in the sensor membranes, which show high affinity towards that

metal ion and poor for others. The availability of such materials is limited and thus quest for

new materials capable of specific and effective recognition of metal ions is a topic of current

interest and represents a challenging task. Neutral chelating carriers have characteristics of

being uncharged, lipophilic and undergoing reversible complexation with selected cations

and promoting cation transfers between the aqueous phase and the organic membrane phase

by means of carrier transport. Also the use of neutral chelating ligands as electroactive

component in membrane sensors generated widespread interest because they exhibit high

complexation or extraction selectivity for a particular ion, enough conformational flexibility

for rapid ion exchange, high lipophilicity to remain in membrane phase and moderate

molecular weight to allow high mobility [33]. In view of these facts, we have, therefore,

taken up investigation in this direction.

In the present study, we synthesized a pentadentate neutral chelating ligand having N

donor sites along with cyanopropyl pendant arms and explored this ligand as an ionophore for
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developing ion selective electrode. The stability studies of a this newly synthesized pendant

(L3) exhibited that the ligand form most stable complex with Gd3+ ion as compared to other

metal ions studied. Thus due to the high affinity of the ligand towards gadolinium it was used

as a potential ionophore for preparing gadolinium selective electrode. Membranes having

different compositions of PVC, a plasticizer o-nitrophenyloctylether (NPOE), sodium

tetraphenylborate (NaTPB) as anionic additive and the ionophore (L3) were coated on the

graphite surface and investigated them as gadolinium selective electrodes. The results are

reported in the present communication.

4.2. Experimental

4.2.1 Chemicals and reagents

Reagent grade oleic acid (OA), sodium tetraphenylborate (NaTPB), dibutyl phthalate

(DBP), benzyl acetate (BA), o-nitrophenyloctylether (o-NPOE), dioctylpthalate (DOP),

dioctylsebacate (DOS), tetrahydrofuran (THF) and high molecular weight PVC were

procured from E. Merck (Mumbai) and used as received. 2,6-diacetylpyridine, 2-

(aminmethyl)pyridine, extra pure GdCl3, Potassiumtetrakis(4-chlorophenyl) borate

(KTpClPB), Triton X-100 from Sigma-Adlrich (Steinheim, Germany), acrylonitrile,

sodiumdodecylsulphate (SDS), cetyl trimethylammonium bromide (CTAB) and Brij-35 from

Loba Chemie (Mumbai) were reagent grade materials. Double distilled water was used to

prepare stock solution (0.1 M) of metal salts which was then diluted to prepare solutions of

different concentrations. The nitrate and chloride salts of all the cations used were of

analytical grade. The metal solutions were standardized wherever necessary.
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4.2.2 Apparatus and instrumentation

All the apparatus and instruments used have been described in section 3.2.2 of

Chapter 3. A conductivity meter model Cyberscan 510, provided with a dip-type cell (Kcen =

1.0), was used for conductance measurements.

4.2.3 Synthesis of 2,6-Bis-[l-{N-cycnopropyl,N-(2-methylpridyl)}aminoethyl]pyridine

[L3]

The reaction scheme for the synthesis of the ligand (L3) is shown in Figure 4.1 which

involves two steps.

Step I

2, 6-diacetylpyridine (0.326 g, 2 mmol) was dissolved in 50 mL dried methanol at

room temperature under nitrogen atmosphere. 2-aminomethyl pyridine (0.432 g, 4 mmol) in

methanol was added drop-wise to this solution. The reaction mixture was heated under

refluxing condition for 6 hrs. The yellow solution was then allowed to cool to room

temperature. Solid NaBH4 (0.076 g, 2 mmol) was added slowly and carefully for in situ

reduction keeping the reaction system in an ice bath and was stirred for 1 h. The reaction was

interrupted with the addition of HC1 to the reaction mixture until pH 4 was reached. The

solvent was removed under vacuum and 25 mL water was added to the residue. The reactants

were extracted with CH2C12. The aqueous phase was separated and its pH was adjusted to 10

using Na2C03 Finally the product was extracted with CH2C12. Anhydrous MgS04 was added

to the organic phase. After filtering, the solvent was removed under vacuum. The product

(A), brown solid, was obtained in 60 % yield.Anal. Calc. for C2-H25N5: C, 72.52; H, 7.19; N,

20.15. Found: C, 72.28; H, 7.14; N, 21.06 %. IR(KBr, cm"1) 1244 (s, vc_n), 3213 ( s, vN_H),

'H NMR (CDC13, 5/ppm ): 7.0-7.3 (m, 11H), 2.6 (m, 2H), 1.3 ( d, 6H), 3.8 (m, 2H),

2.2(m, 4H).
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Step 2

10 ml saturated solution of anhydrous K2C03 in anhydrous methanol was added to the

methanolic solution of 347 mg (1 mmol) of Product (A), obtained in step 1. 5 ml (excess

amount) acrylonitrile was added drop by drop to this mixture. The solution was stirred 3 hrs

and then refluxed for 10 hrs. The volume of the reaction mixture was reduced and then it was

kept overnight in refrigerator. The compound 2,6-Bis-[l-{N-cycnopropyl,N-(2-

methylpridyl)}aminoethyl]pyridine [L3] separated as white precipitate which was filtered and

washed with cold methanol. The white product was dried in vacuum.

Yield: 48 %. Anal. Calc. for C27H3,N7: C, 71.52; H, 6.84; N, 21.63. Found: C, 71.60;

H, 6.92; N, 21.48 %. IR(KBr, cm"1) 2248 (s, v-c.N), *H NMR (CDCl3;o7ppm ): 7.2- 7.6 (m,

11H), 1.3 (d, 6H), 3.8 (m, 2H), 2.1 (m, 4H), 2.5 (m, 4HCH2-cn), 2.8 (m, 4H.ch2-n).

4.2.4 Preparation of coated graphite electrodes

The membrane ingredients (ionophore, anion additives, PVC and plasticizers) were

dissolved in 5 mL of tetrahydrofliran and the solvent was evaporated to obtain a concentrated

mixture. Spectroscopic grade graphite electrodes of 5 mm diameter and 15 mm long were

polished and a copper wire was glued to one end of the electrode. The other end of the

electrode was then dipped into the concentrated membrane solution and left overnight. The

solventevaporated off and a thin PVC film formed on the graphite electrode surface. Various

compositions of membrane solutions were tried and preliminary investigations revealed that

the membrane composition having 8 mg of ionophore (L3), 4 mg of NaTPB, 58 mg of NPOE

and 30 mg of PVC was optimum with regard to good performance of the electrode. In order

to make the electrode handy the graphite electrode was then sealed in a glass tube with epoxy

resin, taking care thatthe electrode portion having membrane layer remained exposed.
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4.2.5 Preparation of polymeric membrane electrodes

PVC based membrane electrodes of this ionophore were also fabricated by the same

procedure as reported in section 3.2.4 of Chapter 3. The fabrication of segmented sandwich

membranes were carried out as described in section 3.2.5 of Chapter 3.

4.2.6 Conditioning of electrodes and potential measurements

Prior to potential measurements, all the prepared electrodes were equilibrated to

obtain stable and reproducible potential. The coated graphite electrodes were equilibrated in

1 mM GdCl3 solution for four days before starting the mesurement. For measuring potentials

the coated electrode was dipped into the test solution to which a calomel electrode was also

connected. The potentials of the following cell setup were measured by varying the

concentration of GdCl3 solution in the range 1.0 x 10"9-1.0 xlO"1 M on a Orion 4 star pH

meter at 25 ±0.1 °C.

CGE || Test solution || Hg/Hg2Cl21 KC1 (saturated)

4.2.7 Determination of formation constant

The ion-ionophore binding mode inthe form of formation constants was calculated by

Sandwich membrane method following the same procedure as described in section 3.2.7 of

Chapter 3.

4.3 Results and Discussion

4.3.1 Preliminary complexation study

The complexation of the pendant (L3) with a number of cations was investigated

conductometrically in an acetonitrile solution, at 25 ± 0.05 °C, in order to obtain a clue about

the stability and selectivity of the resulting complexes and there stoichiometry. In this
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experiment, 25 mL of l.OxlO"4 mol L"1 cation solution was titrated against a l.OxlO"2 mol L"1

ionophore solution in acetonitrile. The conductance of the solution was measured after each

addition of ionophore until the titration plot (Figure 4.2) showed a sharp breakand further, no

significant change was observed in conductance of the solution. It can be seen from the

Figure that the breaks in the titration plot indicate 1:1 stoichiometry of metal-ligand

complexes. The complexation of gadolinium with ionophore is shown in Figure 4.3.

4.3.2 Evaluation of formation constants

The values of formation constants (Table 4.1), for ion-ionophore complexes, obtained

by sandwich membrane method indicate that the value of formation constant is highest

(logftau =6.68) for the complex ofGd3+ with ligand whereas lower values (logP^ =4.92-

0.39) were obtained in case of other metal ions. It can be concluded from these results that

the ligand forms most stable complex with gadolinium and complexes ofcomparatively poor

stability with other metal ions. Because of its high affinity towards Gd3+ ion, we thought it

desirable to explore this ligand as a potential ionophore in the preparation Gd3+ ion selective

electrode.

4.3.3 Optimization of membrane composition

Various studies have shown that the composition of membrane affects the

performance characteristics significantly [34, 35]. Thus the performance of the present

electrode was evaluated for different compositions toobtain the one showing best results with

regard to all potentiometric characteristics.

The influence of the ionophore concentration on the potential response was first

looked into PVC membranes by varying ionophore concentration up to 10 % (w/w) amount.

The potentials of these PVC coated electrodes were determined as a function of Gd3+ ion

concentration in the range l.OxlO"9 - l.OxlO"1 M and their performance characteristics are
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specified in Table 4.2. It is evident from the results that the electrode (CGE-1) with

8 % (w/w) ionophore exhibits linear working concentration range (9.7X105 - l.OxlO"2

mol L"1) and non-Nernstian slope (12.8 mV decade"1 of aG/+). However, when the ionophore

concentration was increased further up to 10 % (w/w), the performance of the electrode were

not improved but started deteriorating showing some decrease in slope which may be due to

some non-homogeneity and possible saturation of ionophore in the membrane. Further, the

blank electrode (CGE-10) in Table 4.2, having zero ionophore concentration, does not

perform well in view of narrow working concentration range (8.5x 10"4 - 1.Ox 10"2 mol L"1),

small slope (8.5 mV decade"1 of aad +) and high detection limit (2.8x10"4 mol L"1). Thus

ionophore contributes to the generation of potentials and in all further studies ionophore

amount in the membrane was kept at 8 % (w/w).

It is well established that the plasticizer improves the performance characteristics of

membrane sensors as they change the polarity of the membrane phase [36]. Therefore, further

it was attempted to improve the performance characteristics of the electrode by adding

different plasticizers such as DOP, DBP, BA, o-NPOE, and DOS. The potential response of

the membrane coated graphite electrodes prepared by adding these plasticizers and 8 % (w/w)

ionophore is shown in Figure 4.4 and the performance characteristics from these plots are

summarized in Table 4.2. It can be seen that the electrode (CGE-1) containing 8 % ionophore

and no plasticizer responds only over a short working concentration range with non-Nernstian

slope; whereas the addition of all plasticizers increases the slope and broadens the working

range (CGE-2 to 6). The results indicate that, of the four plasticizers studied, o-NPOE

plasticizer improves the performance to maximum extent. The optimum amount of this

plasticizer was found to be 58 %(w/w) and CGE-6 responded to Gd3+ over a wider working

concentration range (3.4xl0"6 - l.OxlO"2 mol L"1) with the increased slope (16.9 mV decade"1
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of aGd+). In case of other plasticizers, the performance characteristics of the electrodes

(CGE-2 to 5) were inferior to that containing o-NPOE. This appear due to optimum polarity

imparted by o-NPOE to the membrane and also a result of differences in the electrode

mechanism [37] as well as good extraction ofGd3+ ions with o-NPOE.

The improvement in the performance of this sensor was further attempted by

employing different anion additives in the membrane composition as impart perm-selectivity

to the electrode by eliminating the anion interference in neutral carrier based cation selective

electrodes [38, 39]. The potential response of the electrode was greatly enhanced in the

presence of lipophilic additive NaTPB but there was no significant improvement in the

performance characteristics of the coated membrane electrode when OA and KTpClPB were

used. Previous studies have shown that there is an optimal concentration of lipophilic anion

additive in the membrane phase that gives the best electrode performance. Our studies have

revealed that electrode no. 9 having 4 % (w/w) NaTPB is the best of all electrodes studied in

this investigation as it responds over the widest working concentration range compared to

others and shows Nernstian behaviour.

4.3.4 Potentiometric response characteristics of the proposed electrode

Thus the results obtained from the optimization of the amount of membrane

ingredients have shown that the best performance was shown by the coated graphite electrode

no. 9 having composition of its ingredients in the ratio L3:NaTPB:PVC:NPOE as 8:4:30:58

(%, w/w). The calibration graph of this sensor is given in Figure 4.5 which shows that this

electrode gives a linear response to the activity of Gd3+ over the widest working

concentration range of2.8 x 10"7 - 5.0 x 10"2 mol L"1 with a Nernstian slope of 19.6 ± 0.3 mV

decade"1 of aG&+. The limit of detection, as determined from the intersection of the two linear

segments ofthe calibration graph, was 6.3 x 10"8mol L"1. The S.D. of five replicate potential
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3+ : *„„*:„„ :„ *u e i rv.ir>-9* measurements for a series of solutions having Gd ion concentration in the range of l.OxlO

- 1.0 x 10"1 mol L"1 was ± 0.4 mV.

4.3.5 Potential - pH profile of the electrode

The influence ofpH on the potential response of the electrode at l.OxlO"4 mol L"1 and

l.OxlO"3 mol L"1 GdCl3 solutions over a pH range of 1.0 to 10.0 was studied and the results

were shown in Figure 4.6. The operational pH range was studied by varying the pH of the test

solution with 0.1 M HN03/NaOH. It was observed from the pH-potential curve that the

potential does not change with pH in the range of 2.0 to 8.0 for the GdCl3 solutions studied.

At pH less than 2, the change in potentials may be due to protonation of ionophore whereas

above pH 8 the potential drift may appear due to hydrolysis of gadolinium salt [41].

•+ 4.3.6 Potentiometric selectivity of the electrode

The most important characteristic of any ion-sensitive electrode system is its response

to the primary ion in the presence of other ions present in the solution, which is expressed in

terms of the potentiometric selectivity coefficients. The experimental selectivity coefficients

depend on the activity and the method of their determination. In the present study the

potentiometric selectivity coefficients (KPolB) of the proposed coated graphite electrode

(CGE-9) toward different cations (Mn+) were evaluated by using Fixed interference method

(FIM) as well as the Matched potentialmethod (MPM) as described in Chapter2.

In FIM, the selectivity coefficients were evaluated using equation (10) given in

Chapter 2. The calibration plot obtained from potential measurement on solutions containing

a fixed concentration of interfering ion (1.0 x 10'2 mol L"1) and varying the concentration of

Gd3+ ions solutions in the range of 1.0 x 10"9 to 1.0 x 10"' mol L*\ was used to determine the

activity ofthe primary (Gd3+) ion.
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However, in MPM, the selectivity coefficients were determined by measuring the

change in potential upon increasing the primary ion activity from an initial value of aa to a'a

and flB represents the activity of interfering ion added to the reference solution of primary ion

of activity (aA) which also generates the same potential change. In the present study, aA and

a'a were 1.0 x 10"3 mol L"1 and 5.0 x 10"3 MGd3+ and aB was experimentally determined at

pH 6.0. The selectivity coefficients were obtained by putting all the values in equation (13)

given in Chapter 2. The values of selectivity coefficient determined by these methods are

compiled in Table 4.3. It is seen from the Table 4.3 that the selectivity coefficients

determined by both these methods are of the order of 10"3 or lower which indicates that the

electrode is highly selective to Gd3+ ion over many alkali, alkaline earth, transition and rare

earth elements.

It is further concluded from the values listed in Tables 4.1 and 4.3 that there is an

adverse relationship between formation constants and selectivity coefficients. The

comparison between these values reflects that the selectivity coefficients are smaller for those

metalswhich form weaker complexes in comparisonto gadolinium.

4.3.7 Response time of the proposed coated graphite electrode

Response time is an important factor for an ion sensitive electrode which determines

its utility in a measurement. Thorough evaluation of the response time is essential to forecast

the chances of success of novel ISEs. In our study, we used the dipping method [42] to

determine the response time of the CGE-9 and the average response time required for the

Gd electrode to reach a potential of final equilibrium value after successive immersion of

CGE-9 in GdCl3 solutions, ranging from 1.0 xlO-2 Mto l.OxlO"6 M, each having a ten fold

difference in concentration was measured. The potential measurement sequence was from the
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lower (l.OxlO-6 M) to the higher (1.0 xlO 2M) concentration and the standard deviation of

10 replicate measurements was ± 0.72 mV. In Figure 4.7, actual potential versus time plot is

traced which shows that the response time of the electrode to give a stable potential over the

entire concentration range is approximately 12 s.

4.3.8 Determination of lifetime of the proposed electrode

The major factor limiting the lifetime of the ion selective membrane in potentiometric

measurements is the loss of components into the contacting aqueous solutions. For

continuous monitoring with membranes electrodes, especially ionophore must be sufficiently

lipophilic to ensure a long and stable response of the ion-selective electrode [43]. The

lifetime of the electrode was studied over a 4 months period. During this period, the electrode

was daily used for extended period (2 h per day), and the performance characteristics of the

electrode, working concentration range, slopes and detection limit, were measured from the

potentiometric calibration plots. After two and half month, a little changes were observed in

the slope (from 19.6 to 19.1 mV decade"1 of aGcj3+) and detection limit (from 6.3 x 10"8to

7.2 x 10"7 M, respectively) and the results of this study are shown in Table 4.4. The

reproducibility of the Gd3+ electrode (CGE-9) was also investigated. The standard deviations

of 10 replicate measurements at 1.0 x 10"3 and 1.0 x 10"4 mol L"1 were ± 0.3 and ±0.4

respectively. The life time study reveals that the proposed electrode can be successfully used

for 2.5 months for the monitoring ofGd3+ in solution.

4.3.9 Comparison of polymeric membrane electrode and coated graphite electrode

Polymeric membrane electrode (PME) was also prepared having the similar

membrane composition as that of the coated graphite electrode (CGE). The performance
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characteristics of this electrodes were also investigated as Gd3+-selective electrode and the

studies showed that PME exhibit the linear working concentration range (9.5xl0-7 to

l.OxlO-2 mol L-1) with Nernstian slope (19.5 ± 0.3 mV decade-1 of aGd3+) and low detection

limit (4.1x10 mol L ). A comparison data of the performance characteristics of PME and

CGE is given in Table 4.5. The results revealed the superiority of CGE over PME with

respect to higher working concentration range, low detection limit and fast response time.

The improved performance characteristics of the CGE over those of PME presumably

originate from the coated graphite technology, where an internal l.OxlO-1 mol L-1 GdCl3

solution as in case of PME, has been replaced by a copper wire of much higher electrical

conductivity as in case of CGE. The higher limit of detection of PME than CGE may be due

to some leakage of the internal solution into the test solution.

4.3.10 Effect of non-aqueous media on the performance of the electrode

The functioning of the electrode has also been investigated in partially nonaqueous

media using acetonitrile-water, methanol-water and ethanol-water mixtures of different

concentration (10 %, 20 % and 30 %, v/v) and the results obtained from potential response

plots are compiled in Table 4.6. It is observed that in the presence up to 30 % (v/v) ethanol,

the slope as well as working concentration range does not change significantly. However,

drastic changes were observed in case of methanol and acetonitrile. It was found that only

10 % (v/v) amount of these two non-aqueous could be tolerated. Therefore, the electrode is

not suitable for using in methanol-water and acetonitrile-water mixtures above their 10 %

(v/v) concentration as the potentiometric characteristics are significantly affected. This may

be due to greater solubility of the ionophore in methanol and acetonitrile which causes

leaching of ionophore from the membrane phase. However, the electrode can be satisfactorily
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used in ethanol-water mixture containing up to 30 % (v/v) impurity of ethanol in aqueous

solution of Gd3+.

4.3.10 Influence of surfactants on performance of the electrode

Surfactants are widely used in households and in various industries. Thus, they are

present in water samples and might affect the determination of Gd3+ by an ion selective

electrode. Surfactants are surface active molecules and have a tendency to accumulate and

adsorb at any interface. Thus the surfactants present in solution are likely to get concentrated

at the electrode surface and therefore affect the performance of the electrode.

Correspondingly, this would result in a large measuring error or alter the original selectivity

[44,45].

In this study, the effect of ionic (CTAB, SDS) and non-ionic (Triton-X-100, Brij-35)

surfactants on potentiometric characteristics of the Gd3+-selective electrode (CGE-9) was

determined with varying concentrations of these surfactants. The results calculated from the

calibration curve are given in Table 4.7. It was observed that the content of the each

surfactant greater than 1.0 x 10"4 M affected the potential response as well as selectivity of

the electrode. In the presence of these surfactants, the electrode showed remarkable

difference in slope, working concentration range and detection limit from the original values

obtained without any surfactant. The selectivity coefficients were also calculated for some

trivalent ions (Sm3+, Nd3+, La3+, Pr3+, Tm3+, Tb3+, Ce3+) and their values were observed to

decrease; even near to unity in some cases, showing a change in the selectivity behavior of

the electrode.
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4.4 Analytical Application

The selectivity for gadolinium ions exhibited by this electrode (CGE-9) makes it

potentially useful for monitoring the concentration ofGd3+ ion in various real samples.

4.4.1 Potentiometric titration

The electrode was used successfully for the end point determination in the

potentiometric titration of GdCl3 against EDTA solution. A 20 ml of 1.0 x 10"4 mol L"1

solution ofGd3+ was titrated against 1.0 x 10"3 mol L"1 EDTA solution at pH 5.0. The titration

plot obtained (Figure 4.8) is of sigmoid shape which supports the results that the electrode is

selective to Gd3+ ion and the inflexion point corresponds to 1:1 stoichiometry ofGd3+- EDTA

complex. Therefore, this electrode can be used as an indicator electrode for the

potentiometric determination of Gd3+ ion.

4.4.2 Determination of gadolinium in water samples

The electrode was also successfully applied to determine gadolinium directly in the

water samples taken from river Yamuna, Delhi and waste water from Bhaba Atomic Research

Centre (BARC) Mumbai, India. The water samples were acidified with 0.1 M HN03 to adjust

pH at 6. The results obtained from the triplicate measurements are in close agreement with

those determined by ICP-MS and are summarized in Table 4.8.

4.4.3. Determination of gadolinium in rock samples

Three rock samples of Dolerite DNC-1, Granite G-2 and Marine Mud MAG-1 were

collected from North Eastern Hills and Tamilnadu region in India. The sample material (2 g)

was stirred overnight with 5 mL concentrated HF. Then a mixture of 3 mL hydrochloric acid

and 2 mL nitric acid were added and the sample was heated in a Teflon beaker at 140°C for 6
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hrs. The sample was then diluted to 50 mL. The digested samples were diluted 20 times

before measurement and the pH was adjusted at 6. The results of the ISE measurements were

compared with those obtained by ICP-MS and are summarized in Table 4.8. The results

showed a good agreement between the two analytical techniques. Thus the electrode can be

used successfully to determine Gd3+ion concentration in real samples.

4.5 Conclusion

Of the various coated graphite electrodes prepared with different composition of

membrane ingredients, it was found that the electrode no. 9 having membrane composition of

its ingredients in the ratio L3:NaTPB:PVC:NPOE as 8:4:30:58 (%, w/w) performed best with

regard to all the performance characteristics. This electrode exhibits Nernstian response to

Gd3+ ion over a wide concentration range (2.8 x 10"7- 5.0 x 10"2mol L"1) with slope 19.6 mV

decade"1 of aG/+ and works well over a pH range of 2 to 8. The proposed electrode shows a

fast response time (12 s) and can be used up to two and half months without significant

divergence in its characteristics. The electrode shows excellent selectivity for gadolinium

over several alkali, alkaline and heavy metal ions. It can tolerate l.OxlO"4 Mconcentration of

surfactants and also performs satisfactorily in partially non-aqueous solutions with 30 % (v/v)

ethanol and 10 % (v/v) methanol and acetonitrile impurities. The electrode could be used

successfully as an indicator electrode in the potentiometric titration against EDTA. The

selectivity of the electrode permitted its use in the determination of Gd3+ ion in water and

rock samples. It can be seen from the comparison Table 4.9 that the proposed electrode is

superior to the reported Gd3+ sensors as it responds over a wide working concentration range,

shows better selectivity and lower detection limit. Therefore, this electrode is a useful

addition to the family of Gd3+ ion selective sensors.
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Tables

Table 4.1: Formation constants of ion-ionophore complexes of L3 with different metal ions

Cations

JT-
Gd

Sm
31

Nd3
3+

La

Ce

Pr3+

3-1

3+
Tm

Tb

Cu;

si

21

Formation constant

(logftLn)±SD

6.68 ± 0.3

4.92 ± 0.4

4.65 ± 0.2

3.58 ±0.5

2.27 ±0.4

2.65 ± 0.3

2.18 ±0.5

2.57 ±0.2

2.16±1.2

Cations

Ti~
Zn

Cd
2i

Co2+

Ni2+

Ca2+

Ag+

Na+

K+

2'Sr

Formation constant

(logftu)±SD

1.55 ±0.6

1.33 ±0.4

0.86 ± 0.8

0.67 ±0.4

0.39 ±1.2

0.54 ± 0.8

1.78 ±0.5

2.18±0.8

1.35 ±0.5

Table 4.2: Optimization of membrane ingredients and their performance characteristics as

Gd3+ ion selective electrode

CGE Working Slope Detection

No. Membrane composition (%, w/w) concentration range

(mol L'1)
(mV

decade"1 of

limit

(mol L"1)

Ionoph ore Additive Plasticizer PVC aa/+)
1 8 - - 92 9.7 x 10"5- 1.0 x 10"2 12.8 7.8 x lO0

2 8 - 58, DOS 30 8.7 x 10"5-1.0x 10"2 13.2 5.9 x 10-5

3 8 - 58, BA 30 8.2 x 10"6-1.0x 10"2 14.5 6.3 x 10"6

4 8 - 58, DOP 30 7.9 x 10"6-1.0 x 10"2 15.7 4.5 x 10"6

5 8 - 58, DBP 30 6.5 x 10_6-1.0x 10"2 16.1 3.8 x 10"6

6 8 - 58, NPOE 34 3.4 x 10"6-1.0x 10"2 16.9 2.2 x 10"6

7 8 4,KTpClPB 58, NPOE 30 9.5 x lO^-l.Ox 10"2 16.8 4.0 x 10-6

8 8 10, OA 52, NPOE 30 6.2 x 10'5-1.0x 10"2 15.4 5.4 x 10"5

9 8 4, NaTPB 58, NPOE 30 2.8 x 10"7-5.0 x 10-2 19.6 6.3 x 10'8

10 - 4, NaTPB 58, NPOE 38 8.5 x lO^-l.Ox 10"2 8.5 2.8 x 10"4

11 6 4, NaTPB 58, NPOE 32 5.0 x 10"6-1.0x 102 17.3 3.2 x 10"6

12 7 4, NaTPB 58, NPOE 31 5.2 x lO^-l.Ox 10"2 17.8 3.9 x 10"6

13 9 4, NaTPB 58, NPOE 29 9.8 x 10_7-5.0x 10"2 18.6 2.4 x 10'7

14 10 4, NaTPB 58, NPOE 28 3.4 x 10"6-1.0x 10"2 18.1 2.0 x 10"6
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Table 4.3: Potentiometric selectivity coefficients values for Gd -selective electrode

Interfering ion (B)

T+-
Sm

Nd3
3+

La

Ce3+

Pr3+

Tm3+

Tb3+

Cu2+

Zn2+

Cd2+

Co2+

Ni
2+

Ca2+

Ag+
Na+

K+
2+

Sr

Selectivity coefficient (K '̂,+ )
FIM

8.9 x 10"3

5.9 xlO"3

6.1 x 10"4

6.4 xlO"4

3.8 x 10"4

8.6 x 10-4

9.1 x 10"4

4.2 x 10-4

7.8 x 10"5

7.5 xlO-5

8.9 x 10"5

4.5 x 10"5

5.4 x 10"5

2.8 x 10"4

9.2 x 10-5

9.5 x 10'5
8.0 x 105

MPM

7.2 x 10"3

4.5 x 10"3

8.9 x 10"4

4.8 x 10"4

2.6 xlO"4

6.2 x 10"4

7.5 x 10"4

2.9 x 10-4

5.5 x 10"5

4.9 x 10"5

6.5 x 10"5

2.7 x 10"5

3.4 x 10"5

1.3 x 10"5

6.7 x 10"5

3.8 xlO"5
7.3 x lO'5

Table 4.4: Lifetime study ofthe proposed Gd3+-selective coated graphite electrode

Time

Slope

(mV decade"1 of

«od3+)

Detection limit

(mol I/1)

Working concentration range

(mol L"1)

7 days 19.6 ±0.1 6.3 x 10"8 2.8 x 10"7-5.0x 10"2

15 days 19.5 ±0.3 6.3 x 10"8 2.8 x 10"7-5.0x 10"2

1 month 19.3 ±0.4 6.8 xlO-8 3.0 x 10"7-5.0x 10"2

1.5 months 19.3 ±0.2 7.2 x 10-8 4.4 x 10_7-5.0x 10"2

2 months 19.3 ±0.3 7.6 x 10"8 5.1 x 10"7-5.0x 10"2

2.5 months 19.1 ±0.4 7.2 x 10"8 6.5 x 10"7-5.0x 10"2

3 months 18.8 ±0.5 9.8 x 10"7 3.9 x 10"6-5.0x 10"2

3.5 months 17.9±0.1 2.5 x 10"6 4.7 x 10"6- 1.0 x 10"2

4 months 16.2 ±0.3 1.4 xlO-6 6.4 x 10-6- 1.0 x 10-2
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Table 4.5: Potentiometric characteristics of polymeric membrane electrode and coated

graphite electrode

Potentiometric Characteristics

Membrane Composition

Equilibration time

Working

concentration range (mol L"1)
Detection limit(mol L"1

Slope (mV decade"1 of aoj3+
Response time (s)

Lifetime

pH range

PME

L3:NaTPB:PVC:NPOE as

8:4:30:58 (%, w/w)

2daysin0.1MGdCl3

9.5 x 10"7-1.0x 10"2

4.1 x io"7

19.5

26

1.5 months

2.5-8.0

CGE

L3:NaTPB:PVC:NPOE as

8:4:30:58 (%, w/w)

4 days in 1 mM GdCl3

2.8 x 10"7-5.0x 10"2

6.3 x 10s

19.6

12

2.5 months

2.0-8.0

Table 4.6: The effect of partially non-aqueous media on the performance of Gd electrode

Non-aqueous content Working concentration range

(%,v/v) (mol L"1)

0

Methanol

10

20

30

Ethanol

10

20

30

Acetonitrile

10

20

30

2.8 x 10"' — 5.0 x 10*

9.6 x 10"7 — 5.0 x IO"2

4.5 x 10"6-
7.9 x 10"6-

1.0 x 10*

1.0 x 10":

4.2 x io7 — 5.0 x 10"2
4.5 x IO"7

6.3 x IO"7

5.0 x 10-

1.0 x io-

7.0 x IO"7 — 5.0 x 10-
4.2 x 10"

5.5 x 10""
1.0 x 10"'

1.0 x io-
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Slope

(mV decade"1 ofaG/+)

19.6

18.9

17.1

16.5

19.3

19.3

19.0

19.1

17.8

16.8



Table 4.7: Effect of different surfactants on the performance of Gd -selective electrode

Interfering ions log (Selectivity Coefficients)

Without With With With>10"4M With>10"4M
surfactant >10"4MCTAB >10J,MSDS Triton X-100 Brij-35

Sm3+ 2.1 1.2 1.8 0.8 1.3

Nd3+ 2.3 1.1 1.5 1.7 1.9

La3+ 3.0 1.6 2.1 1.2 1.4

Ce3+ 3.3 1.3 2.3 2.0 2.1

Pr3+ 3.6 1.8 2.1 2.5 1.8

Tm3+ 3.2 1.4 1.7 1.9 1.4

Tb3+ 3.1 2.2 2.8 2.0 2.3

Slope

(mV decade"1 of 19.6 17.8 20.9 18.3 22.5

OGd )
Detection Limit

(mol L"1) 6.3 x IO"8 1.9 xlO"6 5.4 x IO"6 2.4 x IO"6 8.8x IO"6

Working 2.8 x 10"7- 4.3 x 10"6- 8.0 x 10"6- 7.0 x 10"6- 1.3 x 10"5-
concentration range 5.0 xlO"2 1.0 x IO"2 1.0 xlO"2 1.0 xlO"2 1.0 xlO"2

(mol L"1)

Table 4.8: Potentiometric determination of Gd f ion in different waterand rocksamples

Sample ISE (ugL"1) ICP-MS (ugL"1)

Water Samples

(i) River water

(ii) Wastewater

Rock Samples

(i) Dolerite DNC-1

(ii) Granite G-2

(iii) Marine Mud MAG-1

0.213 ±0.05

0.681 ±0.02

1.8 ±0.01

2.2 ± 0.03

3.5 ± 0.02
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0.225 ± 0.02

0.627 ± 0.03

1.82 ±0.04

2.06 ± 0.50

3.23 ± 0.02
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Table 4.9: Comparisonof the proposed Gd3+-selective coated graphite electrode with the

reported electrodes

Ref. No.

Detection

limit

(mol L"1)
Selectivity coefficients

Working
concentration

range

(mol L"1)

pH range

Slope

(mV decade"1

ofaG/+)

This

work

6.3 x IO"8 Sm3+(2.1), Nd3+(2.3), La3+(3.0), Ce3+(3.3),
Pr3+(3.6), Yb3+(3.2), Tb3+(3.1),K+(4.2)

2.8 x 10"7-
5.0 x IO"2

2.0 - 8.0 19.6 ±0.3

27 5.0 x IO"6 Ce3+(1.6), La3+(2.5), Sm3+(2.3), Yb3+(2.6)
Cd2+(1.5), K+(2.0), Ag+(2.6), Cu2+(1.9)

1.0 x 10"5-
1.0 x 10"'

4.0-10.0 19.3 ±0.3

28 3.0 x IO"6 Ce3+(2.5), La3+(2.4), Sm3+(2.2), Yb3+(2.3)
Cu2+(2.3), Tb3+(1.4), Ag+(2.6), Cu2+(1.9)

1.0 x 10"5-
1.0 x 10"'

4.0 - 8.0 19.8 ±0.3

29 7.0 x IO"7 Ce3+(1.1), La3+(2.2), Sm3+(2.0), Yb3+(2.4)
Cd2+(2.5), K+(2.8), Ag+(2.1), Cu2+(2.9)

1.0 x 10"6-
1.0 x 10"'

3.5-8.0 19.4 ±0.4

31 5.8 x IO"7 Ce3+(2.6), La3+(2.1), Sm3+(1.3), Yb3+(1.6)
Cd2+(1.2), K+(2.3), Ag+(2.2), Cu2+(3.9)

1.0 x 10"6-
1.0 x IO"2

3.2-8.7 19.8 ±0.2

30 3.0 x IO"7 Ce3+(1.8), La3+(1.5), Sm3+(2.6), Yb3+(2.7)
Cd2+(3.5), K+(3.0), Ag+(2.8), Cu2+(2.2)

3.0 x 10"7-
1.0 x 10"'

4.0-9.0 19.95 ±0.3
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NH,

(i) MeOH

(ii) NaBH4

*- ^.NH
(i) K2COj

(») N*—- 1

(A) (L3)

Figure 4.1: Reaction scheme for the synthesis of 2,6-Bis-[l-{Ar-cyanopropyl,

Ar-(2-methyIpridyl)}aminoethyl]pyridine [L3]
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5.1 Introduction

Metals are used both for domestic and industrial purposes. As a result they occur in

environment and causeharmful effects on human and animal health. Therefore, the detection

of metal ions is important from biological, environmental and industrial point of view. Thus,

it is desirable to develop analytical approaches which could allow the quantification of these

ions. Nowadays apart from transition elements, rare earth elements (REEs) are also

industrially important and have posed significant challenge to the environmentalists as they

are enough toxic. In recent years, the monitoring and evaluation of REEs in some biological

materials has received increasing attention, from both nutritional and toxicological point of

view [1-5]. Similar to other rare earths, neodymium is moderately toxic and irritating to eyes

and long term exposure to neodymium may cause lung embolisms and cell membrane

damage which has negative influence on reproduction and function of the nervous system

[6, 7]. Neodymium is widely used in the preparation of colour televisions, fluorescent and

energy saving lamps, modern vehicles components, data storing devices, loudspeakers and in

petrol-producing industries. The widespread use of neodymium results in its occurrence in

many environmental samples where its estimation is de needed. A number of instrumental

techniques [8-18] are commonly used for low-level determination of rare-earth ions in

solution.

Nowadays, there has been much focus on the construction of ion selective electrodes

that function on the basis of chemical recognition principle becausethey can help to translate

the chemistry of new substrate-binding systems into tools that can be used to recognize

selectively various target species in the presence of potentially interfering analytes.

Therefore efforts have been made from time to time to develop good ISEs of higher

sensitivity and selectivity.
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The recognition elements which can be utilized as suitable carriers for construction of

membrane sensors have characteristics of suitable size and specific metal ligand interaction.

The quest for ligands that might offer new opportunities for applications or provide insight

into fundamental chemical processes is always of interest. Electrically neutral lipophilic

ligands containing a certain number of binding sites of high solvating ability can behave as

ionophore to prepare ion-selective membrane to detect different cations. The membranes of

neutral ionophores have been successfully used as ISEs for many metals [19-30]. However

their potential in the determination of rare earths has not been fully realized due to non

availability of suitable ionophores. Therefore, advances have been made in the design of

molecular hosts capable of selectively binding ionic guests and consequently have given rise

to a plethora of imaginative and ingenious molecular receptors.

In recent times, macrocyclic chemistry has undergone significant expansion which

has resulted in designing macrocyclic ligands with interesting and selective coordination

properties, thus opening up the possibilities of preparing good ionophores for rare earths.

Many intensive studies on the synthesis of highly selective ionophores as sensory molecules

for ion-selective electrodes have been reported and much interest has been focused on

macrocyclic compounds [31]. The design and function of synthesized macrocyclic carrier for

cationic selective membrane sensors are usually based on the structure and size of ion

carrier, the stability and its ability to extract the target ion into the membrane phase.

Macrocyclic compounds could be easily functionalized with additional chelating moieties to

enhance their selectivity and with branched alkyl chains to increase ionophore lipophilicity

and to avoid crystallization in the membrane [32]. Also the introduction of functionalized

pendant coordinating arms into the macrocyclic framework can lead to important changes in

the complexation capability of the ligands providing: additional coordinating functions,
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enhancing the metal ion selectivity and the stability of metal complexes or promoting the

formation of supramolecular structures with different properties and applications [33 - 40].

Synthetic macrocycles are a growing class of compounds with varying chemistry, a

wide range of different molecular topologies and sets of donor atoms. The literature shows

that macrocyclic compounds containing varying combination of nitrogen (N), oxygen (O)

and sulfur (S) as donor sites tend to form stable complexes with lanthanides [41]. In this

study, we have synthesized two novel pendant macrocyclic ligands (L4 and L5) and explored

them as potential ionophores for preparing Nd3+ selective sensors. The subsequent discussion

reveals that there are only limited reports in the preparation of neodymium ISEs.

Nd3+ ion-selective electrodes

A PVC-based sensor for Nd3+ ions based on chelating inorganic ion-exchange resin

tetracycline-sorbed zirconium (IV) tungstophosphate as an electroactive material was

prepared by Aggarwal et al. [42] this sensorexhibitedthe linear working concentration range

(1.0 x 10"1 - 5.0 x io5 mol L"1) with detection limit as 1.0 x 10"5 mol L"1. The proposed

membrane sensor exhibited good selectivity over other metal ions and used in the

determination of Nd3+ in Sibaiya phosphate ore. Shamsipur et al. [43] carried out

spectrofluorometric complexation of 5-pyridino-2,8-dithia[9](2,9)-l,10-phenanthroline-

phane towards various REEs and found the stability of metal complexes in the order ofNd3+

> Yb > Gd > Sm > La . Further they used this neutral ionophore for the preparation of

polymeric Nd3+ selective electrode which exhibited Nernstian response over a wide

concentration range (1.0xl0"6-1.0xl0"2 mol L"1) with a low limit of detection

1.0x10" mol L" . This electrode showed a fast response time of approximately 5 s and could

be used in the extraction ofNd3+ ions from tap water samples.
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Ganjali et al. [44] reported aNd3+-selective polymeric membrane sensors based On 2-

{[(6-aminopyridin-2-yl)imino]methyl}phenol. The sensor showed a Nernstian slope of 19.6

± 0.3 mV decade"1 over the concentration range of l.OxlO"5 - l.OxlO"2 mol L"1 and a

detection limit of 2.0x10"6 mol L"1 of Nd3+ ions. This sensor showed advantages of low

resistance, fast response time, good selectivity and the potentials were independent of pH in

the range 3.5 to 8.5. Norouzi et al. [45] used N-(2-furylmethylene) pyridine-2,6-diamine as

an excellent ionophore in the construction ofNd3+-selective polymeric membrane electrode.

The sensor response was Nernstian (slope of 19.6 ± 0.3 mV per decade ofaN/+) over a wide

concentration range (l.OxlO"5 - l.OxlO"2 mol L"1) with a detection limit of 7.0xl0"6 mol L"1.

The sensor responds sharply within 15 s and showed a considerable lifetime of six weeks in

the pH range of 4.0 - 8.0. Behmadi et al. [46] reported Nd3+-selective PVC membrane

electrode containing benzyl-bisthiosemicarbazone as a suitable ion carrier. This electrode

exhibited Nernstian response for the Nd3+ ions over a wide concentration range, l.OxlO"2 -

l.OxlO"6 mol L"1, with a detection limit of6.2xl0"7 mol L"1 in the pH range of3.7 - 8.3. The

electrode revealed high selectivity, fast response time (10 s), considerable lifetime (6 weeks)

and could be used for the determination of neodymium in soil and sediment samples.

Chandra et al. [47] developed a polymeric membrane Nd3+-selective electrode using 11,13-

Diaza-4,7,12-trioxo-2(3),8(9)-dibenzoyl-cyclotetridecane-l,ll-diene (DATODBCT) as an

excellent ionophore. The electrode showed Nernstian response (slope of 19.4 ± 0.3 mV per

decade ofaNd3+) intheconcentration range l.OxlO"8 to l.OxlO"1 mol L"1 with a detection limit

of 8.0x10"7 mol L"1 in the pH range of 3.0 - 7.0. Gupta et al. [48] used two neutral

Ionophores N, 7V'-bis((lH-pyrrol-2-yl)methylene)cyclohexane-l, 2-diamine and 3, 3'-(cyclo-

hexane-1, 2-diylbis(azan-1 -yl-1-ylidene)bis(methan-1 -yl-1-ylidene)-bis(5-hydroxymethyl)-

pyridine-2-ol) for the construction of Nd3+-selective electrodes. The electrode exhibited
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significantly enhanced selectivity towards Nd3+ in the concentration range 5.0x1 (T7 to

l.OxlO"2 mol L"1 with a detection limit of l.OxlO"7 mol L"1 and a Nernstian compliance

(19.8 ±0.3 mV decade"1 ofactivity). /?-toluenesuifonyl-serine-neodymium(III) complex was

used by Liu et al. [49] as an electroactive material to prepare a Nd3+-selective PVC

membrane electrode which had good Nernstian response to neodymium ion in the

concentration range of 1.0 x IO"6 - 1.0 x io2 mol L"1. The slope ofcalibration curve was

19.3 mV decade"1 ofaNd3+ with the detection limit 6.31xl0"7 mol L"1 and it could be used in

the determination of neodymium in simulated samples. Kumar et al. [50] prepared Nd3+-

selective electrodes by using Sn(IV) antimonotungstate (SnSbW) and Zr(IV)

antimonotungstate (ZrSbW) as electroactive materials and epoxy resin as a binder. The

electrode based on SnSbW shows potential response to Nd3+ in the concentration range of

l.OxlO"4 to l.OxlO"1 mol L"1 with asuper-Nernstian slope of 40.0 mV decade"1 of aNd3+ and

the potentials remained stable in the pH range 3.0-9.0 whereas the electrode based on ZrSbW

worked in the concentration range of l.OxlO"5 to 1.0x10"' mol L"1 with a near-Nernstian

slope (25.0 mV decade"1 of aNd3+) and the potentials were independent of pH in the range

2.9-9.9. Menon et al. [51] reported Nd3+-selective PVC membrane electrode containing

azocalix[4]arene as a suitable ionophore. The electrode exhibited Nernstian response for

Nd3+ with slope of 19.8 ±0.2 mV decade"1 over awide linear range of 4.0x10"8 to 1.0x10"'

mol L"1 and low detection limit l.OxlO"8 mol L"1. Having advantages of fast response time

(10 s), long shelf life (four months) and wide pH range 4.0 to 8.0, this electrode was

employed for the detection of neodymium ions in industrial waste water as well as in lake

water. Zamani et al. [52] used A^Ar'-bis(quinoline-2-carboxamido)-4,5-dimethylbenzene as

an ionophore for fabricating Nd3+-selective sensor which exhibited Nernstian response to

Nd3+ ions in the concentration range of 5.0x10"6 to l.OxlO"2 mol L"1 with slope of 19.5±0.4
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mV decade"1 of «Ay3+and detection limit of 4.8x10"6 mol L . The proposed sensor showed

high selectivity, fast response time (10 s) wide pH range (2.9 to 9.2) and could be used for ten

weeks without significant change in its potential response.

Even the reported electrodes show narrow linear working concentration range and

poor detection limit. Therefore a better ion-selective electrode needs to be developed for

neodymium estimation. The results presented in this chapter show that attempts to prepare

PVC coated graphite electrodes as Nd3+-selective sensors based on two novel ionophores

have been successful.

5.2. Experimental

5.2.1 Reagents

Reagent grade sodium tetraphenylborate (NaTPB), potassium tetrakis /?-(chloro

phenyl)borate (KTpCIPB), dibutylphthalate (DBP), benzyl acetate (BA), dioctylphthalate

(DOP), o-nitrophenyloctylether (o-NPOE), dioctylsebacate (DBS), acetophenone (AP)

tetrahydrofuran (THF), sodium borohydride (NaBHi), sodium hydroxide, potassium

carbonate and high molecular weight poly vinylchloride were purchased from E. Merck

(Germany) and used as received. 2, 6-diaminopyridine, /w-phenylenediamine and

acrylonitrile were procured from Across organics (USA). Triton X-100 from Sigma-Adlrich

(Steinheim, Germany), sodiumdodecylsulphate (SDS) and tetrabutylammonium chloride

(TBC) from Loba Chemie (Mumbai) were reagent grade materials. The metal chlorides were

of analytical grade and used without further purification and their solutions were prepared in

doubly distilled water. The solutions were standardized wherever necessary.
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5.2.2 Apparatus and instrumentation

All the apparatus and instruments used have been described in section 3.2.2 of

Chapter 3. A conductivity meter model Cyberscan 510 was also used for conductance

measurements provided with a dip-type cell (Kcen = 1.0).

5.2.3 Synthesis of Lariat ethers

A detailed synthesis scheme of the two macrocyclic ligands is shown in Figure 5.1.

Dialdehyde [l,2-bis(2-carboxyaldehydephenoxy)ethane] used as the precursor, was

synthesized according to the reported method [53]. Novel lariat ethers were synthesized by

following the previous procedure [54] and characterized as follows.

5.2.3.1 Synthesis of 1,5-di(cyanoethane)-2,4:7,8:13,14-tribenzo-l, 5-diaza-9,12-dioxa

cyclopentadeca-2,7,13-triene(L4)

In a 100 mL round bottom flask equipped with a reflux condenser, 2.70 g (10 mmol)

of 1, 2-bis(2-carboxyaldehydephenoxy)ethane were dissolved in 20 mL of Methanol. 1.08 g

(10 mmol) of m-phenylenediamine in MeOH (20 mL) was added in one portion and the

content was refluxed for 10 h after vigorous stirring for 2 h. After evaporation of the solvent,

yellow product (A) was obtained. Anal, calcd. for [C22H18N202] (%): C, 77.17; H, 5.30; N,

8.18; O, 9.35 Observed (%): C, 78.66; H, 5.43; N, 8.55; O, 7.36. ]H NMR (DMSO, 500

MHz) Oppm: 4.6 (m, -0-CH2, 4H), 7.1-7.6 (m, H-Ar, 12 H), 10.23 (s, -CH=N, 2H),. FT-IR

(KBr, cm"1): 1622 v(-C=N). To the solution of the macrocycle A (0.342 g, 1 mmol) in 10

mL MeOH, solid NaBH4 (0.5 g, 13 mmol) was added slowly, keeping the flask in an ice

bath, and stirred for 1 h. A second addition of NaBHj (0.27 g, 7 mmol) was made and the

resulting solution was stirred at room temperature for 2 h along with the addition of

anhydrous K2CO3 (1 g). 5 mL (excess amount) acrylonitrile was added drop by drop and the
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solution was stirred overnight followed by refluxing for 10 h. After reducing the volume

under vacuum, the solution was kept overnight in refrigerator and a white solid was obtained.

It was then filtered and washed with water followed by cold MeOH. The product (Figure

5.2) was dried in vacuum and finally purified by column chromatography.

Yield: 49 %, mp 147°C. Anal, calcd. for [C2gH28N402] (%): C, 74.31; H, 6.24; N,

12.38; O, 7.07; Observed (%): C, 73.86; H, 6.82; N, 12.45; O, 6.86. *H NMR (DMSO, 500

MHz) dpm: 7.0-7.7 (m, H-Ar, 12H), 4.6 (m, -Ar-CH2-N-, 4H), 2.5 (t, -C-CH2-CN, 4H), 3.6

(t, -N-CH2-C-, 4H), 4.5 (t, O-CH2-, 4H),. FT-IR (KBr, cm"1): 3048 (aromatic C-H str.), 2920

(asymmetric -CH2- str.), 2872 (symmetric -CH2- str.), 2253 (-CN str.).

5.2.3.2 Synthesis of 1,5-di(cyanoethane)-2,3,4-pyridine-7,8:13,14-dibenzo-l,3,5-triaza-9,

12-dioxacyclopentadeca-2,7,13-triene (L5)

2, 6-diaminopyridine (1.09 g, 10 mmol) was added to 20 mL methanolic solution of

dialdehyde (2.70 g, 10 mmol) in one portion and the content was stirred for 2 h followed by

refluxing for 10 h. After cooling, the solvent was evaporated off and the crude dark yellow

product (B) was obtained. Anal, calcd. for [C21H17N3O2] (%): C, 73.45; H, 4.99; N, 12.24; O,

9.32 Observed (%): C, 73.49; H, 5.08; N, 11.73; O, 9.70. ]H NMR (DMSO, 500 MHz) dppm

: 4.2 (m, -0-CH2, 4H), 6.9-7.9 (m, H-Ar, 11 H), 9.5 (s, -CH=N, 2H),. FT-IR (KBr, cm"1):

1628 v(-C=N). To 10 mL methanolic solution of macrocycle (B) (0.343 g, 1 mmol), solid

NaBH4 (0.5 g, 13 mmol) was added slowly with constant stirring and the flask was kept in an

ice bath. A second addition of NaBH4 (0.27 g, 7 mmol) was made and the resulting solution

was stirred at room temperature for 2 h along with the addition of anhydrous K2C03 (1 g).

Acrylonitrile (5 mL) was added drop by drop and then the solution was stirred over night

followed by refluxing for 12 h. It was concentrated under vacuum and kept in refrigerator, a
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brown precipitate was obtained. The product (Figure 5.3) was filtered and washed with water

and cold MeOH. Itwas dried under vacuum and purified by column chromatography.

Yield: 52 %, mp 169°C. Anal, calcd. For [C27H27N5O2] (%): C, 71.50; H, 6.00; N,

15.44; O, 7.06 Observed (%): C, 70.86; H, 6.08; N, 15.23;0, 7.87. !H NMR (DMSO, 500

MHz) Oppm: 6.7-7.2 (m, H-Ar, 11H), 4.5 (s, -Ar-CH2-N-, 4H), 2.7 (t, -C-CH2-CN, 4H), 3.5

(t, -N-CH2-C-, 4H), 4.3 (t, O-CH2-, 4H),. FT-IR (KBr, cm"1): 3042 (aromatic C-H str.), 2924

(asymmetric -CH2- str.), 2863 (symmetric -CH2- str.), 2248 (-CN str.).

5.2.4 Preparation of coated graphite electrodes

The membrane ingredients (ionophore, anion additives, PVC and plasticizers) were

dissolved in 5 mL of tetrahydrofuran and the solvent was partly evaporated to obtain a

concentrated mixture. The viscous solution was then immobilized on the spectroscopic grade

graphite rods of 10 mm length and 5 mm diameter with a fixed copper wire at the top, by

dipping the rod into the solution up to 5 mm depth, withdrawn quickly andholding it upside-

down for a few seconds to allow the THF to dry out. The electrode was sealed into a PVC

tube of about the same diameter with epoxy resin. The process was repeated several times

until a uniform coating formed on the graphite surface and the electrode was allowed to

stabilize overnight. The rod was covered with paraffin film, keeping the exposed area of the

membrane (5 mm) and the contact point exposed.

5.2.5 Preparation of polymeric membrane electrodes

PVC based membrane electrodes of two lariat ethers were fabricated by the same

procedure as reported in section 3.2.4 of Chapter 3. The fabrication of segmented sandwich

membranes were carried out as described in section 3.2.5 of Chapter 3.
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5.2.6 Equilibration of electrodes and potential measurement

The time of contact and concentration of equilibrating solution were optimized in

order to get stable and reproducible potentials at relatively short response time. Each

electrode was pre-conditioned before potentiometric measurements by soaking it in l.OxlO"3

mol L"1 NdCl3 solution for 24 h prior to use. The potentials were measured by varying the

concentration of NdCl3 solution in the range l.OxlO"1 to l.OxlO"9 mol L"1. Standard NdCl3

solutions were obtained by gradual dilution of 0.1 mol L"1 NdCl3 solution. EMF

measurements with the coated graphite electrode were carried out on Century CP 901 digital

pH meter at 25 ± 0.1°C using saturated calomel electrode (SCE) as reference electrode by the

following cell setup:

Coated graphite electrode || Sample solution || Hg/HgCl2 |KC1 (satd.)

Activity coefficients were calculated according to the Debye-Huckel procedure, using the

equation (1) given in section 3.2.6 of Chapter 3.

5.2.7 Determination of formation constant

The formation constants of ion-ionophore complexes within the membrane phase

were calculated by the same procedure as described in section 3.2.7 of Chapter 3.

5.2.8 Aqueous layer test

The formation of aqueous layer between the membrane and the solid contact was

tested as introduced by E. Lindner [55]. The best performing electrodes were modified by

applying self assembled monolayer (SAM) of a redox active compound (4-mercaptobenzoic

acid) on the graphite surface before casting the membrane. These electrodes were

sequentially exposed to concentrated solutions (c = 0.1 mol L"1) of Nd3+ and La3+ ions and

the potentials were recorded as a function of time.
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5.3 Results and Discussion

5.3.1 Preliminary conductometric Study

The complexation of L4 and L5 with a number of cations was investigated

conductometrically in acetonitrile solution, at 25 ± 0.05 °C. For this purpose, 25 mL of

1.0x10 mol L"1 cation solution was titrated against a l.OxlO"2 mol L"1 ionophore solution in

acetonitrile media. The conductance of the solution was measured after each addition of the

ionophore until the titration plot showed a break. The variation of conductance as a function

of ligand to metal ratio is shown in Figures 5.4 and 5.5. It is seen from the figures that the

conductance variation for Tb, Sm, Gd, Dy is minimal indicating that either these metals

cannot form complex with the ligands or forming the complex of weak stability. On the other

hand the conductance titration plots for Nd, Pr, La, show a significant variation in

conductance and giving a sharp break which gives the molar ratio for the interaction of metal

ions with these ligands. From the breaks in the plots, it is clear that the metal-ligand

stoichiometry for these complexes is 1:1.

5.3.2 Evaluation of formation constants

The formation constants of the resulting 1:1 metal-ionophore complexes were then

calculated according to sandwich membrane method. The results, gathered in Table 5.1,

show that the two ligands form most stable complex with Nd3+ having formation constants

8.72 and 9.08 for L4 and L5 respectively. The formation constant values for other metals are

much smaller. The higher stability constant of Nd3+ complexes with L4 and L5 is an

indication that both ligands have high affinity for Nd3+ ions compared to other metals.

Therefore these ligands are potential ionophores for preparing Nd3+ ion selective electrodes.

The subsequent results show that the coated graphite electrodes of L4 and L5 act as

sufficiently selective Nd3+ sensors.
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5.3.3 Optimization of membrane composition

It is well known that the membrane composition of ion selective electrodes

significantly affects their performance [56, 57]. Therefore a number of electrodes having

different composition were prepared and studied. The composition of the membranes was

varied by taking the ingredients in different relative amounts. The potential response of the

coated graphite electrodes containing only ionophores and PVC was first investigated and

the results are summarized in Tables 5.2 and 5.3 respectively. In these studies the

concentration of ionophores was varied in the range 2-8 % (w/w) and found that the

electrodes having ionophore concentration 5 % (w/w) gave the best performance. It is seen

from Tables 5.2 and 5.3 that the electrode no. 1 and 16 respond to Nd3+ ions linearly in the

concentration range 7.1xl0"6-5.0xl0"2 and 3.1xl0"6-1.0xl0"2 mol L"1 with sub-Nernstian

slope 15.9 and 16.6 mV decade"1 of «m/+, respectively. Next it was thought necessary to

improve the performance of the electrodes with regard to slope and working concentration

range. It is established [58] that the addition of plasticizer generally improves the

performance of ion selective electrode systems due to their influence on the dielectric

constant of the membrane phase. Therefore, in this study, the effect of addition of six

plasticizers viz o-NPOE, BA, AP, DBP, DOP and DBS was looked into and the responses

obtained with the plasticized membranes are given in Figures 5.6 and 5.7. It is clear from the

performance characteristics of the electrode no. 2 to 7 (Table 5.2) and electrode no. 17 to 22

(Table 5.3) that the addition of plasticizers generally increases the slope and widens the

working concentration range. The best effect is obtained for o-NPOE as the electrode no. 2

and 17 having NPOE plasticized membranes give the wider linear range, 1.0xl0"7-5.0xl0"2

and l.exlO^-l.OxlO^mol L"1 with near Nernstian slope 18.0 and 18.8 mV decade"1 ofaNd3+,

respectively. Therefore, in further studies NPOE was used as plasticizer. The better

165



performance of o-NPOE plasticized electrodes (CGE-2 and 17) could be due to high

dielectric constant of the plasticizer which helped to increase the polarity of the membrane

and to reduce the leaching of membrane components.

The improvement in the performance of these electrodes was further attempted by

adding lipophilic anion additives which generally suppress the interference by sample anions

[59]. The effect of two additives NaTPB and KTpCIPB was looked into the potentiometric

response of Nd3+-selective electrodes and the results showed that both the additives

improved the performance of these CGEs. However of the two additives NaTPB performs

better and CGE no. 9 and 24, containing3 % (w/w) NaTPB, gave the best performance of all

the membranes studied so far in terms of widest concentration range with Nernstian slope

and low detection limit.

Thus at this stage the studies have shown that the ingredients producing best

membranes along with ionophores (L4 and L5) are additive NaTPB, Plasticizer o-NPOE and

PVC as inert Matrix. Further improvisation in the potentiometric characteristics of CGE-9

and 24 was tried by changing the amount of ionophores only. The results show that the

presence of higher amounts of ionophore does not in anyway enhance the performance of

these electrodes but rather adversely affect the performance by decreasing the slope and

shortening the linear range. Thus the optimum amount of the ionophores in these studies is

found to be 5 % (w/w). From these studies it is reasonable to conclude that the electrodes of

optimum compositions L4:NPOE:NaTPB:PVC as 5:57:3:35 (%, w/w) (CGE-9) and

L5:NPOE:NaTPB:PVC ratio as 5:53:3:39 (%, w/w) (CGE-24) perform best in all respects.

The potential response calibration curve for the electrodes CGE-9 and CGE-24 is shown in

Figure 5.8.
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Further it was observed from aqueous layer test that there was no drift in the

potentials with time. A comparison of the performance characteristics of SAM modified

coated graphite electrodes with those of CGE-9 and CGE-24 is given in Table 5.4. Applying

a self assembled monolayer of redox active compound did not improve the performance

characteristics of CGE-9 and CGE-24 significantly; however, stable potential values were

obtained for SAM modified graphite electrodes. Therefore the possibility of the formation of

undesirable aqueous layer between the ion selective membrane and its solid contact can be

neglected. Therefore all further studies were carried out with CGE- 9 and 24.

5.3.4 Effect of pH on the performance of the electrodes

The effect of pH on the performance of the two coated graphite electrodes was

T 1

investigated by measuring the potential in a 1.Ox 10' mol L" NdCl3 solution at different pH

values from 1 to 10. The pH was adjusted with 0.1 M HCl/NaOH and the potential response

obtained at different pH are shown in Figure 5.9. It is seen from this figure that the potentials

remain constant in the pH range 3.5 to 7.6. At pH value above 7.6, the potentials start

decreasing which appear probably due to the formation of metal hydroxide species in the

system [60]. Similarly in the acidic range, i.e., at pH less than 3.5, the response of these

electrodes increased rather irregularly with decreasing the pH of the solution. At such high

acidities, the membrane may extract H+ ions in addition to Nd(III) ions [61] due to the

protonation of donor sites of the ligands. Thus these Nd(III) selective CGEs were found to

perform successfully in the pH range 3.5-7.6.

5.3.5 Potentiometric selectivity

The selectivity is one of the most important characteristics of an ion sensor which

determines its utility for analytical purpose. The potentiometric selectivity coefficient values
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for the electrodes (CGE- 9 and 24) were determined according to FIM Following the fixed

interference method, a fixed concentration of interfering ion (aB =1.0xl0~2 mol L"1) was

added to the primary Nd3+ ion solutions ofconcentration ranging from l.OxlO"8 to l.OxlO"2

mol L" and the potentials were measured. The potential values obtained were plotted versus

the activity of the primary ion. Potentiometric selectivity coefficients were determined

graphically using the expression discussed in chapter 2 and the results obtained are reported

in Table 5.5. The values of selectivity coefficients show that these electrodes are selective to

Nd3+ over monovalent (Ag+, Na+, K+, Li4) and divalent (Hg2+, Fe2+, Co2+, Ni2+, Cd2+, Mg2+,

Ca +, Zn2+, Cu2+) ions. High stability ofthe Nd3+ complexes ofthe two lariat ethers accounts

for the selectivity of these electrodes towards Nd3+ over other interfering ions. However the

selectivity coefficient values for cobaltare not very small and thus, estimation of neodymium

can be done only in presence of small amounts of Co2+. In order to estimate the extent of

interference caused by cobalt, the performance of the two electrodes was checked in

presence of different concentrations of Co2+ and the results (Figures 5.10 and 5.11) showed

that the two electrodes do not exhibit significant change in their performance characteristics

at lower concentrations ofCo2+ ion. When the concentration ofCo2+ is increased up to 1.0 x

—9 1

10 mol L" , interference causes a shortening of linear working concentration range and

elevation in detection limits with increased value of slope as determined from the potential

response curve. However it was found that the presence of 5.0xl0-3 mol L"1 Co2+ can be

tolerated over the entire concentration range for the two electrodes. Further selectivity

coefficient values indicate that the electrodes are also selective to Nd3+ ion over a number of

lanthanides (Gd3+, Pr3+, Ce3+, La3+, Tb3+, Dy3+ Sm3+ and Yb3+). However, between the two

electrodes CGE-24 based on L5 was found better regarding selectivity as CGE-9 based on L4

showed significant interference to La3+, Pr3+ and Yb3+. Thus the two electrodes can be used
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for neodymium estimation in presence of these rare earths. However, for CGE-9 the

concentration of La3+, Pr3+ and Yb3+ should not exceed than l.OxlO-2 mol L"1 while

estimating neodymium in view of not very high selectivity of this sensor.

5.3.6 Determination of response time and lifetime

The response time of the two coated graphite electrodes was determined [62] by

measuring the time required to achieve a steady state potential (within ±1 mV) after

successive immersion of the electrodes in a series of neodymium ion solutions, each having a

ten-fold increase in concentration ranging from l.OxlO-6 to l.OxlO"2 mol L . The electrodes

were dipped in the test solutions successively and the potential was measured with respect to

time. The typical potential-time plots for the two electrodes are shown in Figures 5.12 and

5.13. It is concluded from the figures that the response time for the electrode (CGE-9) based

on L4 is 14 s where as for the electrode (CGE-24) based on L5 it is 10 s. The potential

readings remained constant for about 3 min after which a slow divergence was observed. A

similar procedure was adopted, in a sequence of high to low sample concentration, in order

to evaluate the reversibility of the sensor.

The loss of membrane components from the electrode is the major cause for the short

lifetime of the polymer membrane electrodes [63]. The lifetime of the electrodes was

measured by monitoring the change in slope and working range with time. In order to

determine the durability of the electrodes, they were tested daily over a period 4.5 months

and their characteristics were observed. The results showed (Table 5.6) that the two

electrodes have a long lifetime and can be used successfully for 3 months after which some

change is observed in their performance characteristics towards Nd3+ ion due to swelling of

membrane and leaching of membrane components on continuous usage. The reproducibility

of the Nd3+ electrode was also investigated and the standard deviations of 10 replicate
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measurements at 1.0 x 10"3 mol L"1 were ± 0.3 and ± 0.4 mV, for CGE- 9 and 24

respectively. However when not in use, the electrodes were stored in 1.0 mM NdCl3

solution.

5.3.7 Effect of surfactants on the performance of CGEs

Surfactants are highly surface active molecules and affect the performance of the

electrode as they have a tendency to accumulate and adsorb at the sample membrane

interface [64]. In order to evaluate the effect of surfactants on potentiometric properties of

the CGEs based on the ionophores L4 and L5, their basic analytical parameters were

determined in the presence of cationic (TBC), anionic (SDS) and nonionic (Triton X-100)

surfactants and the results are summarized in Table 5.7. It can be seen from the results that

the effect of surfactants was negligible at their concentration below 10"4 M, however at

concentration IO"4 M or above they start adversely affecting the performance of the

electrodes showing decreased slope, narrow working concentration range and increased

detection limit. Further the selectivity of the electrodes also decreased in the presence of

surfactants. The high interference is probably due to the adsorption of surfactant molecules at

the membrane solution interface.

5.3.8 Effect of partially non-aqueous mixtures

The performance of the two electrodes was also investigated in partially non-aqueous

media using acetonitrile-water, methanol-water and ethanol-water mixtures and the results

showed (Table 5.8) that the two electrodes tolerate up to 20% (v/v) non-aqueous content.

However at higher non-aqueous content the performance of the electrodes started

deteriorating which should be due to the leaching of ionophores from the membrane phase.
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The electrode performance also affected when the electrodes were stored in non-aqueous

solution for one week and the membrane got damaged after ten days of storage.

5.3.9 Comparisons of proposed CGEs with reported sensors

The performance characteristics of the prepared electrodes (CGE - 9 and 24) were

compared with the other Nd3+ ion selective electrodes based on various ionophores and

shown in Table 5.9. The comparative study of the two CGEs based on L4 and L5 reveals that

they are superior over the previously reported Nd -selective electrodes with regard to their

wide working range and low detection limit. However, their selectivity is comparable to the

reported electrodes.

5.4 Analytical Applications

5.4.1 Determination of Nd +in mixed binary solutions

The proposed CGEs were used to determine Nd3+ in various binary mixtures,

prepared by adding 10 mL of 5.0x10"3 mol L"1 solution of different cations to l.OxlO"4 mol

L"1 neodymium ion solution at 5.0 pH. The results are summarized in Table 5.10. The

recovery of Nd3+ ions from the binary test samples is satisfactory which shows high

selectivity of these electrodes for Nd ions over the foreign ions.

5.4.2 Potentiometric titration

The analytical utility of these electrodes was also evaluated by carrying out

potentiometric titration of 20mL of 5.0xl0-3 mol L"1 Nd3+ against l.OxlO"2mol L"1 EDTA at

pH 5.0. The titration plots (Figure 5.14) are of sigmoid shapes that indicates high selectivity

of these electrodes for Nd3+.

171



5.4.3 Determination of neodymium in real samples

The proposed electrodes were also used for the detection of Nd3+ ions in Ganga

(Roorkee) and Yamuna (Delhi) river and in the waste water taken from the Chemistry

Department of IIT Roorkee. The potentiometric results, given in Table 5.11 are in close

agreement with those obtained by atomic absorption spectrometry.

5.5 Conclusions

Nd +ion selectivity of two novel pendent macrocycles has been looked into using

them as ionophore in the membrane coated graphite electrodes. Among all the electrodes

prepared with different membrane compositions, CGE-9 and 24 incorporating o-NPOE as

solvent mediator and NaTPB as anionic exchanger performed best. Their good performance

characteristics towardsNd3+ ion were, wide working concentration range (8.4xl08- 3.1xl0"2

and 4.6xl0"8-5.0xl0'2mol L"1), Nernstian slope (19.8 ± 0.4 and 19.7 ± 0.5 mV decade"1 of

<W+), low detection limit (3.8xl0"8and 1.6xl0'8 mol L"1), wide useful pH range (3.5 to 7.6),

fast response time of 14 s (for CGE-9) and 10 s (for CGE-24) with a shelf life of three

months. They could also tolerate up to 20 % (v/v) non-aqueous content (methanol, ethanol

and acetonitrile) in the test solution. The presence of surfactants at 1.0x10"* mol L"1 orabove

caused significant interference in the performance of the electrodes. Further the electrodes

were found to be sufficiently selective over a number of metal ions and could therefore be

used for the analysis of Nd +ions in various binary solutions. These electrodes could be used

in successful determination ofNd3+ ions in water samples and also as indicator electrodes in

the potentiometric titration of Nd3+ with EDTA.
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Tables

Table 5.1: Formation constants of ion-ionophores complexes of L4and L5with different
metal ions

Metal ions

(Mn+)

n~
Nd

Pr3

La

Yb3

Tb3

Sm3

Gd3

Dy

Co2

Cu:

Ni2

3+

3+

2+

2+
Ca

Na+

Ag+
o standard deviation

Stability Constants

(•0g/?MLI )±o

8.72 ± 0.4

3.80 ±0.4

3.11 ±0.4

3.61 ±0.5

2.12 ±1.1

2.48 ± 0.4

2.06 ± 0.9

2.31 ±1.3

5.14 ±0.2

2.02 ± 0.9

1.96 ±0.6

1.29 ±0.3

1.05 ±0.8

1.16±0.6

('0g^ML2)±0

9.08 ± 0.3

3.26 ± 0.2

3.23 ± 0.7

3.49 ±0.5

2.67 ± 0.8

2.32 ± 0.4

2.16 ±0.4

2.19±1.6

5.38 ±0.4

2.04 ±1.2

2.13 ±1.4

1.48 ±0.8

1.66 ±0.3

1.28 ±0.4

Table 5.2: Potentiometric response characteristics of the electrodes based on L4towards Nd3+ ion

Membrane composition (%, w/w) Linear working
range

Slope Detection
CGEs limit

U Additive Plasticizer PVC (mol L"1) (mV decade"') (mol L"')
1 . 5

- 95 7.1x10""-5.0xl0"2 15.9 4.4x10"6
2 5 - 57, NPOE 38 l.OxlO"7- 5.0*10"2 18.0 8.0xl0"8
3 5 - 57, AP 38 9.4xl0"7- l.OxlO"1 17.3 5.0x10"7
4 5 - 57, DBP 38 1.7X10"6- l.OxlO"2 16.9 7.9xl0'7
5 5 - 57, DOP 38 6.2xl0"6-3.1xl0"2 16.6 2.8xl0"6
6 5 - 57, BA 38 7.4X10"6-1.0x10"' 16.5 3.1xl0"6
7 5 - 57, DBS 38 5.8xl0"6- l.OxlO"1 16.2 4.2x10"6
8 5 3, KTpCIPB 57, NPOE 35 3.7xl0"7-l.OxlO"2 18.4 1.3xl0"7
9 5 3, NaTPB 57, NPOE 35 8.4xl0"8-3.1xl0"2 19.8 3.8xl0'8
10 5 3.5, NaTPB 57, NPOE 34.5 9.8xl0"8-l.OxlO"2 20.3 6.6 xlO"8
11 5 4, NaTPB 57, NPOE 34 5.6xl0"7- l.OxlO"2 22.5 1.2xl0"7
12 4 3, NaTPB 57, NPOE 36 2.2xl0"6-5.0xl0"2 18.3 6.8xl0"7
13 6 3, NaTPB 57, NPOE 34 1.8xl0"7-l.OxlO"2 19.2 9.2x10s
14 8 3, NaTPB 57, NPOE 32 7.2xl0"7- 1.0x10"' 18.6 3.7xl0"7
15 - 3, NaTPB 57, NPOE 40 3.1 xlO"3-1.0x10"' 6.6 8.2x10"4
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Table 5.3: Potentiometric response characteristics of the electrodes based on L5 towards Nd ion

CGEs
Membrane composition (%, w/w) Linear working

range

Slope Detection

limit

L5 Additive Plasticizer PVC (mol L-') (mV decade"') (mol L"')
16 5 - 95 3.1xl0"6-1.0xl0"2 16.6 6.3x10"'

17 5 - 53, NPOE 42 1.6xl0"7-1.0xl0"' 18.8 6.8 x10s

18 5 - 53, AP 42 7.9xl0"7-3.1xl0'2 17.8 5.1xl0"7

19 5 - 53, DBP 42 2.4xl0"6-3.1xl0"2 17.1 l.OxlO"6

20 5 - 53, BA 42 S.OxlO^-l.OxlO"' 17.3 4.2X10"6

21 5 - 53, DOP 42 5.2xl0"6-5.0xl0"2 17.0 4.0X10"6

22 5 - 53, DBS 42 7.8xl0"6-5.0xl0"2 16.8 4.2xl0"6

23 5 3, KTpCIPB 53, NPOE 39 6.2xl0'7-1.0xl0"' 18.8 3.9x10"7

24 5 3, NaTPB 53, NPOE 39 4.6xl0"8-5.0xl0"2 19.7 1.6x10s

25 5 3.5, NaTPB 53, NPOE 38.5 8.1xlO"s-1.0xlO"2 19.9 4.1 xlO"8

26 5 4, NaTPB 53, NPOE 38 7.2xl0"7-1.0xl0"1 23.5 5.4xl0"7

27 4 3, NaTPB 53, NPOE 40 4.6x IO"7-1.0x10"2 19.1 1.3xl0"7

28 6 3, NaTPB 53, NPOE 38 2.3xl0"7-5.0xl0"2 18.9 7.8x10s

29 8 3, NaTPB 53, NPOE 36 3.1xl0"7-1.0xl0"2 17.4 l.OxlO"7

30 -
3, NaTPB 53, NPOE 44 2.4xl0"3-1.0xl0"' 5.9 8.2x10"4

Table 5.4: Comparison of proposed electrodes with the SAM modified graphite electrodes

Characteristic

of electrode

Slope

Linear range

Detection limit

Without SAM With SAM

CGE-9 CGE-24 MCGE-9 MCGE-24

19.8±0.4 19.7±0.5 20.U0.03 19.8 ±0.1

8.4x10s-3.1 xlO"2 4.6xl0"8-5.0xl0"2 7.9xl0"8-2.0x10"2 5.4x10s-l.OxlO"2

3.8x10"' 1.6x10"' 3.1x10"' 2.8x10"'
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Table 5.5: Potentiometric Selectivity Coefficients of various interfering ions

Selectivity Coefficients (-Log K.NdJ+ B)
CGE •9 CGE - 24

FIM MPM FIM MPM

La3+ 1.6 ±0.1 1.2 ±0.2 2.0 ± 0.2 2.1 ±0.1

Pr3+ 1.8 ±0.3 2.3 ±0.1 2.1 ±0.2 2.4 ± 0.4

Yb3+ 2.1 ±0.1 2.5 ±0.3 2.3 ±0.1 2.7 ±0.1

Tb3+ 2.3 ± 0.2 2.1 ±0.3 2.2 ± 0.4 3.0 ± 0.2

Sm3+ 2.3 ±0.1 2.8 ± 0.2 2.1 ±0.2 2.3 ± 0.4

Gd3+ 2.4 ± 0.2 2.1 ±0.3 2.1 ±0.1 2.0 ± 0.2

Dy3+ 2.6 ±0.3 2.2 ±0.2 2.7 ±0.1 2.3 ± 0.2

Co2+ 1.1 ±0.3 0.8 ±0.2 1.2 ±0.1 1.4 ±0.3

Cu2+ 4.1 ±0.2 4.0 ± 0.3 4.3 ±0.1 3.9 ± 0.2

Hg2+ 4.3 ±0.2 4.0 ± 0.2 4.4 ± 0.2 4.0 ± 0.2

Ce3+ 4.3 ±0.1 4.3 ±0.1 4.5 ±0.3 4.1 ±0.2

Zn2+ 4.4 ± 0.2 3.6 ±0.1 3.3 ± 0.2 3.3 ± 0.4

Cd2+ 4.3 ±0.1 3.5 ±0.2 3.2 ±0.3 3.2 ± 0.2

Ni2+ 4.2 ±0.3 3.8 ±0.2 4.1 ±0.1 4.0 ± 0.4

. Ca2+ 4.5 ±0.1 4.0 ± 0.2 4.0 ± 0.3 3.7 ±0.2

Na+ 3.8 ±0.3 3.5 ±0.2 3.6 ± 0.2 3.3 ± 0.2

Ag+ 3.6 ±0.2 2.9 ± 0.3 3.4 ±0.2 2.7 ±0.1

K+ 4.1 ±0.2 3.8 ±0.2 3.6 ±0.1 3.5 ±0.1

Li+ 4.4 ±0.1 4.1 ±0.1 3.8 ±0.1 3.5 ±0.2

Table 5.6: Determination of Lifetime of the proposed electrodes

CGE-9 CGE •24

Time Slope Detection limit Slope Detection limit

(mV Decade"') (mol L"') (mV Decade"') • (mol L"')
5 days 19.8 ±0.4 3.8 x 10s 19.7 ±0.5 1.6 x 10s

10 days 19.8 ±0.4 3.8 x IO"8 19.7 ±0.5 1.6 x 10s

20 days 19.8 ±0.6 3.8 x IO"8 19.7 ±0.5 1.6 x 10s

1 month 19.8 ±0.6 4.0 x 10s 19.7 ±0.6 1.6 x 10s

1.5 month 19.8 ±0.8 4.0 x IO"8 19.7 ±0.3 1.8 x 10s

2 month 19.5 ± 0.4 4.4 x 10s 19.7 ±0.4 2.1 x io8

2.5 month 19.3 ±0.7 4.6 x IO"8 19.4 ±0.5 2.8 x 10s
3 month 19.1 ±0.6 1.1 x 10"7 19.2 ±0.8 3.6 x 10s
3.5 month 18.6 ±0.5 1.8 x 10"6 17.9 ±0.9 6.5 x 10"6

4 month 17.3 ±0.4 4.5 x IO"6 16.8 ±0.4 8.3 x 10"6
4.5 month 16.7 ±0.4 7.8 x IO"6 16.9 ±0.4 8.8 x 10"6
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Table 5.7: Effect of surfactants on the performance of the proposed electrodes

CGE-9

CGE - 24

Test Sample

No Surfactant

lO^MTBC

lO^MSDS

lO^M Triton X-l00

No Surfactant

lO^MTBC

10"4MSDS

10^M Triton X-l 00

Slope

(mV

Detection

Limit

Decade"') (mol L ')

-log KNd , La

FIM MPM

-logKNd ,Co

FIM MPM

19.8 ±0.4 3.8 xlO"8 1.6 ±0.1 1.2 ±0.2 1.1 ±0.3 0.8 ±0.2

17.8 4.6 xlO"6 1.2 ±0.2 0.7 ±0.1 0.7 ±0.2 0.5 ±0.3

18.1 4.2 xlO"6 1.1 ±0.1 1.0 ±0.3 0.9 ±0.1 0.6 ±0.2

17.5 3.9 xlO"6 0.9±0.1 0.6 ±0.1 1.2 ±0.4 0.7 ±0.1

19.7 ±0.5 1.6 x10s 2.0 ±0.2 2.1 ±0.1 1.2 ±0.1 1.4 ±0.3

18.2 9.3 xlO"7 0.9±0.1 0.8±0.1 1.0 ±0.2 0.6 ±0.1

17.3 1.8 xlO"6 1.1 ±0.3 0.9 ±0.2 0.8 ±0.1 1.0 ±0.4

17.7 7.8 xlO"7 1.1 ±0.1 0.7 ±0.3 1.0 ±0.1 0.5 ±0.2

Table 5.8: Effect of non- aqueous content on the performance of the electrodes

Non-aqueous

content

(%,v/v)

CGE-9

Slope

(mV decade"1)
0 19.8 ±0.4

Acetonitrile

10 19.8 ±0.6

15 19.6 ±0.2

20 19.3 ±0.5

25 18.9 ±0.4

30 16.4 ±0.3

Methanol

10 19.8 ±0.6

15 19.8 ±0.2

20 19.6 ±0.5

25 17.9 ±0.3

30 16.6 ±0.3

Ethanol

10 19.8 ±0.6

15 19.8 ±0.5

20 19.3 ±0.5

25 17.4 ±0.2

30 16.3 ±0.4

Detection limit

(mol L"1)
3.8 x IO"5

3.8 x IO"8

4.0 x IO"8
4.4 x 10"8

1.8 x IO"7

4.6 x 10"6

3.8 x io8

3.8 x 10s

4.1 x 10"8

1.8 x IO"7

4.4 x IO"6

3.8 x 10"8

3.9 x 108
4.4 x JO"8

2.8 x 10"6

4.7 x IO"6
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CGE - 24

Slope

(mV decade"1)
19.7 ±0.5

19.7 ±0.6

19.6 ±0.5

19.4 ±0.3

17.9 ±0.2

16.7 ±0.4

19.7 ± 0.6

19.5 ±0.3

19.5 ±0.2

18.0 ±0.5

16.3 ±0.3

19.7 ±0.6

19.4 ±0.5

19.4 ±0.3

17.9 ±0.2

17.1 ±0.4

Detection limit

(mol L"1)
1.6 x 10"'

1.6 x 10"!

1.9 x 10"!

2.7 x 10"*

6.8 x 10"'

8.5 x 10"(

1.6 x 10"!

3.9 x 10"!

3.8 x 10"1

5.3 x 10"'

8.8 x 10"'

1.6 x 10

2.4 x 10"1

2.4 x 10"1

6.8 x 10''

9.5 x 10"'



Table 5.9: Comparison of Nd -selective electrodes with the reported electrodes

Ref. No.

Slope

(mV

decade"1)

Linear

range

(moIL"1)
CGE-9 19.8 ±0.4 8.4x10s

-3.1x10*

CGE-24 19.7 ±0.5 4.6 x10s

-5.0x10"'

43

45

44

46

48

20.1 ±0.2

19.6 ±0.3

19.6 ±0.3

19.7 ±0.4

1.0x10""

-1.0x10*

1.0x10°

-1.0x10"'

l.OxlO"5
-1.0x10*

l.OxlO"

-1.0xl0":

19.8 ±0.3 5.0x10"'

1.0xl0":

Detection

limit

(mol L"1)
3.8 x 10"'

pH range

3.5-8.0

-log KNd +yB
(FIM)

1.6 x 10"8 3.5-8.0

La3+ (1.6), Yb3+(1.7), Tb3+(2.3), Ce3+(4.3)
Dy3+(2.6), Gd3+(2.4), Co2+ (1.1), Zn2+(4.4)
Cu2+(4.1), Ni2+(4.2), Ag+(3.6), Na+(3.8)
La3+ (2.0), Yb3+(1.9), Tb3+(2.2), Ce3+(4.5)
Dy3+(2.7), Gd3+(2.1), Co2+(1.2), Zn2+(3.3)
Cu2+(4.3), Ca2+(4-0), K+(3.6), Na+(3.6)

7.9 x 10"

7.0 x 10"'

2.0 x 10"1

6.2 x 10"

4.0-6.5 LaJ+ (1.5), Yb'Xl .2),SmJ+(l .9),Ce3+(l .3),
Gd3+(1.3), Co2+ (1.7),Zn2+(l .5),Cu2+(l .4),
Ni2+(1.9),Ag+(1.4),Na+(1.4)
La3+ (1.7), Yb3+(2.3), Sm3+(1.7) Dy3+(2.3),
Gd3+(1.9), Cu2+(2.1), K+(2.7), Na+(2.9)
La3+ (1.6), Yb3+(2.2), Sm3+(1.6),Ce3+(1.6)
Dy3+(2.1), Gd3+(1.8),Cu2+(2.1), Ca2+(2.4),
K+(2.6), Na+(2.7)
La3+ (2.1), Tb3+(2.9),Sm3+(3.5),Dy3+(2.0),
Gd3+(2.1), Co2+ (3.3),Zn2+(3.1),Cu2+(3.1),
Ni2+(2.9), Ag+(2.2), Na+(3.0), Hg2+(2.3)
La3+(3.8), Tb3+(3.2), Sm3+(3.8), Dy3+(4.5),
Gd3+(3.6), Tb3+(4.4), Co2+ (2.4)

4.0-8.0

3.5-8.5

3.7-8.3

l.OxlO"7 4.0-8.0

Table 5.10: Determinationof Nd3+ ions in various binary mixtures by the proposed
coated graphite electrodes (CGEs)

Nd3+ ion

concentration (M)

Added cation Recovery (%) ± o

concentration

(M)
CGE-9 CGE-24

l.OxlO"4 La3+(5.0 x IO"3) 96.8 ± 0.3 97.8 ± 0.4

l.OxlO"4 Yb3+(5.0x IO"3) 97.3 ± 0.3 97.6 ± 0.3

1.0 xlO"4 Tb3+(5.0x 10"3) 99.2 ± 0.5 99.4 ± 0.6

l.OxlO"4 Gd3+(5.0 x IO"3) 99.5 ±0.1 100.5 ±0.8

l.OxlO"4 Dy3+(5.0x 10"3) 98.4 ± 0.9 101.6 ±0.2

1.0 xlO"4 Co2+(5.0x IO""3) 97.4 ± 0.2 96.9 ±0.1

l.OxlO"4 Cu2+(5.0x IO"3) 100.2 ±0.1 101.5 ±0.3

1.0 xlO"4 Hg2+(5.0 x 10"3) 99.6 ±0.3 99.1 ±0.2

1.0 xlO"4 Zn2+(5.0x IO"3) 99.3 ± 0.5 98.8 ±0.6

1.0 xlO"4 Cd2+(5.0 x IO"3) 99.5 ± 0.4 99.2 ± 0.2
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T able 5.11: Quantitative determination of Nd in water samples

Sample Added Nd3+ ion

concentration

(ppm)

Found

CGE-9

by CGEs (ppm)

CGE-24

Found by AAS

(ppm)

Ganga water

Yamuna water

Waste water

5.00

5.00

5.00

5.32

5.14

4.88

5.06

5.10

5.36

4.97

5.25

5.20
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Figures

1. MeOH

2. NaBH4
3. K2COj
4. CH2=CH-CN

OH

+ Br,

1. EtOH
2. NaOH

O

O O

\ /

Br

H,N

1. MeOH

2. NaBH4
3. K2COj
4. CH2-CH-CN

Figure 5.1: Reaction scheme for the synthesis of L4 and L5
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Figure 5.2: Structure of l,5-di(cyanoethane)-2,4:7,8:13,14-tribenzo-l,5-diaza-9,12-

dioxacyclopentadeca-2,7,13-triene (L4)

^

k^^

Fgure 5.3: Structure of l,5-di(cyanoethane)-2,3,4-pyridine-7,8:13,14-dibenzo-l,3,5-

triaza-9,12-dioxacyclopentadeca-2,7,13-triene (L5)
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Figure 5.4: Conductometric study of various ion-ionophore complexes of L4
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Figure 5.5: Conductometric study of various ion-ionophore complexes of L5
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6.1 Introduction

The widespread use of cadmium in electroplating and in Ni-Cd batteries has

resulted in cadmium contamination ofvarious water sources. Cadmium represents one of

the important toxic metals and the effect of its acute poisoning is manifested in avariety

ofsymptoms, including high blood pressure, kidney damage, anemia, hypertension, bone

marrow disorders, respiratory problems, reproductive failure, cancer and toxicity to

aquatic biota [1]. The permissible limits of cadmium discharge in wastewater and

drinking water are 0.1 and 0.05 mg L"1, respectively. Because ofthe increased industrial

use of cadmium and its toxic effects to living biota, its monitoring in environment

samples is increasingly important. Anumber ofsophisticated instrumental methods [2-

10] have been utilized for the detection of cadmium. Since these methods require

adequate expertise and large-scale infrastructure so they are not very appropriate for on-

site monitoring of cadmium in various environmental samples. Because of their low

fabrication cost and easy handling, ion selective electrodes (ISEs) can be used for

quantitative determination ofcadmium in a number ofsamples.

Cd ion-selective electrodes

Inview of toxicity of cadmium, a reliable ion selective sensor for cadmium ions is

ofconsiderable importance for the protection ofenvironment and human health. The high

toxicity ofcadmium and the general concern over its presence in the environment has led

to the development of Cd2+-selective electrodes involving a number of electroactive

materials by many researchers. In early seventies, Cd2+-selective electrodes based on

Ag2S/CdS mixture [11-13] were described. Later on, Cd2+- selective sensors based on

homogeneous polycrystalline membranes of CdS-Ag2S [14, 15], and glass membranes of

CdS-Ag2S-As2S3 and CdI2-Ag2S-As2S3 [16-19]. These sensors suffered serious
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interferences from various cations including Ag+, Cu2+, Zn2+, Hg2+ and Fe3+. ISEs based

on cadmium complexes of quinoxaline-2,3-dithiol as ion-active substances of solid

membrane electrodes offered a reasonable discrimination of all alkali and alkaline earth

metal ions but are poisoned by Cu2+, Pd2+, Pt2+, Ag+ and Hg+ ions [20]. Jain et al. [21]

reported cerium(IV) vanadate in polystyrene matrix as Cd2+ selective electrode. Another

polystyrene matrix membrane electrode incorporating polyaniline zirconium (IV)

tungsto-phosphate, a composite ion exchanger, as an electroactive material was prepared

by Ikram et al. [22]. Ahigher discrimination of Cu2+ ions was reported for acadmium

selective electrode based on benzo-15-crown-5 [23]. Gupta et al. explored several crown

ethers such as dibenzo-24-crown-8 [24], monoaza-18-crown-6 [25], dicyclohexano-18-

crown-6 [26] and dicyclohexano-24-crown-8 [27] in PVC matrix for construction of

Cd2+-selective electrodes while Shamsipur et al. utilized tetrathia-12-crown-4 [28] as

electroactive material for determination of cadmium. Singh andco-workers also explored

different macrocyclic ionophores such as dibenzo-2,5,ll,14-tetraoxo-l,6,10,15-

tetraazacyclooctadecane [29], 3,4,11,12-dibenzo-l,6,9,14-tetraaza-cyclohexadecane [30]

and tridentate sulfur and nitrogen containing ligands [31] for fabrication of Cd -selective

electrodes. These sensors were successfully used as indicator electrodes for the

potentiometric titration of Cd2+ against EDTA as well as for its determination in waste

waters. Ion etal. [32] studied Cd2+-selective electrodes based on a neutral carrier viz. N, N,

N', 7V'-tetradodecyl-3, 6-dioxaoctanedithioamide with detection limit down to 10" mol L" .

A new sulfur containing macrocyclic diamide (l,15-diaza-3,4,12,13-dibenzo-5,ll-dithia-

8-oxa-l,15-(2,6-pyrido)cyclooctadecan-2,14-dione) was used by Shamsipur etal. [33] as

an active component for fabrication ofpolymeric membrane electrodes for sensing Cd

ion. Khan et al. [34-36] synthesized organic-inorganic composite cation exchangers and

explored as suitable sensing materials for the construction of cadmium ISEs. These
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electrodes were mechanically stable and could be used as indicator electrode in the

potentiometric titration of Cd2+ with EDTA and for the determination of Cd2+ in real

samples. Acadmium ion-selective membrane electrode based on strong acidic organic-

inorganic composite cation-exchanger viz. polyaniline Ce(IV) molybdate was constructed

by Nabi and co-workers [37]. PVC membrane sensors for Cd2+ based on 2-(3',4'-

dihydroxyphenylazo-l')-l,3,4 thiadiazole and 3-(2,,4'-dihydroxyphenylazo-l,)-l,2,4-triazol

as membrane carrier were constructed by Wardak et al. [38, 39]. These sensors showed

good selectivity towards Cd2+ over zinc, nickel, cobalt, calcium, mercury, copper,

barium, magnesium, manganese, potassium and sodium ions. Gupta et al. [40] fabricated
94-

Cd -selective electrodes based on thiacalixarenes which showed Nernstian response over

a wide concentration range. Schiff bases have also evoked considerable interest in the

development of highly selective Cd2+-selective electrodes by many research groups

[41-43]. Neutral carriers viz. tetrol compound [44], V,7V-(4-methyl-l,2-

phenylene)diquinoline-2-carboxamide [45], 4,4'-di(5-nonyl)-2,2'-bipyridine [46], N'-[l-

(2-furyl)methylidene]-2-furohydrazide [47] and l,2-bis(quinoline-2-Carboxamido)-4-

chlorobenzene [48] have been reported as ionophore in PVC membrane electrode for

Cd ions. Abbas etal. [49] developed solid-state cadmium ISEs based on tetraiodo- and

tetrabromo-ion pairs with cetylpyridinium. These electrodes showed fast response and

but experienced interference from Hg2+ ions. Mohammadi et al. [50] fabricated a

modified carbon paste electrode based ona tripodal ligand for the determination of Cd2+.

Singh et al. [51] synthesized and explored two different tripodal ligands

potassium[hydrotris-N-(2,6-xylyl,thioimdazolyl)borate] and potassium[hydrotris(3,5-

phenyl, methylpyrazolyl)borate] as highly selective ionophores for the construction of

PVC-based polymeric membrane electrodes for determination of Cd2+ ion.
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Bizerea [52] developed and characterize a new Cd2+-selective potentiometric

sensor with multilayer solid membrane based on selenide. Tyagi et al. [53] employed a

highly selective electroactive material Mo2[(OAc)2(H2-calix[4]arene)] for fabricating of

Cd2+-selective electrode. This electrode exhibited fast Nernstian response over the

concentration range 9.9xl0"8 to l.OxlO"1 mol L"1 with a low limit of detection 9.8xl0"8

mol L"1. Gupta et al. [54] studied the potential response of Cd2+-selective electrode based

on cyanocopolymer matrixes and 8-hydroxyquinoline as ionophore. The cyano groups of

the copolymers contributed significantly to enhance the selectivity of this electrode. In

spite of large amount ofwork has been done to develop ion-selective electrodes, for the

quantitative estimation ofCd2+, still investigations are called for in this direction as the

reported sensors have limitations, including narrow working concentration ranges, poor

selectivities, long response times and limitedpH ranges.

Therefore, to improve the analytical selectivity, it is essential to search carrier

compounds that would interact with cadmium ions more selectively. Keeping this in

view, in present work we attempted to prepare improved versions of Cd +-selective

coated graphite electrodes (CGEs) using three different derivatives of Schiff bases as

neutral carriers having N4, N2S2 and N202 donor sites for complexation with cadmium.

These ionophores have been considered as model compounds for this particular

application because they provide a coordination cavity for complexation. Hence, these
0+

chelating ligands were found to behave as potential ionophores for preparing Cd -

selective electrodes. These ionophores were coated onto graphite rods, and the resulting

coated graphite electrodes were studied as Cd2+-selective electrodes. The results
04-

presented here show that these electrodes are highly selective for Cd .
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6.2 Experimental

6.2.1 Reagents

Reagent grade sodium tetraphenylborate (NaTPB), potassium tetrakis-;?-(chloro

phenyl)borate (KTpCIPB), benzyl acetate (BA), dioctylphthalate (DOP),

o-nitrophenyloctylether (o-NPOE), dioctylsebacate (DOS), acetophenone (AP),

dibutyl phosphate (DBP), tributyl phosphate (TBP), tetrahydrofliran (THF) and high

molecular weight poly (vinylchloride) were purchased from E. Merck (Mumbai) and

used as received. 2-pyridinecarboxaldehyde, o-phenylenediamine, 2-furancarboxaldehyde

and 2-thiophenecarboxaldehyde were procured from Sigma Aldrich (USA). The metal

chlorides/nitrates were of analytical grade and used without further purification and their

solutions were prepared in doubly distilled water. The solutions were standardized

wherever necessary.

6.2.2 Synthesis of chelating ligands

The pendent ligands V^A^-dicyanoethyl-y.^-bis^yridin^-ylmethyl) benzene-

1,2-diamine [L6], V.A^-dicyanoethyl-V.A^-bis^hiophen^-ylmethy^benzene-l, 2-

diamine [L7] and V/,V2-dicyanoethyl-A^/)A^-bis(furan-2-ylmethyl) benzene-1,2-diamine

[L8] are shown in Figures 6.1, 6.2 and 6.3 respectively. These chelating ligands were

synthesized by following the previously published procedure [55-57].

6.2.2.1 Synthesis of N1, N2-dicyanoethyI-N\ N2-bis (pyridin-2-ylmethyl) benzene-1,

2-diamine [L^]

2-Pyridinecarboxaldehyde (3.8 mL, 40 mmol) was dissolved in 20 mL of

isopropanol and mixed into a20 mL solution of o-phenylenediamine (2.16 g, 20 mmol).

The resulting solution stirred for 2 h at room temperature. The dark yellow precipitate
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obtained was filtered and washed with cold isopropanol and then with ether. The crude

Schiff base was dissolved in 50 mL methanol, and solid NaBH4 (0.76 g, 20 mmol) was

added in small portions, keeping the flask in an ice bath. The reaction was quenched with

50 mL of water, and the reduced ligand was extracted in dichloromethane (DCM,

4x25 mL). The extract was dried over anhydrous sodium sulfate and evaporated to yield

a viscous brown compound N1, JV2-bis(pyridin-2-ylmethyl)benzene-l, 2-diamine. This

reduced product (290 mg (1 mmol)) was dissolved in 10 mL of methanol and stirred with

1.5 gK2C03 for 2h. Two milliliters of acryonitrile was added to this solution drop by

drop, and the resulting solution was refluxed for 2h. The volume of the reaction mixture
/ 2

was reduced to approximately 3 mL and kept on ice. Light-brown crystals ofN, N-

dicyanoethyl-7vr/,A^2-bis(pyridin-2-ylmethyl)benzene-1,2-diamine were separated out after

2days. The crystals were washed with water and recrystallized with ethanol.

Yield: 42%, analytically calculated. For [C24H24N6] (%): C, 72.7; H, 6.1; N, 21.2

Observed (%): C, 71.9; H, 6.8; N, 21.3. lK NMR (DMSO, 500 MHz) 8ppm: 7.4 - 8.6 (m,

H-Py, 8H), 4.9 (s, -Py-CH2-N-, 4H), 3.7 (t, -N-CH2-C, 4H), 2.6 (t, -C-CH2-CN-, 4H), 6.4

(m, Ar-H, 4H). Fourier transform infrared spectroscopy measurements (FT-IR; KBr, cm"

'): 3042 (aromatic C-H stretching); 2917 (asymmetric -CH2 stretching); 2856 (symmetric

-CH2 stretching); 2236(-CN stretching); 1461, 1552 and 1645(Ar-ring vibration); and

1267, 1321 and 1356 (Ar-N stretching).

6.2.2.2 Synthesis ofN1, N2-dicyanoethyl-N, N2-bis(thiophen-2-ylmethyl)benzene-l, 2-

diamine [L7]

2-Thiophenecarboxaldehyde (2.24 g, 20 mmol) was dissolved in 25 mL oftoluene

and was added to a 15 mL solution of o-phenylenediamine (1.08 g, 10 mmol) in toluene.

The reaction mixture was stirred for 15 min, and then its volume was concentrated to
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5 mL of the original solution. The concentrated mixture was cooled in an ice bath for

2 days, and the light yellow crystals were separated. The crystals were filtered out and

washed with cold toluene. The Schiff base was dissolved in 25 mL of methanol, and solid

NaBH4 (0.76 g, 20 mmol) was added in small portions, keeping the flask in an ice bath.

The reaction was quenched with 25 mL of water, and the reduced ligand was extracted in

DCM (4x25 mL). The extract was dried over anhydrous sodium sulfate and evaporated to

dryness. The reduced product was dissolved in 10 mL ofmethanol and stirred with 1.5 g

ofK2C03 for 2 h. Two milliliters ofacryonitrile was added to this solution drop by drop,

and the resulting solution was refluxed for 2 h. The volume of the reaction mixture was

reduced to approximately 3mL and kept on ice. After three days, the light yellow crystals

ofV,A^2-dicyanoethyl-y,V2-bis(thiophen-2-ylmethyl)benzene-l,2-diamine were filtered,

washed with water and recrystallizedwith ethanol.

Yield: 48%, analytically calculated. For [C24H24N6] (%): C, 72.7; H, 6.1; N, 21.2

Observed (%): C, 71.9; H, 6.8 and N, 21.3. *H NMR (DMSO, 500 MHz) 8ppm: 6.4 - 7.0

(m,thio-H,6H), 4.9 (s, -thio-CH2-N-, 4H), 3.7 (t, -N-CH2-C, 4H), 2.6 (t, -C-CH2-CN-,

4H), 6.4 (m, Ar-H, 4H). FT-IR (KBr, cm"1): 3026, 2978 (aromatic C-H stretching); 2904

(asymmetric -CH2 stretching); 2851 (symmetric -CH2 stretching); 2213 (-CN stretching);

1446, 1560 and 1649 (Ar-ring vibration); 1252, 1317 and 1364 (Ar-N stretching); and

1209, 1115 and 870(asymmetric -C-S-C stretching.).

6.2.2.3 Synthesis of N1,N2-dicyanoethyl-N1,N2-bis(furan-2-yImethyI)benzene-l, 2-

diamine [L$]

Furan-2-aldehyde (3.3 mL, 40 mmol) was dissolved in 10 mL of DCM and added

to a 10 mL solution of o-phenylenediamine (2.16 g, 20 mmol) in DCM. The resulting

solution was stirred for 2 h at room temperature, and then the solvent was completely
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evaporated to leave a red liquid. The liquid was added to 50 mL of methanol, and solid

NaBH4 (0.76 g, 20 mmol) was added in small portions, keeping the flask in an ice bath.

The reaction was quenched with 50 mL of water, and the reduced ligand was extracted in

DCM (4x25 mL). The extract wasdried over anhydrous sodium sulfate and evaporated to

yield a brown solid. The solid was dissolved in 10 mL of methanol and stirred with 1.5 g

K2C03 for 2 h. An excess of acryonitrile (2.0 mL) was added to this solution drop by

drop, and the resulting solution was refluxed for 2 h. The volume of the reaction mixture

was reduced to approximately 3 mLand kept in ice for 2 days. The N-substituted reduced

Schiff base N1, A^-dicyanoethyl-V, V2-bis(furan-2-ylmethyl)benzene-l, 2-diamine was

separated out as a dark brown solid that was washed with water and recrystallized with

ethanol.

Yield: 35%, analytically calculated. For [C24H24N6] (%): C, 72.7; H, 6.1; N, 21.2

Observed (%): C, 71.9; H, 6.8; N, 21.3. lU NMR (DMSO, 500 MHz) 8ppm: 6.0 - 7.3 (m,

fur-H, 6H), 4.5 (s, -fur-CH2-N-, 4H), 3.7 (t, -N-CH2-C, 4H), 2.6 (t, -C-CH2-CN-, 4H), 6.4

(m, Ar-H, 4H). FT-IR (KBr, cm"1): 3039, 2941 (aromatic C-H stretching); 2913

(asymmetric -CH2 stretching), 2849 (symmetric -CH2 stretching); 2228(-CN stretching);

1451, 1557 and 1652 (Ar-ring vibration); 1259, 1325 and 1359 (Ar-N stretching); and

1215,1108 and 790 (asymmetric -C-O-C stretching).

6.2.3 Preparation of coated graphite electrodes and potential measurement

Appropriate amounts of the membrane components (ionophore, anion additives,

PVC and plasticizers) were dissolved in 5 mL of THF, and the solvent was evaporated to

obtain a concentrated solution. Spectroscopic-grade graphite rods (10 mm length and 5

mm diameter) with polished surfaces were dipped into the solution (up to 5 mm deep),

withdrawn quickly and suspended upside-down for a few seconds to allow the THF to
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dry. The process was repeated several times until a uniform coating formed on the

graphite surface, and the electrode was allowed to stabilize overnight. After

immobilization, we obtained a scanning electron microscopy (SEM) image (Figure 6.4)

ofthe graphite electrode surface. The membrane components and pores ofvarying size,

which may facilitate the adsorption of ion on the electrode surface, are seen to be

uniformly distributed on the graphite surface. Finally, the electrode was sealed in a glass

tube with epoxy resin.

The coated electrodes were conditioned in a 1 mM Cd(N03)2 solution for 24 h

before the potentiometric measurements. The potentials were measured by varying the

concentration ofthe Cd(N03)2 solution in the range 1nM to 0.1 M. Standard Cd(N03)2

solutions were obtained by gradual dilution ofa 0.1 MCd(N03)2 solution. The potentials

were measured on a Century CP 901 digital pH meter at 25 ± 0.1 °C, and the following

cell was set up.

Coated graphite electrode || test solution || Hg/Hg2Cl2 |KC1 (saturated)

The activity coefficients were calculated according to the Debye-Huckel procedure using

the equation (1) given in section 3.2.6of Chapter 3.

6.3 Results and Discussion

6.3.1 Complexation study

In a preliminary study on the affinity of the ligands (L6, L7 and Lg) for different

metals, a conductometric titration was conducted. 20 mL of 0.1 mM cation solution was

titrated with a ligand solution of 10 mM. The conductance of the mixture was measured

after each addition of ligand. Among the metals tested, the conductance of the cadmium

solution showed the greatest variation upon the addition of ligands. The change in
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conductance ofthe Cd2+ solution as a function ofthe [L]/[Cd2+] ratio is shown in Figure
04-

6.5. The conductance decreases with the addition of the ligand, which shows that Cd

ions are strongly interacting with the added ligand. A stage is reached when all of the

metal is consumed by the ligand, and further addition of the ligand does not change the

conductance of the mixture. The breaks in the plots show the stoichiometry of the

complex formed. These breaks show that the ligands form a 1:1 complex with cadmium.

The conductometric titration data was further used to calculate the stability constants of

the various ion-ionophore complexes [58, 59], and the results are summarized in Table

6.1. It is clear from the stability constant values that cadmium has the maximum value,

indicating that ligand-metal binding is strongest for Cd2+ and weaker for the others,
04-

relative to Cd2+. Therefore, these ligands are good ionophores for complexing with Cd ,

and their membranes may work as Cd2+-selective electrodes.

6.3.2 Evolution of stability constant

The stability constants of the resulting 1:1 metal-ionophore complexes were also

calculated according to the sandwich membrane method as described in section 3.2.7 of

Chapter 3. The stability constants of different complexes, calculated by the sandwich

membrane method, are also given in Table 6.1. These values show that these chelating

ligands form the most stable complexes with Cd2+ ions, having stability constants of6.59,

7.42 and 6.21 for L6, L7 and L8, respectively. The stability constant values for the other

metal complexes are much smaller, indicating their weaker stability. The high stabilities

of the Cd2+ complexes with L6> L7 and L8 reflect the high affinity of these ligands for Cd2+

ions as compared to the other metal ions. Therefore, these ligands could be used as

potential ionophores for preparing Cd2+-selective electrodes.
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6.3.3 Optimization of membrane composition

Various components which are usually present in membrane are binder (matrix

material), ionophore, plasticizer and anion excluding additive. It is well known that the

composition [60-63] of the membrane affects the performance of the electrode. The

performance characteristics which render an electrode better are wide working

concentration range, low response time and Nernstian slope. In terms ofthese parameters,

various membranes were evaluated. In order to arrive at an optimum composition ofthe

electrode performing best, membranes of various compositions were prepared and

studied. For all the three ionophores, first ofall blank membranes containing only PVC,

ionophore and additive (NaTPB) were prepared, studied and their performance

characteristics determined from potential response plots are given in Tables 6.2, 6.3 and

6.4 respectively. It is seen from these Tables that the performance of these electrodes

(Al, BI and CI) is not excellent as the slope is sub-Nernstian, detection limit is high and

working concentration range is narrow. Therefore, to improve the performance of these

electrodes addition ofseven plasticizers viz., o-NPOE (e = 24), BA (s = 5.1), TBP (s =

8.0), AP (e = 17.4) DOP (e = 5.1), DBP (s = 6.4) and DOS (e = 3.9) was studied and a

number of coated graphite electrodes (CGEs) having plasticized membranes were

prepared, studied and the performance characteristics of these electrodes determined from

potential response plots are given in Tables 6.2, 6.3 and 6.4. It is seen that the addition of

plasticizers improves the performance of all plasticized electrodes in terms of higher

slope, wider working concentration range and low detection limit. A comparison of

performance characteristics of all plasticized electrodes (A2 to A8) of ionophore L6, in

Table 6.2, show that the electrode A2 having NPOE plasticizer improves the

characteristics of the electrode best as the slope becomes Nernstian (29.5 ± 0.07 mV

decade"1 of aCd2+), working concentration range is widest (2.5xl0"7 - l.OxlO"1 mol L"1)
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and the detection limit is lowest (7.8xl0"8 mol L"1). To see the effect ofnature of anion

excluder additives, another electrode (A9) having a different additive (KTpCIPB) was

prepared and studied. Its performance characteristics show that the addition ofKtpClPB

in place ofNaTPB does not result in any improvement rather than deterioration as the

working concentration range has been shortened and detection limit becomes higher.

Therefore NaTPB remains a preferred anion excluding additive. Effect of varying amount

of ionophore (CGE-A10, All and A12) and no addition of additive NaTPB (CGE-A13)

was also seen. An examination of these electrodes clearly shows that the additive

improves the performance and the optimum amount of ionophore required is 4 wt%.

Therefore comparison of performance ofall the electrodes given Table 6.2 shows that the

electrode A2 based on ionophore L6 is the best performing electrode.

Similarly from the performance characteristics of CGEs of ionophores L7 and L8

given in Tables 6.3 and 6.4 respectively, it is concluded that the electrode B2 of L7 and

electrode C2 of Lg are the best performing electrodes. Further it is seen from Tables 6.2,

6.3 and 6.4 that the optimum compositions of best performing electrodes (A2, B2 and

C2) are L6:o-NPOE:NaTPB:PVC as 4:51:2.5:42.5 (wt%), L7:o-NPOE:NaTPB:PVC as

3:52.5:1.5:43 (wt%) and L8:o-NPOE:NaTPB:PVC as 7:49:3.5:40.5 (wt%), respectively.

The observed Nernstian response of these electrodes to the Cd2+ ion at the membrane

solution interface arises due to the adsorption of Cd2+ ions on the electrodes surface

followed by the ion-to-electron transfer mechanism. The conducting graphite surface acts

as a good transducer and helps in the electron transfer process between heterogeneous

phases [64]. The potential response plots of these electrodes are shown in Figure 6.6

respectively. Further detailed investigations were done withthese electrodes only.
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6.3.4 Effect of pH on the performance of the electrode

The effect of pH on the performance of these electrodes was determined by

measuring their potential response for a 0.1 mM Cd2+ion solution at different pH values,

ranging from 1.0 to 11.0. The pH was adjusted by the addition of0.1 MHCl/NaOH, and

the results are shown in Figure 6.7 respectively. The potentials do not change in the pH

range 2.0 to 8.0 (CGE-A2), 2.6 to 8.0 (CGE-B2) and 3.0 to 7.5 (CGE-C2). These results

established the useful working pH range for these electrodes. The change in potential at

higher pH value may be due to the formation of metal hydroxide species in the system

[65]. At low pH, the deviations occur due to the protonation ofthe ionophore [66] and the

electrodes start responding to H30+ ions along with the Cd2+ ions, leading to an increase

in the potentials.

6.3.5 Potentiometric selectivity and the effect of interfering ions

The most important feature ofan ISE is its selectivity, which ismeasured interms

of the selectivity coefficient. The potentiometric selectivity coefficients for these

electrodes were determined by IUPAC recommended fixed interference method (FIM)

using the expression discussed in Chapter 2. For this purpose, a fixed concentration of

interfering ions (aB =10 mM) was added to the primary Cd2+ ion solutions ranging from 1

nM to 10 mM, and the potentials were measured. The potential values were plotted

versus the activity of the Cd2+ ions. The linear portions of the potential response curve

were extrapolated, and the value ofaCd2+ was obtained from the intersection point.

Potentiometric selectivity coefficients given in Table 6.5 indicate that the

electrodes are highly selective over a number of monovalent (Ag+, Na+ and K+ ) and

divalent (Hg2+, Pb2+, Fe2+, Co2+, Ni2+, Zn2+, Cu2+, Mg2+ and Ca2+) and trivalent (Sm3+,
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Nd3+, Ce3+, Gd3+ and La3+) ions. However, the selectivity coefficients for Hg2+ are not

very small, and it would cause some interference if present in higher concentrations. To

estimate the extent of interference caused by the Hg2+ ions, mixed run studies were

performed, and the effect of the Hg2+ ion concentration on the performance of these

electrodes was examined. The potentials were measured in the presence of different

concentrations (0.5, 1, 5, 10 and 50 mM) of Hg2+, and the potential responses of the

electrodes to the mixture are shown in Figure 6.8, 6.9 and 6.10 respectively. The results

indicate that no significant interference is observed at the lower concentrations (up to 5

mM) of Hg2+ ion, and the electrodes can be used for the estimation of cadmium.

However, in the presence ofhigher concentrations of Hg2+ (above 5 mM), significant

interference was observed, which also shortens the linear range and leads to high

detection limit.

6.3.6 Determination of the response time and lifetime

According to the I.U.P.A.C recommendations, the response time of an ion-

selective electrode is defined as the length of the time between the instant at which the

ISE and the reference electrode are immersed in the sample solution and the moment at

which the potential of the cell reaches its steady-state value within ± 1 mV [67]. In this

study, the response time was determined by the successive immersion ofthese electrodes

in a series of cadmium ion solutions, each having a 10-fold increase in concentration

from 100 nM to 10 mM. The potential was measured continuously until the steady-state

potential was attained. Electrodes A2, B2 and C2 responded sharply with response times

of 12, 7 and 17 s, respectively (Figures 6.11, 6.12 and 6.13).

The loss of membrane components due to chemical process at the membrane

sample interface is the main cause for the limited lifetime of neutral carrier-based ISEs
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[68]. To determine the shelf life of the electrodes, their performance was checked daily

over a period of 12 weeks. The potential response plots were acquired daily, and the

performance characteristics were measured. The results are summarized in Table 6.6. The

potentiometric characteristics of electrode B2 did not change significantly over aperiod

of six weeks. After this period, the performance of the electrode started to deteriorate,

and the slope became smaller as the detection limit increased. The results also indicate

that electrodes A2 and C2 worked satisfactory for four weeks without showing

significant change in their performance characteristics. However, the electrodes were

conditioned in a 1mM Cd(N03)2 solution prior to the analysis.

The reproducibility of the Cd2+ electrodes was also checked, and the standard

deviations often replicate measurements at 1mM were ±0.01, ±0.07 and ±0.03 mV for

± electrodes A2, B2 and C2 based on ligands L6, L7 and L8, respectively.

6.3.7 Effect ofnon-aqueous impurities on the response ofelectrodes

The effect ofthe non-aqueous content on the performance ofthese electrodes was

determined by measuring the potentials of solutions having different concentrations (10

to 30 %, v/v) ofacetonitrile, methanol and ethanol. The results are summarized in Table

•* 6.7. The results indicate that the electrodes worked satisfactorily in the solutions

containing up to 20 %(v/v) non-aqueous content. With higher non-aqueous content, the

performance of the electrodes deteriorated, and the potential produced was not

reproducible, which may be due to the leaching of ionophores from the membrane phase.

6.3.8 Comparisons ofthe proposed electrodes with reported ISEs
-A

The potentiometric characteristics ofthe newly developed electrodes (A2, B2 and

C2) and previously developed Cd2+-selective electrodes based on various ionophores are
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shown in Table 6.8. Acomparative study ofthe CGEs based on L6, L7 and L8 shows that

they are superior to the previously reported Cd2+-selective electrodes in terms of their

wider working range and lower detection limit. However, their selectivity is comparable

to the reported electrodes.

6.4. ANALYTICAL APPLICATIONS

6.4.1 Potentiometric titration

Apotentiometric titration of 25 mL of 1mM Cd2+ ions against 10 mM EDTA at

pH 5.5 was carried out using these electrodes as indicators. The titration plots obtained

are sigmoidal in shapes indicating high selectivity for Cd2+. The titration plots (Figure

6.14) can be used to determine the amount ofcadmium present in the sample.

6.4.2 Determination of Cd2+ in watersamples

The electrodes were used for Cd2+ monitoring in Ganga (Roorkee) and Yamuna

(Delhi) river water as well as in the wastewater taken from the State Infrastructure and

Industrial Development Corporation of Uttaranchal (SIDCUL) industrial area and the

Indian Institute of Technology-Roorkee Chemistry Department. The samples were

collected from different locations and treated with 1 M nitric acid. The pH of these

samples was adjusted to 5.5 before the analysis. The potentiometric results are in close

agreement (Table 6.9) with those obtained by ICP-MS showing the utility of the
*04-

electrodes for the determination of Cd .

6.4.3 Determination of cadmium in biological samples

The electrodes were also used successfully for the determination of cadmium in

some medicinal plant and soil samples collected from Haridwar region. Two grams of

dried powdered plant samples was digested with a 5:1 mixture of nitric acid (25 %, v/v)

and perchloric acid, followed by controlled heating until the evolution of gases ceased.
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Fifteen milliliters of deionized water was added to this mixture and filtered through into a

25 mL volumetric flask. The volume was adjusted toa final volume of25 mL.

The soil samples were digested in acleaned Teflon beaker by treating 2gof each

soil sample with 10 mL of nitric acid. The solution was heated until the evolution of

gases was completed. A mixture (5:3:5) of nitric acid, perchloric acid and concentrated

hydrofluoric acid was added, followed by controlled heating until white fumes evolved.

The solution was filtered and diluted with deionized water to a final volume of 25 mL in

a volumetric flask [69]. The pH of the samples was adjusted to 5.5. The results obtained

by potentiometry were compared with those ofICP-MS and are given in Table 6.10.

6.5. Conclusions

Studies of CGEs of different membrane compositions have established that the

compositions performing best are L6:o-NPOE:NaTPB:PVC as 4:51:2.5:42.5 (wt%), L7:o-

NPOE:NaTPB:PVC as 3:52.5:1.5:43 (wt%) and L8:o-NPOE:NaTPB:PVC as

7:49:3.5:40.5 (wt%). The membranes ofthese compositions work over widest working

concentration range with low detection limit and fast response time. These electrodes are

unaffected by the pH in the range 2.6-8.0 and can also work satisfactorily in the non

aqueous content up to 20 % (v/v) They also show high selectivity for Cd2+ over a large

number of metal ions. The utility ofthe electrodes has been demonstrated by detecting

cadmium in medicinal plants, soil and industrial waste water by direct potentiometry and

also as an indicator electrode in the potentiometric titration of Cd2+ against EDTA. A

comparison of performance characteristics with reported electrodes shows that the

proposed electrodes are superior to existing electrodes in terms of wide concentration

range and low detection limit and selectivity is better over most ofthem. Therefore, these

are important addition to theexisting setof cadmium selective electrodes.
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Table 6.1: Stability constants ofionophores (L6, L7 and L8) with different metal
ions

Sandwich membrane methodMetal

ions

(Mn+)

~Cd^

Hg2+

Ag+

Conductivitymethod

(log/WO ±a (log/?ML2)±c (log/W>±a (log/W,)±a ' (log/W>±a (log^ML3)±a

Cu2

Pb

Zn2

2+

Ni2+

Co2+

Fe2+

Mg2+

Ca2+

Sm3+

Nd3+

Gd3+

Ce3+

La3+

Na+

6.59 ±0.1

3.46 ±0.6

3.25 ± 0.2

3.35 ±0.01

2.76 ± 0.09

3.42 ± 0.6

2.14 ±0.4

2.19 ±0.02

2.55 ± 0.7

1.86 ±0.06

1.42 ±0.2

2.04 ± 0.5

1.62 ±0.1

1.76 ±0.05

1.15±0.9

1.31 ±0.7

1.17±0.06

1.03 ±0.1

o- standard deviation

7.42 ± 0.05

3.82 ± 0.02

3.17±0.1

2.89 ±0.8

3.24 ± 0.02

3.53 ± 0.4

2.63 ± 0.9

2.37 ±0.2

2.06 ± 0.02

1.48 ±0.04

1.19±0.01

1.63 ±0.05

2.27 ± 0.3

2.01 ± 0.08

1.34 ±0.04

1.44 ±0.03

1.01 ±0.1

0.84 ± 0.09

6.21 ±0.09

3.38 ±0.3

3.01 ±0.1

3.14 ±0.04

2.91 ±0.3

3.12 ±0.08

2.57 ± 0.2

2.48 ± 0.07

2.17 ±0.05

1.25 ±0.06

1.23 ±0.02

2.29 ± 0.06

2.34 ± 0.02

1.65 ±0.04

1.59 ±0.1

1.51 ±0.08

1.23 ±0.04

1.16 ±0.07
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4.11 ±0.03

2.63 ± 0.2

1.24 ±0.04

1.66 ±0.1

1.03 ±0.9

1.73 ±0.03

1.31 ±0.05

1.33 ±0.04

1.20 ±0.02

1.13 ±0.04

1.16±0.2

2.13 ±0.01

1.84 ±0.5

2.22 ±0.1

1.93 ±0.7

1.46 ±0.4

1.42±0.2

1.15 ±0.03

6.23 ±0.01

3.52 ±0.08

3.04 ±0.01

1.08 ±0.05

1.17 ±0.04

1.83 ±0.4

1.35 ±0.1

1.41 ±0.3

1.32 ±0.07

1.26 ±0.04

1.28 ±0.07

2.24 ± 0.02

2.16 ±0.06

2.48 ± 0.02

1.97 ±0.5

1.58 ±0.1

1.48 ±0.01

1.13 ±0.01

4.49 ±0.01

2.41 ±0.05

1.13 ±0.04

1.11 ±0.05

1.06 ±0.07

1.09 ±0.01

1.14 ±0.5

1.27 ± 0.8

1.03 ±0.05

1.07 ±0.5

1.14±0.01

1.98 ±0.5

1.69 ±0.5

1.79 ±0.8

1.74 ±0.02

1.36 ±0.4

1.32 ±0.02

1.02 ±0.01



m.

Table 6.2: Membrane compositions of CGEs based on

Cadmium(II) ion-selective electrodes

L6 and their potentiometric response as

CGE No.
Slope Linear working range Detection

Composition ofmembrane (%, w/w) (mV decade"') (molL"') . limit

(mol L"1)

Ionophore Plasticizer Additive PVC

Al 4 ' 2.5,NaTPB 93.5 20.9 5.8xl0"5- 1.0x10 ' 3.2x10

A2 4 51,NPOE 2.5,NaTPB 42.5 29.5 2.5xl0"7-1.0x10"' 7.8xl0"8

A3 4 51,AP 2.5,NaTPB 42.5 27.4 1.7xl0"6-5.0xl0"2 9.6xl0"7

A4 4 51,TBP 2.5,NaTPB 42.5 24.9 3.5xl0"6-1.0x10"' 1.8xl0"6

A5 4 51,DBP 2.5,NaTPB 42.5 24.2 5.0x10*- l.OxlO"2 7.8x10*

A6 4 51,BA 2.5,NaTPB 42.5 23.5 7.3xl0"6-5.0xl0"2 4.6x10*

A7 4 51,DOP 2.5,NaTPB 42.5 23.2 4.8xl0"6-5.0xl0"2 2.1x10s

A8 4 51,DOS 2.5,NaTPB 42.5 22.6 1.3xl0"5-1.0x10"' 8.4x10"*

A9 4 51,NPOE 2.5,KTpClPB 42.5 28.6 1.4x10"*-1.0x10"' 8.2xl0"7

A10 3 51,NPOE 2.5,NaTPB 43.5 25.5 8.9xl0"6-l.OxlO"2 6.1x10"*

All 5 51,NPOE 2.5,NaTPB 41.5 29.1 7.8xl0"7- 1.0x10"' 6.7x10"7

A12 _ 51,NPOE 2.5,NaTPB 46.5 10.4 6.9xl0"4-l.OxlO"2 4.4x10""

A13 4 51,NPOE -
45.0 26.5 5.0x10"*-l.OxlO"2 . 2.5x10"*

on L7and their potentiometric response asTable 6.3: Membrane compositions of CGEs based

Cadmium(II) ion-selective electrodes

CGE No.
Slope Linear working range Detection

Composition of membrane (%, w/w) (mV decade"1) (mol L') limit

(mol L"')

Ionophore Plasticizer Additive PVC

BI 3 -
1.5,NaTPB 95.5 21.4 1.9x10"''-1.0x10"** 8.1x10*

B2 3 52.5,NPOE 1.5,NaTPB 43.0 29.6 1.7*10"*-1.0*10"' 7.0x10""

B3 3 52.5.AP 1.5,NaTPB 43.0 27.5 2.0x10'*-1.0x10"' 8.9xl0"7

B4 3 52.5/TBP 1.5,NaTPB 43.0 25.3 5.0x10"*-l.OxlO"2 2.5x10"*

B5 3 52.5.DBP 1.5,NaTPB 43.0 23.8 6.9x10"*-l.OxlO'2 3.4x10"*

B6 3 52.5,DOP 1.5,NaTPB 43.0 23.8 3.8x10"*-1.0x10"' 1.2x10*

B7 3 52.5,BA 1.5,NaTPB 43.0 23.2 6.5xlO"5-5.0xlO"2 3.5x10"*

B8 3 52.5,DOS 1.5,NaTPB 43.0 22.5 8.7x10"*-1.0x10"' 4.4x10*

B9 3 52.5,NPOE 1.5,KTpClPB 43.0 28.3 9.4xl0"7-5.0xl0"2 5.8xl0"7

B10 2 52.5,NPOE 1.5,NaTPB 43.0 26.4 2.3x10"*-5.0xl0"2 8.3xl0"7

Bll 4 52.5,NPOE 1.5,NaTPB 42.0 28.7 1.8xl0"7-1.0x10"' 9.7xl0"8

B12 - 52.5,NPOE 1.5,NaTPB 46.0 11.7 5.4X10"4- l.OxlO"2 2.0x10""

B13 3 52.5/NPOE -

44.5 25.1 7.6xl0"7- 1.0x10"' 4.3 xlO"7
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Table 6.4: Membrane compositions of CGEs based on L8 and their potentiometric response as

Cadmium(II) ion-selective electrodes

CGE Slope Linear working Detection

No. Composition of membrane (%, w/w) (mV decade"1) range limit

(mol L"') (mol L"1)
Ionophore Plasticizer Additive PVC

CI 7
- 3.5,NaTPB 89.5 20.9 4.1xl0"4-5.0xl0"2 9.5 xlO"5

C2 7 49,NPOE 3.5,NaTPB 40.5 29.8 4.6xl0"7-5.0*10"2 8.4x10"8
C3 7 49,AP 3.5,NaTPB 40.5 27.3 1.8xl0"6-5.0xl0"2 9.5 xlO"7
C4 7 49,TBP 3.5,NaTPB 40.5 27.0 4.5xl0"6- 1.0x10"' 1.6X10"6
C5 7 49,DBP 3.5,NaTPB 40.5 24.5 9.4xl0"6- 1.0x10"' 6.3X10"6
C6 7 49,BA 3.5,NaTPB 40.5 22.8 6.7xl0"5-5.0xl0"2 4.2xl0"5
C7 7 49,DOP 3.5,NaTPB 40.5 22.3 7.9xl0"5- l.OxlO'1 5.1xl0"5
C8 7 49,DOS 3.5,NaTPB 40.5 21.6 8.4xl0"5- 1.0x10"' 5.4x10"s
C9 • 7 49,NPOE 3.5,KTpCIPB 40.5 28.1 3.4xl0"6-5.0xl0"2 1.8xl0"6

CIO 6 49,NPOE 3.5,NaTPB 41.5 27.1 5.5xlO"6-l.OxlO"2 3.6X10"6
Cll 8 49,NPOE 3.5,NaTPB 39.5 29.2 9.8xl0"7-1.0x10"' 4.7x10"7
C12

- 49,NPOE 3.5,NaTPB 47.5 12.3 6.7X10"4-l.OxlO"2 4.2X10"4
C13 7 49,NPOE

- 44.0 27.8 i.8xio"6-5.oxio2 9.5 xlO"7

213



Table 6.5: Selectivity coefficients ofCd2+-selective electrodes A2, B2 and C2 based on

L6, L7and L8respectively

Interfering

Ions (B)

Pb2+

Cu2+

Zn2+

Ni2+

Fe2+

Co2+

Mg2+

Ca2+

Sm3+

Nd3+

Gd3+

Ce3+

La3+

Na+

K+

Ag+

CGE-A2

0.3 ± 0.03

2.4 ±0.10

2.1 ±0.09

2.8 ± 0.05

3.0 ±0.10

3.2±0.10

3.5 ±0.20

3.0 ±0.10

3.5 ± 0.07

4.7 ±0.10

4.5 ± 0.30

4.4 ± 0.05

3.9 ±0.30

4.2 ± 0.40

2.6 ±0.30

2.3 ± 0.20

2.5 ± 0.06

Selectivity Coefficients (-Log Kc/*, B)

CGE-B2

1.6 ±0.05

2.9 ± 0.04

3.2 ±0.02

3.6±0.10

3.8 ±0.03

3.6 ±0.20

3.9 ±0.07

4.2 ± 0.05

3.7 ±0.03

3.9 ±0.05

4.5 ±0.10

4.0 ± 0.02

3.4 ± 0.04

3.8 ±0.01

3.2 ±0.20

3.1 ±0.40

2.7 ±0.30

CGE-C2

0.7 ±0.10

2.2 ± 0.05

2.5 ± 0.07

3.3 ±0.20

3.2 ±0.30

3.4 ±0.20

3.1 ±0.30

3.1 ±0.01

3.0 ±0.20

4.0 ± 0.20

4.3 ± 0.04

3.7 ±0.01

3.7 ±0.20

3.7 ±0.07

2.6 ± 0.03

2.0 ±0.10

2.0 ± 0.09

Table 6.6: Lifetime studyof coated graphiteelectrodes no.A2, B2,and C2

Time CGE-A2 CGE-B2 CGE-C2

(weeks) Slope Detection Slope Detection Slope Detection

(mV Decade"1) limit (mV Decade"1) limit (mV Decade"1) limit

(mol L~*) (mol L"1)

7.0 x 10"* 29.8 ± 0.05

(mol L"1)

1 29.5 ± 0.02 7.8 x 10"8 29.6 ± 0.04 8.4 x 10 s

2 29.5 ± 0.05 7.8 x IO"8 29.6 ± 0.20 6.8 x 10"9 29.8 ± 0.05 8.4 x IO"8

3 29.3 ±0.01 7.5 x IO"8 29.6 ± 0.03 6.8 x IO"9 29.4 ± 0.03 7.9 x IO'8

4 29.1 ±0.20 7.1 x 10"8 29.4 ± 0.40 6.3 x IO"9 29.4 ± 0.40 7.2 x 10"8

5 28.7 ±0.10 1.6 x IO"7 29.4 ±0.45 6.3 x IO"9 28.3 ± 0.50 5.5 x IO"7

6 28.4 ± 0.20 3.9 x IO"7 29.2 ±0.10 1.5 x IO"8 27.6 ±0.10 8.7 x IO"7

7 27.6 ± 0.04 7.4 x IO"7 28.8 ± 0.50 4.2 x IO"7 26.2 ± 0.50 9.5 x IO"7

8 27.1 ±0.20 1.6 x 10"6 28.5 ± 0.30 1.3 x IO"7 25.9 ± 0.30 2.8 x IO"6

9 26.7 ±0.10 3.2 x IO"6 28.2 ± 0.20 2.0 x IO"7 25.4 ± 0.20 3.1 x IO"6

10 26.4 ± 0.05 5.9 x IO"6 27.5 ± 0.40 4.6 x IO"7 25.1 ±0.40. 4.3 x IO"6

11 26.0 ±0.35 7.3 x 10"6 27.6 ±0.50 7.8 x IO"7 24.7 ± 0.50 6.8 x IO"6

12 25.8 ±0.80 8.5 x IO"6 27.1 ±0.70 3.5 x IO"6 23.5 ± 0.70 8.5 x IO"6
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Table 6.7: Performance ofCd +selective CGEs in presence ofnon-aqueous media

Non-aqueous CGE-A2 CGE-B2 CGE-C2

content Slope Detection Slope Detection Slope Detection

(%, v/v) (mV decade"1) Limit (mV decade"1) Limit (mV decade"1) Limit

(mol L"1) (mol L"1)

29.8± 0.05

(mol L"1)
0 29.5± 0.07 7.8 xlO"8 29.6± 0.08 7.0x10"9 8.4xl0"8

Acetonitrile

10 29.5± 0.04 7.8x10"* 29.5± 0.08 7.6 xlO"9 29.6± 0.03 8.7x10"8

15 29.5± 0.05 8.3x10"* 29.4± 0.08 8.2xl0"9 29.6±0.1 8.7x10"*

20 29.4± 0.07 8.9x10"* 29.2± 0.2 8.6x10"9 29.2± 0.04 9.3x10"*

25 28.1±0.1 5.6xl0"7 28.9± 0.7 9.4x10* 28.5± 0.3 7.8 xlO"7

30 . 26.7± 0.5 8.8x10* 26.6± 0.6 8.3 xlO"7 26.4± 0.2 2.4x10"6

Methanol

10 29.4± 0.08 8.9x10* 29.5± 0.3 7.6x10"9 29.4± 0.08 8.9x10"8

15 29.4± 0.05 8.9x10'* 29.3± 0.06 8.5 xlO"9 29.1±0.1 9.6xl0"8

20 29.2± 0.09 8.2x10"* 29.0± 0.03 9.4x10"9 29.0± 0.5 1.2xl0"7

25 27.3± 0.05 4.5 xlO"7 28.5± 0.6 8.7x10"* 28.9± 0.2 7.3x10"*

30 26.8±0.9 3.9xl0"6 25.9± 0.8 4.2x10"* 26.2± 0.06 1.5x10"*

Ethanol

10 29.4± 0.05 8.9x10"* 29.5± 0.05 7.6xl0"9 29.8± 0.3 8.4x10*

15 29.4± 0.04 8.8x10"* 29.5± 0.2 7.6 xlO"9 29.5±0.1 8.6x10"*

20 29.3± 0.08 8.6x10* 29.2± 0.7 8.6xl0"9 29.1± 0.04 9.6x10*

25 28.2± 0.08 3.9xl0"7 28.9± 0.02 9.1x10"* 28.6± 0.02 7.5x10"*

30 26.2± 0.2 6.4x10"* 26.4±0.1 7.9 xlO"7 26.7± 0.5 1.8x10"*
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Table 6.8: Comparison of potentiometric characteristics of coated graphite electrodes A2, B2 and

Reference

no.

42

43

40

26

27

25

28

24

44

50

45

49

CGE-A2

CGE-B2

CGE-C2

2+.C2 with the reported Cd selective electrodes

Slope

(mV

decade"1)

30.0

28.0

29.5

29 ±1.0

30± 1.0

29.0

29 ±1.0

30.0 ±1.0

27.8

30 ±1.0

Linear range

(mol L"1)

7.9x10-

l.OxlO"1

7.5 xlO"7-

1.5x10"'

3.2x10"*-

l.OxlO"1

2.1xl0'5-

1.0x10"'

3.0x10"5-

1.0x10"'

l.OxlO"5-

1.0x10"'

4.0x10"

1.0x10"

3.9x10°-

1.0x10"'

l.OxlO"5-

1.0x10"'

2.16xl0"7-

l.OxlO"1

pH

range

2.0-8.0

3.5-9.0

4.5-6.5

1.9-7.0

2.0-5.4

5.0-7.7

Response

time

(s)

10

-10

17

23

<10

2.5-8.5 < 10

3.2-7.5 25

4.0-7.0 <15

5.0-7.0 50

29.9 ±0.5 1.0x10"*-

l.OxlO"1

4.0-9.0 <8

28.5 1.0xlO"5-

1.0x10"'

4.3-8.5 ~5

29.5±0.07 2.5xl0"7-

1.0x10"'

2.0-8.0 12

29.6±0.08 1.7x10"*-

1.0*10"'

2.6-8.0 7

29.8±0.05 4.6xl0"7- 3.0-7.5 17

5.0x10"*
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Selectivity coefficient (-LosK^L.b)

Co2+(3.7), Zn2+(3.4),Pb--+(3-3), Ni2+(3.2), Cu2+(2.8),

Hg2+(3.6),Ca2+(3.9),Ag+(3.1)

Co2+(3.2), Zn2+(2.6),Pb2+(2.1), Ni2+(2.6), Cu2+(2.7),

Hg2+(2.8), Ca2+(2.5)

Co2+(2.5), Zn2+(2.6),Pb2+(2.3), Ni2+(2.4), Cu2+(2.0),

Hg2+(2.8), Ca2+(2.5), Ag+(3.2)

Co2+(1.07), Zn2+( 1.2),Pb2+(0.43),Cu2+(1.04),

Hg2+(1.72),Ca2+(1.29),Ag+(1.14)

Co2+(0.63), Zn2+(0.56),Pb2+(0,52), Ni2+(0.69),

Hg2+(0.52), Ca2+(0.24)

Co2+(0.95), Zn2+(0.75),Pb2+(0.75), Cu2+(0.95),

Ca2+(0.65) Fe3+(0.60)

Co2+(3.0), Zn2+(3.4),Pb2+(0.39), Ni2+(3.1),

Cu2+(0,69), Ca2+(3.72), Ag+(1.0)

Co2+(0.62), Zn2+(0.69), Pb2+(0.52), Ni2+(0.64),

Hg2+(0.52),

Co2+(4.2), Zn2+(2.3),Pb2+(3.2), Ni2+(3.1), Cu2+(2.4),

Hg2+(3.4),Ca2+(3.1),Ag+(3.1)

Co2+(4.2), Zn2+(3.8),Pb2+(3.2), Ni2+(4.5), Cu2+(2.3),

Hg2+(3.4),Ag+(3.5)

Co2+(2.8), Zn2+(1.8),Pb2+(1.6), Ni2+(2.5),

Cu2+(0.67),Ag+(1.04)

Co2+(1.5), Zn2+(1.3), Ni2+(2.5), Cu2+(1.4), Ca2+(1.4)

Co2+(3.5), Zn2+(2.8),Pb2+(2.4), Ni2+(3.0), Cu2+(2.1),

Hg2+(0.3), Ca2+(3.5), Ag+(2.5)

Co2+(3.9), Zn2+(3.6),Pb2+(2.9), Ni2+(3.8), Cu2+(3.7),

Hg2+(1.6),Ca2+(3.7),Ag+(2.7)

Co2+(3.1), Zn2+(3.3),Pb2+(2.2), Ni2+(3.2), Cu2+(2.5),

Hg2+(0.7), Ca2+(3.0), Ag+(2.0)

X



>

4

Table 6.9:Determination ofCd2+ concentration (mg L"') in water samples

SamPles CGE-A2 CGE-B2 CGE-C2 ICP-MS

Ganga water 4.33±0.22 4.92±0.05 5.14±0.4 4.67±0.43

Yamuna water 8.71±0.43 9.36±0.40 9.12±0.16 9.54±0.38

Industrial water 10.95±0.33 12.83±0.29 12.32±0.11 13.17±0.30

Laboratory Waste water 9.20±0.72 9.44±0.11 9.67±0.52 10.72±0.53

Table 6.10: Determination ofCd2+ concentration (mg kg"') in medicinal plants
and soil samples

SamPIes CGE-A2 CGE-B2 CGE-C2 ICP-MS

Ocimum sanctum (Tulsi) 0.97±0.08 0.92±0.03 0.96±0.4 0.98±0.02

Withania somnifera (Ashwagandha) 1.12±0.02 1.15±0.01 1.13±0.01 1.18±0.04

Cassia fistula (Amaltas) 0.92±0.02 0.95±0.04 0.97±0.10 0.95±0.01

Adhatoda vasica (Arusa) 0.79±0.25 0.73±0.04 0.71±0.01 0.77±0.05

Soil sample l(Haridwar) 3.41±0.11 3.42±0.05 3.36±0.27 3.40±0.36

Soil sample 2(Rishikesh) 3.30±0.14 3.34±0.07 3.21±0.09 3.20±0.10
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Figure 6.3: Structure of/V,/V2-dicyanoethyI-</V2-bis(furan-2-ylmethyl) benzene-1,2-
diamine [L8]
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Figure 6.4: Scanning electron microscopy (SEM) image of the graphite electrode after
immobilization

[L]/[M°+] molar ratio
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Figure 6.5: Variation in theConductance ofCd2+ solution with theaddition of
ligands L6, L7 and L8
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Figure 6.6: Calibration plot for Cd2+ selective coated graphite electrodes A2, B2 and C2
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Figure 6.7: Effect of pH on the performance ofCGE-A2, CGE-B2 and CGE-C2 at

1.0 x 10"4mol L' Cd(N03)2 solution
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Figure 6.8: Effect ofdifferent concentrations (5.0x10 ,1.0x10 ,5.0x10", 1.0x10",
5.0xl0"2 mol L"') of Hg2+on the performance of CGE-A2
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5.0xl0"2 mol L"1) of Hg2+on the performance of CGE-B2
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5.0x10" mol L"') ofHg2+on the performance ofCGE-C2

Time (s)

Figure 6.11: Determination of response time of CGE-A2 for ten-fold step change
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Figure 6.12: Determination of response time of CGE-B2 for ten-fold step change in
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