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Abstract  I 
 

 
DEPARTMENT OF APPLIED CHEMISTRY 

FACULTY OF ENNGINEERING AND TECHNOLOGY  
ALIGARH MUSLIM UNIVERSITY, ALIGARH-202002 (INDIA) 

 
 

Chromatographic and Electroanalytical Applications of Newly 
Prepared Composite Materials  

Abstract 
 

It is commonly expected that the future progress in the fields of science and technology 

especially in microelectronics, sensory, chemical and biochemical engineering will be concerned 

with new knowledge-based composite materials. Conducting and non-conducting organic-

inorganic composite materials are relatively new materials, extensively studied during the past 

two decades. Recently, organic polymers and their polymeric organic-inorganic ion-exchange 

composite materials emerged as a new field of research and development, directed to creation of 

new smart materials for use in modern and future applications. These applications include 

chemical/vapour sensor, artificial membranes for ultra- and nano-filtration, pervaporation and 

gas separation, absorbents for toxic compounds etc. Sufficient general introduction and literature 

review has been done in chapter one on the important aspects of these materials to get the idea of 

the work done in this field and to formulate the plan of work for this thesis. 

In chapter two: Polyacrylonitrile-silica gel and Polymethylmethacrylate-silica gel anion 

exchange composite fibers (AECFs) were prepared by simple stirring method. The physico-

chemical characterization of the prepared AECFs were characterized by fourier transform 

spectroscopy (FTIR), scanning electron microscopy (SEM), x-ray diffraction analysis (XRD), 

thermogravimetric analysis (TGA, DTA and DTG) and elemental analysis (CHNS/O). Ion-

exchange behavior was also observed. The results indicate that addition of silica gel affects the 



 

Abstract  II 
 

structure and properties of the composite fibers. The addition of silica gel also changes the 

thermal stability of Polyacrylonitrile-silica gel and Polymethylmethacrylate-silica gel AECFs.  

In chapter three: Polyacrylonitrile-silica gel and Polymethylmethacrylate-silica gel 

membranes were prepared by solution casting method. The membranes having a composition 1:1 

(PAN: silica gel and PMMA: silica gel) shows best results for water content, porosity, thickness 

and swelling. The As(V) selective electrode was developed by using these membranes for the 

determination of arsenate in solutions. The selectivity coefficients values for interfering ions 

indicate good selectivity for As(V) over interfering anions. The accuracy of the procedure have 

been tested on arsenic-free drinking water samples spinked with known amount of arsenate and 

results were compared by PCA-Arsenomat (Arsenic Analyzer). 

In chapter four: Electrically conductive polyaniline–titanium(IV)phosphate (PANI–TiP) 

composite was synthesized by sol–gel method and demonstrated to be an excellent ion-exchange 

material due to its high selectivity for Pb(II). The obtained composite material was characterized 

by using fourier transform infra red spectroscopy (FTIR), scanning electron microscopy (SEM), 

transmittion electron microscopy (TEM) and thermogravimetric analysis (TGA). Ion-exchange 

behavior was also observed. The adsorption efficiency towards heavy metal ions was determined 

by distribution studies and material was found highly selective for lead a heavy toxic metal ion 

indicating the utility for the removal from waste stream. PVC supported membranes of PANI-

TiP cation exchange nanocomposite were prepared by solution casting method in different 

stoichiometric ratios of poly(vinyl chloride) and PANI-TiP. The membrane having a composition 

1:1 (PVC:PANI-TiP) shows best results for electrical cunductivity, water content, porosity, 

thickness and swelling. The Pb(II) selective electrode was developed by using this membrane for 

the determination of lead in solutions. The membrane electrode was mechanically stable, having 

wide dynamic range, with quick response time and could be operated for at least 5 months. 

 

In chapter five: Electrically conductive poly(3-methythiophene)-titanium(IV)molybd- 

ophosphate (P3MTh-TMP) cation exchange nanocomposites have been synthesized for the first 

time by in-situ chemical oxidative polymerization of 3-methythiophene (3MTh) in the presence 

of titanium(IV)molybdophosphate (TMP). Fourier transform infrared (FTIR) spectroscopy, 

scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray 



 

Abstract  III 
 

diffraction (XRD) analysis, thermogravimetric analysis (TGA) and elemental analysis were used 

to characterize the P3MTh-TMP cation exchange nanocomposites. The characterization results 

confirmed that there is a strong interaction between P3MTh and TMP particles and the 

nanocomposites showed higher thermal stability than pure P3MTh. The composite showed good 

ion-exchange capacity, electrical conductivity and isothermal stability in terms of DC electrical 

conductivity retention under ambient condition below 100oC. A cation exchange nanocomposite 

based sensor was fabricated for the detection of aqueous ammonia, it was found that the 

resistivity of the nanocomposites increases on exposure to ammonia at room temperature (25oC) 

and a linear relationship between the responses and the concentration of ammonia was observed. 

 

In chapter six: Electrically conductive polyaniline-titanium(IV)molybdophosphate 

(PANI-TMP) cation exchange nanocomposite was studied as sensing material for aliphatic 

alcohols (methanol, ethanol and 1-propanol) at room temperature. The nanocomposite was 

synthesized by sol-gel mixing of polyaniline (PANI) into inorganic precipitate of 

titanium(IV)molybdophosphate (TMP) and characterized by fourier transform infrared  (FTIR) 

spectroscopy, scanning electron microscopy (SEM), transmission electron microscopy(TEM), X-

ray diffraction analysis (XRD), thermogravimetric analysis (TGA) and ultraviolet-visible 

spectroscopy (UV-Vis). The composite showed good ion-exchange capacity, electrical 

conductivity and resistivity response towards alcohol vapours. It was observed that the sensor 

show good reversible response towards methanol vapours compared to ethanol and 1-propanol 

vapours. These studies suggest that the nanocomposite cation exchanger could be a good sensing 

material for methanol vapours at room temperature (25 oC). 

 

In chapter seven: Electrically conductive Poly-o-toluidine-titanium(IV)phosphate (POT-

TiP) cation exchange nanocomposite was synthesized by sol-gel mixing of organic polymer 

(Poly-o-toludine) into inorganic precipitate of titanium(IV)phosphate(TiP). The material was 

characterized by using transmission electron microscopy (TEM), X-ray diffraction analysis 

(XRD), scanning electron microscopy (SEM) and fourier transform infrared spectroscopy 

(FTIR). The humidity sensing response of the nanocomposite was examined. It was found that 

the conductivity varied according to low humidity to high humidity. The composite showed good 

humidity response, ion-exchange capacity and electrical conductivity. Poly-o-toludine-TiP 



 

Abstract  IV 
 

nanocomposite was also used to study electrical conductivity under isothermal conditions in the 

temperature range 50 -130 0C. The composite was found stable under ambient conditions below 

90 0C in terms of DC electrical conductivity retention. These studies suggest that the cation 

exchange nanocomposite could be a good sensing material for humidity. 

 

In chapter eight: The electrically conducting p-toluene sulphonic acid doped polyaniline-

titanium(IV)phosphate cation exchange nanocomposite was synthesized by sol-gel method. The 

cation exchange nanocomposite based sensor for detection of ammonia vapors was developed at 

room temperature. It was revealed that the sensor showed good reversible response towards 

ammonia vapors ranging from 3 to 6%. It was also found that the sensor with p-toluene 

sulphonic acid (p-TSA) doped exhibited higher sensing response than hydrochloric acid doped. 

This sensor has detection limit ≤ 1% ammonia. The response of resistivity changes of the cation 

exchange nanocomposite on exposure to different concentrations of ammonia vapors shows its 

utility as a sensing material. These studies suggest that the cation exchange nanocomposite could 

be a good material for ammonia sensor at room temperature. 
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           Chapter-1 

1(a) General Introduction 
n science, analytical chemistry is an ancient branch, yet may be regarded as one of the 

youngest science and with the growing global awareness in health hazards and 

environmental pollution, it has played a key role to unveil the causes. So the scientists all over 

the world are paying great attention to it making it an important branch of chemistry.  

Analytical Chemistry is basically concerned with the determination of chemical 

composition of matter. The aspects covered by modern analytical chemistry are identification of 

a substance, elucidation of its structure, separation of different elements and synthesis of 

separation materials. Separation has very important applications in various fields such as in 

medicine, agriculture and environmental analysis. Separation is basically a pre-treatment method 

which, usually proceeds any quantitative or qualitative analysis.  

Separation involves both classical and modern techniques. The examples of the classical 

methods are precipitation and distillation. The general methods of separation include distillation, 

extraction, precipitation, crystallization, dialysis, diffusion etc. The most modern and versatile 

techniques used for the purpose of separations are chromatography and electrophoresis. Amongst 

them, ion-exchange chromatography has emerged as a most versatile and standard analytical 

tool.  

Ion-exchange is basically a process of nature occurring throughout the ages, even before 

the dawn of human civilization. The phenomenon of ion exchange is not of a recent origin. The 

earliest of the references were found in Holy Bible, which says ‘Moses’ succeeded in preparing 

drinking water from brackish water by an ion exchange method [1]. Aristotle [2] stated that the 

seawater loses part of its salt content when percolated through certain sands. In 1623, Francis 

Bacon and Hales described a method for removing salts by filtration and desalination from sea 

water. In 1790, Lowritz purified sugar beet juice by passing it through charcoal.  

1(a).1 Ion-exchange chromatography (IEC) 

Ion exchange is the most commonly practiced chromatographic method for purifying 

proteins, and inorganic or organic ions. Relative to other separations, it is widely applicable, easy 

to scale up, and low in cost. Ion exchange involves solute interactions with the charged groups of 

I 



Umair Baig, Ph.D. Thesis  A.M.U, Aligarh 

Chapter 1 2 
 

the packing material, followed by elution with an aqueous buffer of higher ionic strength or a 

change in pH. 

1(a).1.1 Principle of ion-exchange chromatography (IEC) 

Ion-exchange chromatography retains analyte molecules on the column base by ionic 

interactions. The stationary phase surface displays ionic functional groups (R-X) that interact 

with analyte ions of opposite charge. This type of chromatography is further subdivided into 

cation exchange chromatography and anion exchange chromatography (Fig.1.1). The ionic 

compound consisting of the cationic species M+ or the anionic species B-is retained by the 

stationary phase. 

Cation exchange chromatography retains positively charged cations because the 

stationary phase displays a negatively charged functional group: 

R-X-C+ + M+B-              R-X-M+ + C+ +B- 

Anion exchange chromatography retains anions because of the positively charged 

functional group: 

R-X+A- + M+B-              R-X+B- + M+ +A- 

More importantly it should be noted that the ion strength of either C+ or A- in the mobile 

phase can be adjusted to shift the equilibrium position and thus the retention time. 

1(a).1.2Classification of ion-exchange resin 
According to the chemical nature ion-exchange resin can be classified as- 

 Cation exchange resin 
 Anion exchange resin 

 

Fig. 1.1 Ion-exchange chromatography. 
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1(a).2 Ion-exchange materials 

Ion-exchanger materials are classified on the basis of their nature and active 

exchangeable sites. Classifications of ion-exchange materials are listed below: 

 Inorganic ion-exchange materials 

 Organic ion-exchange materials 

 Chelating ion-exchange materials 

 Intercalation ion-exchange materials 

 Organic-inorganic ion-exchange composite materials 

Organic-inorganic ion-exchange composite materials are the new development of ion-

exchange materials. 

1(a).2.1 Organic-inorganic ion-exchange composite materials 

Composite materials formed by the combination of organic polymers and inorganic 

materials are attractive for the purpose of creating high performance or high functional 

polymeric material termed as “organic-inorganic composite materials”. The conversion of 

organic materials into composite ion exchangers is the latest development in this discipline. The 

preparation of organic-inorganic composite ion-exchangers is carried out by the binding of 

organic polymers i.e. polyaniline, polypyrrole, polythiophene, polycarbazole, polyacrylonitrile, 

polymethyl-methacrylate, polystyrene, polyurethane, polycarbonate etc with inorganic 

precipitates obtained from IV, V and VI groups of elements. These polymers based composite 

ion exchangers showed improvement in a number of properties viz chemical, thermal, 

mechanical, electrical, radiation stability, ion-exchange properties and also selective nature for 

the heavy toxic metal ions. One of the important properties of these polymeric composites is 

their granulometric nature that makes it more suitable for the application in column operations. 

Over the last decade, polymer based organic-inorganic ion exchange composite material 

represents the one of the most fascinating developments in the material chemistry for variety of 

applications [3-11]. 

Organic-inorganic ion-exchange composite materials can be processed in variety of 

different forms, such as nanocomposite, membrane and fibers. 
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1(a).2.1.1 Organic-inorganic ion-exchange composite membrane 

There are two principal types of ion exchange membranes: heterogeneous and 

homogeneous. Heterogeneous membranes can be prepared using almost any ion exchanger [12-

14]. They are prepared by dispersing colloidal or finely ground organic-inorganic ion-exchange 

materials throughout an inert thermoplastic binder such as polyethylene, polystyrene or synthetic 

rubber which is followed by rolling, compressing or extruding them into discs, films or ribbons. 

Ion exchange particles must be in contact with one another in the binder, but not to the complete 

exclusion of the binder otherwise the membrane will have a poor mechanical strength. Typically, 

the ion exchange media comprises 50 to 75% by volume of the membrane. Homogeneous 

membranes are condensation products such as of sulphonated phenol and formaldehyde or of 

nitrogen-containing compounds and formaldehyde. These strong acid or strong base condensates 

are laid out in thin sheets on mercury or acid resistant plates. They can also be prepared by 

heating a precondensed, viscous reaction mixture between plates. If additional strength is 

required, membranes can be prepared on a mesh or fibrous backing. 

1(a).2.1.2 Organic-inorganic ion-exchange composite fibers 

Organic-inorganic composite ion-exchanger (cation/anion) in the form of fibers can be prepared 

by ‘electrospinning method’ and by ‘simple spinning method’. Simple spinning method is one of 

the simplest ways for the genesis of fibers, without involving any sophisticated instrument. 

1(a).2.1.2.1 Electrospinning method 

At first glance, electrospinning gives the impression of being a very simple and, 

therefore, easily controlled technique for the production of fibers with dimensions down to the 

nanometer range. In a typical electrospinning experiment in a laboratory, inorganic particles 

dispersed polymer solution or melt is pumped through a thin nozzle with an inner diameter on 

the order of 100 mm (Fig. 1.2). The nozzle simultaneously serves as an electrode, to which a 

high electric field of 100-500 kV m-1is applied, and the distance to the counter electrode is 10-25 

cm in laboratory systems. The current that flows during electrospinning ranges from a few 

hundred nanoamperes to microamperes. The substrate on which the electrospun fibers are 

collected is typically brought into contact with the counter electrode. The vertical alignment of 

the electrodes “from top to bottom” is not insignificant with respect to the process, but in 

principal, electrospinning can also be carried out “from bottom to top” or horizontally. 
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Fig. 1.2 A laboratory setup for an electrospinning experiment with a perpendicular arrangement 

of the electrodes. 

1(a).2.1.2.2 Simple spinning method 

 
Fig. 1.3 A laboratory made setup for simple spinning experiment. 
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Simple spinning method is one of the simplest way for the genesis of fibers, 

without involving any sophisticated instrument(Fig. 1.3) [15-16].A certain amount of polymer 

(PMMA, PAN, PC, PU etc.)is dissolved in organic solvent at room temperature and a controlled 

amount of inorganic material is dispersed into polymer solution. Mechanical stirring is applied at 

room temperature in order to obtain homogeneous inorganic particles dispersed within the 

polymer solution. The inorganic particles dispersed polymer solution is then dropped in 

vigorously stirring water (deminralized water) to prepare the fibers using magnetic stirrer. 

Composite fibers accumulated on the surface of the water are filtered off, washed with doubly 

distilled water and then dried at room temperature. 

1(a).3 Composites  

A composite is defined as a material created by combination of two or more components, 

generally a selected filler or reinforcing agent and a compatible matrix binder. The combination 

of these component results in formation of a new material with specific characteristics and 

properties. The synthetic assemblage of the components does not occur like one dissolved into 

other but rather like merging into each other. Although the components act together as a single 

material, but the components and the interface between them can usually be physically identified 

and generally, the behaviour and the properties of the composite is controlled by the interface of 

the components. Since the composite is a totally new material having new and specific 

characteristics, its properties cannot be achieved by any of its components acting alone.  

1(a).3.1 Classification of composites 

Classification of composite can be done on the basis of filler or reinforcing agent. 

1(a).3.1.1 Polymer matrix composites (PMCs) 

The matrix material used in polymer-based composites can either be thermoset (epoxies, 

phenolics etc.) or thermoplastic resins (low density polyethylene, high density polyethylene, 

polypropylene, nylon, acrylics etc.). The filler or reinforcing agent can be chosen according to 

the desired properties. The properties of polymer matrix composites are determined by 

properties, orientation and concentration of fibers and properties of matrix. The matrix has 

various functions such as providing rigidity, shaping the structure by transferring the load to 

fiber, isolating the fiber to stop or slow the propagation of crack, providing protection to 

reinforcing fibers against chemical attack or mechanical damage (wear) and affecting the 

performance characteristics such as ductility, impact strength, etc. depending on its type. The 



Umair Baig, Ph.D. Thesis  A.M.U, Aligarh 

Chapter 1 7 
 

failure mode is strongly affected by the type of matrix material used in the composite as well as 

its compatibility with the fiber. The important functions of fibers include carrying the load, 

providing stiffness, strength, thermal stability and other structural properties in the composites 

and providing electrical conductivity or insulation, depending on the type of fiber used. 

Polymer Matrix Composites are composed of a matrix which may be either thermoset 

[Unsaturated Polyester (UP), Epoxy (EP)] or thermoplastic [Polycarbonate (PC), 

Polyvinylchloride (PVC), Nylon, Polystyrene(PS)] and embedded glass, carbon, steel or Kevlar 

fibers (dispersed phase) [17]. 

1(a).3.1.2 Metal matrix composites (MMCs) 

Polymer composites can’t bear very high temperature; they are normally used upto 

180oC, but rarely find use beyond 350oC. The polymer matrix composite with inorganic 

reinforcements can’t be used at very high temperature because polymer can undergo degradation 

at that temperature. Metal matrices, on the other hand can widen the scope of using composites 

over a wide range of temperatures and they also allow tailoring of several useful properties that 

are not achievable in conventional metallic alloys. High specific strength and stiffness, low 

thermal expansion, good thermal stability and improved wear resistance are some of the positive 

features of metal matrix composites. The metal composites also provide better transverse 

properties and higher toughness compared to polymer composites. Metal Matrix Composites are 

composed of a metallic matrix (aluminium, magnesium, iron, cobalt, copper etc.) and a dispersed 

ceramic (oxides, carbides) or metallic (lead, tungsten, molybdenum etc.) phase [18]. 

1(a).3.1.3 Ceramic matrix composites (CMCs) 

Ceramic Matrix Composites are composed of a ceramic matrix and embedded fibers of 

other ceramic material (dispersed phase) [19].Ceramic provides strength at high temperatures 

well above 1500oC and have considerable oxidation resistance. They possess several desirable 

properties such as high elastic modulus, high Peierl`s yield stress, low thermal expansion, low 

thermal conductivity, high melting point, good chemical and weather resistance as well a  

excellent electromagnetic transparency. However, the major drawback of ceramics is that they 

exhibit limited plasticity. This low strain capability of ceramics is of a major concern, as it quite 

often leads to catastrophic failure, for this reason ceramics are not considered as dependable 

structural materials. Such limitations do not exist with ceramic matrix composites, as suitable 

reinforcements may help them to achieve desirable mechanical properties including toughness. 
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The ceramic matrices are usually glass, glass ceramics (lithium aluminosilicates), carbides (SiC), 

nitrides (SiN4, BN), oxides (Al2O3, Zr2O3, Cr2O3, Y2O3, CaO, ThO2) and borides (ZrB2, TiB2). 

The reinforcements which are normally high temperature inorganic materials including ceramics, 

may be in the form of particles, flakes, whiskers and fibers. The commonly used fibers are 

carbon, silicon carbide, silica and alumina. The current resurgence in the research and 

development of ceramic matrix composites is because of their resistance to wear and tear, it can 

also sustain low and high cycle fatigue, has good corrosion resistant properties and possesses 

high specific strength at higher temperatures. The use of ceramic composites in aero–engine and 

automotive engine components reduces the weight and thereby enhances the engine performance 

with higher thrust to weight ratios due to high specific strength at high temperatures. 

1(a).4 Nanocomposites 

The nanocomposite materials are those that combine two or more individual components 

in order to improve performance properties in which at least one dimension of the dispersed 

particles of a component is in the nanometer range.  

1(a).4.1 Classification of nanocomposites  

The nanocomposites may be classified into the following four types depending upon the 

nature of dispersed phase and dispersion medium [20].  

 Inorganic-organic nanocomposites: for example, metal or semiconductor 

nanoclusters/particles dispersed in a polymer matrix (such as poly methyl methacrylate 

and block copolymers).  

 Organic-inorganic nanocomposites: for example, nanoparticles of organic dyes or 

biopolymers dispersed in an inorganic matrix (such as silica, titania or alumina). 

 Inorganic-inorganic nanocomposites: for example, gold nanoparticles dispersed in the 

matrix of silica. 

 Organic-organic nanocomposites: for example, nanoparticles of organic dyes dispersed 

in the matrix of polymethylmethacrylate. 
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1(a).5 Polymers 

Polymers are of profound interest to society and are replacing metals in diverse field of 

life, they seem to provide a solution to almost every deed in life, from preparing daily 

commodities to the highly sophisticated artificial heart valve. The word polymer is derived from 

two Greek words, ‘poly’ which means many and ‘mer’ which means part. So a polymer may be 

defined as long chain molecule produced by repeated joining of small units. In some cases, the 

repetition is linear while in others it may be branched or cross–linked [21-25]. The smaller 

structural units are called monomers and they are covalently bonded together in any conceivable 

pattern. In certain cases, it is more accurate to call the structural or repeat unit, a monomer 

residue because some atoms may be eliminated from simple monomeric unit during 

polymerization process. 

The desirable properties in polymers can be conventionally attained by tailoring the 

polymer structure or by incorporating additives. Scientist have been enthusiastic to explore the 

possibility of transforming insulating or non-conducting / conducting polymers into materials 

envisaging such special characteristics like low density, low cost, ease of fabrication, flexibility 

of design, low energy and labour requirements for fabrication and processing. These polymeric 

modifications make them a class of versatile materials capable of meeting even the most 

stringent specifications of modern technology. 

1(a).5 .1 Non-conducting polymers  

1(a).5.1.1 Polyacrylonitrile (PAN) 

Polyacrylonitrileis one of the most popular polymer used in producing fibrous precursor. 

Acrylonitrile, (CH2=CHCN) was first synthesized in 1893 by Mouren [26], who also was the 

first (one year later) to report the acrylonitrile polymer i.e. polyacrylonitrile(PAN) (Fig 1.4). The 

first synthesis of acrylonitrile was based on the dehydration of 1–cyanoethanol (ethylene 

cyanohydrin or acrylamide). The early industrial process for acrylonitrile production also used 

ethylene cyanohydrin as starting material, but since1960 practically the entire acrylonitrile 

production has been based on catalytic ammonoxidation of propylene [24]. 
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Fig. 1.4 Chemical structure of polyacrylonitrile (PAN). 

Polymerization is usually carried out in aqueous solution in the presence of redox 

initiators and the polymer precipitates out from the system as fine powder. PAN softens only 

slightly below its decomposition temperature and is soluble in DMF, THF, DMSO, acetone etc. 

It is resistance upto 220°C and exhibits good mechanical properties and is available as films, 

sheets and rods [22, 23]. 

1(a).5.1.2 Polymethylmethacrylate  

 Poly(methylmethacrylate) (PMMA) is a member of a family of polymers which chemist 

call “acrylates”, while in rest of the world it is popular by the name “acrylics”. The German 

chemist Fitting and Paul discovered in 1877 the polymerization process that turns methyl 

methacrylate into polymethyl methacrylate. Rohm and Bauer polymerized methylmethacrylate 

(MMA) into transparent sheet in 1932 [27]. Pure, atactic PMMA (Fig. 1.5) is an amorphous 

plastic with a high surface gloss, high brilliance, clear transparency of 92% and a relative index 

of 1.49. PMMA classified as a hard, rigid, but brittle material, with a glass transition temperature 

of 105oC. It has good mechanical strength, acceptable chemical resistance and extremely good 

weather resistance. PMMA has favorable processing properties, good thermoforming and can be 

modified with pigments, flame retardant additives, UV absorbent additives and scratch resistance 

coatings [28].  

 

Fig. 1.5 Chemical structure of polymethylmethacrylate (PMMA). 
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1(a).5 .2 Conducting polymers 

Polymers that is plastics, we know behave somehow the opposite of metals. They are 

used as insulators as they do not conduct electricity. Electric wires are coated with polymers to 

protect us from short-circuits. 

 

                          Fig. 1.6 Molecular structures of some conjugated polymers [29]. 

This view of polymers was changed with the discovery of polyacetylene which can be 

made conductive almost like a metal by Alan J. Heeger, Alan G. MacDiarmid and Hideki 

Shirakawa [30]. For this discovery, the Royal Swedish Academy of Science awarded the Nobel 

Prize in Chemistry for the year 2000 to these three scientists who have revolutionized the 
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development efforts in the field of electrically conducting polymers. Conducting polymers have 

extended π-systems and are highly susceptible to chemical or electrochemical oxidation or 

reduction. Thus the electrical and optical properties of such polymers could be precisely altered 

by carefully controlling the process of oxidation and reduction. Since these reactions are often 

reversible, it is possible to systematically control the electrical and optical properties with a great 

deal of precision switching from a highly conducting state through semiconducting to insulating 

state [31, 32]. Thus conducting polymers can be perceived as macromolecules having the fully 

conjugated sequence of bond along the backbone which acquires a positive or negative charge by 

oxidation or reduction process.  

With the advent of many more discoveries in the field of conducting polymers, today we 

have a variety of polymers which have shown to exhibit electrical conductivity.  The structures 

of some the conducting polymers are given in Fig. 1.6 while the electrical conductivities of some 

important conducting polymers and related materials are given in Fig. 1.7. 

 

Fig. 1.7 Electrical conducuctivities(Scm-1) of polymers and other related materials[33]. 
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1(a).5.2.1 Polyaniline 

Although, polyaniline (PANI) was discovered over 150 years ago, it has only recently 

captured the attention of the scientific community due to its high electrical conductivity on 

treatment with protonic acids and became the most investigated conducting polymer since its 

discovery about three decades ago. It was first prepared in 1834 and has been the subject of mild 

research ever since [34]. However, the conducting properties of PANI were recognized and the 

number of research articles dealing with this conducting polymer grew rapidly since 1980s. 

Among all conducting polymers, Pani has a special representation due to its unique properties 

such as low cost of its monomers, ease of synthesis by chemical or electrochemical routes and 

high environmental stability. The specific advantages of PANI include the ability to tune its 

electrical properties easily by proton doping or simple versatile redox reactions. These features 

made Pani an attractive replacement material in many areas of applications such as electrodes, 

charge transfer and active layers, electrochromic displays, electromagnetic shielding as well as a 

growth template for neurons [35-38]. 

1(a).5.2.1.1 Synthesis of Polyaniline  

The most common synthesis of PANI involves oxidative polymerization in which the 

polymerization and doping occurs concurrently and may be accomplished either 

electrochemically or chemically.  

Chemical synthesis 

PANI is made by polymerizing aniline through a chemical reaction in acidic medium 

such as hydrochloric acid, sulfuric acid, nitric acid etc. This is usually performed by oxidizing 

the aniline and mixing them slowly to form Pani (Fig. 1.8). Depending upon the required 

electrical conductivity of the PANI, the resulting polymer may be exposed to other chemicals in 

a process called doping. Doping of PANI leads to a more stable polymer and will also allow it to 

conduct current evenly [39]. 
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Figure. 1.8 Oxidative polymerization of aniline to polyaniline. 

Synthesis of PANI by chemical oxidative route involves the use of acids in the presence 

of oxidizing agent such as ammonium persulfate (NH4)2S2O8, potassium persulfate K2S2O8 etc. 

in aqueous medium. The principal function of the oxidant is to withdraw a proton from aniline 

molecule without forming a strong co-ordination bond either with the substrate/intermediate or 

with the final product. However, minimum required quantity of oxidant is used to avoid any 

oxidative degradation of the polymer formed. 

Gospodinova et al. [40] reported that the propagation step of polymerization of aniline 

proceeds via a redox process between the growing chain (an oxidant) and aniline (a reductant) 

along with the addition of monomer units to the growing chain end. The high concentration of 

strong oxidant, (NH4)2S2O8, at the initial stage of the polymerization enables the fast oxidation of 

oligomers and Pani as well as their existence in the oxidized form. 
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1(a).6 Electroanalytical applications of organic-inorganic ion-exchange composite materials  

1(a).6.1 Chemical sensors/Ion-selective membrane electrodes 

Chemical sensors are miniaturized analytical devices, which can deliver real time and on-

line information on the presence of specific compounds or ions in complex samples. Usually an 

analyte recognition process takes place followed by the conversion of chemical information into 

an electrical or optical signal. Among various classes of chemical sensorsion-selective electrodes 

(ISEs) are one of the most frequently used potentiometric sensors during laboratory analysis as 

well as in industry, process control, physiological measurements, and environmental monitoring. 

The principle of ion-selective electrodes operation is quite well investigated and understood. 

Ion-selective electrodes are mainly membrane-based devices; consist of perm-selective 

ion-conducting materials, which separate the sample from the inside of the electrode. On the 

inside is a filling solution containing the ion of interest at a constant activity. The membrane is 

usually non-porous, water insoluble and mechanically stable. Depending on the nature of the 

used membrane material, the ion-selective electrodes (ISEs) can be divided into three groups: 

glass membrane, crystal or solid membrane and polymeric or liquid membrane. Many ISEs are 

commercially available and routinely applied in various fields. This is very simple and practical 

electroanalytical method, making the application of these devices trouble-free and useful. 

Schematic arrangement of an ISE measurement is shown in Fig. 1.9. 

 
Fig. 1.9 Diagrammatic presentation of ion-selective membrane electrode setup. 
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1(a).6.1.1 Physico-chemical properties of ion-selective electrodes  

The properties of an ion-selective electrode are characterized by parameters 

like:Selectivity, slope, range of linear response, detection limit, response timeand life time.  

(1) Selectivity 

The selectivity is one of the most important characteristics of an electrode, as it 

oftendetermines whether a reliable measurement in the sample is possible or not. The selectivity 

coefficient (Kxy) has been introducedin the Nikolski-Eisenman equation. Most often it is 

expressed as the logarithm of (Kxy). Negative values indicate a preference for the target ion 

relative to the interfering ion. Positive values of log Kxy indicate the preference of an electrode 

for theinterfering ion. The experimental selectivity coefficients depend on the activity and a 

method of their determination.Different methods of the selectivity determination can be found in 

the literature. The IUPAC suggests two methods: separate solution method (SSM) and fixed 

interference method (FIM). There is also an alternative method of the selectivity determination 

called matchedpotential method (MPM). Each of them has got advantages and drawbacks, and 

there are no general rule pointing which method gives the true result. The methods proposed by 

IUPAC with several precautions will give meaningful data.  

(2) Slope 

Slopeof the linear part of the measured calibration curve of the electrode. The theoretical 

valueaccording to the Nernst equation is: 59.16 [mV/log(ax)]at 298 K for a single charged ion or 

59.16/2 = 29.58 [mV perdecade] for a double charged ion. A useful slope can be regarded as 50-

60 mV/decade and 25-30 mV/decade for single and double charged ion respectively.  

(3) Range of linear response 

At high and very low target ion activities there are deviations from linearity.Typically, the 

electrode calibration curve exhibits linear response range between 10-1M and 10-5M.  

(4) Detection limit 

According the IUPAC recommendation the detection limit is defined by the cross-

sectionof the two extrapolated linear parts of the ion-selective calibration curve. In practice, 

detection limit on the order of 10-5-10-6M is measured for most of ion-selective electrodes. The 

observed detection limit is often governedby the presence of other interfering ions or impurities. 

If for example metal buffers are used to eliminate the effectswhich lead to thecontamination of 

very dilute solutions it is possible to enhance the detection limit down to 10-10M.  
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(4) Response time 

 In earlier IUPAC recommendations, it was defined as the time between the instant atwhich 

the ion-selective electrode and a reference electrode are dipped in the sample solution (or the 

time at which the ion concentration in a solution is changed on contact with ISE and a reference 

electrode) and the first instant at which the potentialof the cell becomes equal to its steady-state 

value within 1 [mV] or has reached 90% of the final value (in certain cases also 63% or 95%). 

(5) Effect of pH 

The membrane electrodes with polymer binders like PVC responds to change in the pH value 

of the solutions. So it is necessary to study the effect of pH and the favorable working range of 

pH has to be evaluated for accurate measurements. Since in membrane electrodes one or other 

polymeric binder was used for the construction of the membrane, it is necessary that one finds 

out the effect of pH on the electrode response. The electrode could be safely used for 

measurements of their ions provided the pH of the solutions used falls in the range where the 

electrode response does not change with the pH, and this pH range is used as working pH range 

of the electrode.  

(6) Life span of membrane electrode 

Ion-exchanger membrane electrodes can be used for one to three months in continuous 

service. This short lifetime may be related to the gradual loss of the ion-exchanger through the 

porous membrane. The membrane, internal filling solution and the ion-exchanger are replaced 

when the electrode response becomes noisy or drifts. So, in order to find out the life time of the 

electrode, the electrode response were noted every week and response curve is drawn for the data 

usually at the initial period some changes in the response are noted vis-à-vis the slope of the 

response curve but after the week or so, the electrode response remains fairly constant over a 

period of time after this period the electrode starts behaving erratic, therefore cannot be used for 

any measurements. This period over which the electrode response is constant can be called a life 

of electrode. 

 
1(a).6.2 Vapour/Gas Sensor 
 

Polymer–based vapour/gas sensors have received considerable interest in recent years 

[41-63], mainly due to their gas sensing ability, by measuring the conductivity change as a 

function of exposure of gases. Early work on conducting polymers as gas sensors was 
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undertaken by a number of groups and the first disclosure of the gas–sensing properties of 

conducting polymers was made by Nylander et al. in 1983 [61], when they used polypyrrole–

impregnated filter paper to measure the response of ammonia vapor. Later the same device was 

used to measure the responses to NO2 and H2S under suitable conditions; presumably these gases 

reacted with PPy by oxidizing and reducing the PPy respectively. Bartlett’s group [45, 46, 60, 

and 62] compared the responses with vapors such as alcohols, acetone and ether from four 

different polymers including polypyrrole, PANI, poly–N methylpyrrole and poly–

5carboxyindoIe. It was reported that poly–5–carboxyindole gave the most consistent response to 

all vapors investigated and the mechanism of response of these sensors was explained in terms of 

the semiconductor theory [48]. Chemical sensing properties of the electrochemically prepared 

polypyrrole–polyvinyl alcohol film were studied by exposing them to NH3 gas [63]. 

 

1(a).6.3 Humidity Sensor 

Humidity is one of the most common constituents present in the environment. Therefore, 

humidity/relative humidity (RH) detection and its control are important in a wide range of 

applications in various fields such as air conditioning systems, electronic devices, tire industries, 

sugar industries, pharmaceutical and drying processes for ceramics and food [64-65].The 

electrical response with humidity variations has been attributed to both chemisorption and 

capillary condensation of water molecules. Over the last few years many sensing methods have 

been developed for measuring a variety of humidity-related parameters. The conventional 

materials used for sensing humidity are electrolytic metal oxides, alumina thin films, and 

ceramics [66] However, conducting polymer based organic-inorganic nanocomposite are 

identified as good candidates for practical applications, since they are compatible to oxides and 

ceramics and also they can be used at room temperature[67–68]. Of these, a disc type sensor 

would offer higher sensitivity toward humidity than a thin type film due to larger capacity 

toward water absorption. 

It is a well–known fact that in the presence of moisture, the DC electrical conductivity of 

PANI increases by many order of magnitude, and this forms the basis of humidity measurements. 

The increase in conductivity is attributed to the reduction in potential barriers between the grains 

due to the presence of moisture. The change in conductivity in aqueous environment involves 

two main processes: the adsorbed water molecules dissociate at imine nitrogen centers 
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andpositive charge migrates through the polymer. Generally, most of the imine units in bulk 

PANI are enveloped in the polymeric network, and only those on the surface have a chance to 

come in contact with water which affects its sensitivity to humidity [69-77].  

 
1(a).6.4 Electrical behavior of organic-inorganic composite materials  

1(a).6.4.1 Four-probe resistivity measurement 

Many conventional methods for measuring resistivity are unsatisfactory for variety of materials 

such as semiconductors, because metallic semiconductor contacts are usually rectifying in 

nature. Also, there is generally minority carrier injection by one of the current carrying contacts. 

An excess concentration of minority carriers will affect the potential of other contacts and thus 

modulate the resistance of the material. The four probe method is one of the standard and most 

widely used methods for the measurements of the resistivity. It overcomes the difficulties 

mentioned above and also offers several other advantages, as it permits measurements of 

resistivity in samples having a variety of shapes, including the resistivity of small volume within 

bigger piece. In this arrangement, the contact resistance may be high as compared to the sample 

resistance, but as long as the resistance of the sample and contact resistance are small compared 

to the effective resistance of the voltage measuring device, the measured values will remain 

unaffected. Because of pressure contacts, the arrangement is especially useful for quick 

measurements on different samples or sampling different parts of the sample. In this method, 

four sharp probes are placed on a flat surface of the material, the current is passed through the 

two outer electrodes, and the floating potential ismeasured across the inner pair. If the flat 

surface on which the probes rest is adequately large, it may be considered to be a semi–infinite 

volume. To prevent minority carrier injection and to make good contacts, the surface on which 

the probes rest, may be mechanically lapped. The experimental setup used for measurements is 

illustrated schematically in Fig 1.10. A nominal value of probe spacing, which has been found 

satisfactory, is an equal distance of 2.0 mm between adjacent probes [78].The conductivity () 

was calculated using the following equations: 

 = o /G7(W/S)                                                                    (1.1)   

G7(W/S) = (2S/W)ln2                                                           (1.2)   

o = (V/I)2S                                                                        (1.3)     
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 = 1/                (1.4)  

Where G7(W/S) is a correction divisor which is a function of thickness of the sample as 

well as probe-spacing where I, V, W and S are current (A), voltage (V), thickness of the film 

(cm) and probe spacing (cm) respectively. 

 
Fig.1.10Four-Probe D.C. electrical conductivity measurement setup. 
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1(b) Literature Review   

t is commonly expected that the future progress in thefields of science and technology 

especially in microelectronics, sensory, chemical and biochemical engineering will be 

concerned with new knowledge-based composite materials. Conducting and non-conducting 

organic-inorganic composite materials are relatively new materials, extensively studied during 

the past two decades. Recently, organic polymers and their polymeric organic-inorganic 

composite materials emerged as a new field of research and development, directed to creation of 

new smart materials for use in modern and future applications. These applications include 

corrosion protection, chemical sensor and biosensor, transistor and switch, data storage, 

supercapacitor, photovoltaic cell, electrochromic device, field emission display, actuator, 

optically transparent conducting material, and substituent for carbon nanomaterials, artificial 

membranes for ultra- and nano-filtration, pervaporation and gas separation, absorbents for toxic 

compounds etc.  [79-82].A schematic diagram showing various applications of organic-inorganic 

composite materials is given in Fig. 1(b).1.  

 
Fig. 1(b).1Schematic diagram showing various applications of organic-inorganic composite 

materials. 

I 
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` Over the last decade, polymer based organic-inorganic ion exchange composite material 

represents the one of the most fascinating developments in the material chemistry for variety of 

applications [3-11]. Polymer based organic-inorganic ion exchange composites are now 

considered as advanced class of materials due to their excellent ion exchange behaviour as well 

as their analytical and electroanalytical applicationsin the following disciplines:   

 Water softening [83, 84]  

 Separation and preconcentration of metal ions [85]  

 Nuclear separations [86]  

 Catalysis [87]   

 Redox system [88]  

 Electrodialysis [89]  

 Hydrometallurgy [90]  

 Effluent treatment [91]  

 Ion exchange fibers [92-94]   

 Ion-selective electrodes [95] 

 Chromatographic columnoperations  

 In particular, chromatographic and electroanlytical applications of organic-inorganic 

composite materials have recently attracted a great deal of interest. One of the important 

electroanalytical application of these ion-exchange composite materials is their use to fabricate 

ion-selective electrode (ISEs) for sensing toxic metal ions. The ability to make direct and indirect 

measurement in complex samples without concern about sample color or turbidity and the fact 

that such measurements require relatively inexpensive equipment make ISE based techniques 

attractive to scientists in many disciplines. A large number of ion-selective electrodes using ion-

exchangers have been developed during the past 25 years. The research works on these ion-

selective electrodes have begun in 1960’s but there systematic studies started after Pungor et al. 

in 1961. 

Literature survey shows the fast development in these fields. Although it’s very difficult 

to compile all the results as numerous work has been done, but effort has been taken to tabularize 

important of them.  

Indeed, an exhaustive literature survey in this chapter puts into: 
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 Chronological overview of synthetic inorganic ion-exchange materials and their silent 

features.[Table: 1(b).1] 

 Chronological overview of organic-inorganic composite ion-exchange materials and their 

silent features.[Table: 1(b).2] 

 Chronological overview of important ISEs based onorganic-inorganic composite ion-

exchange materials and their selectivity, electrode potential range, pH range, detection 

limit and life span time.[Table: 3(b).3] 

 

Table 1(b).1 Chronological overview of synthetic inorganic ion-exchange materials and their 

silent features. 
S. 

No. 
Ion Exchange 

Materials 
Type Composition Empirical Formula Selectivity Refs. 

1 Aluminium 
antimonite 

Amorphous Al/Sb=4.20 - Ag+, UO2
2+, Ba2+ 96 

2 Aluminium oxide Crystalline - -  97 
3 Aluminium vanadate Amorphous - (Al2O3)n.(V2O3)n - 98 
4 Aluminium 

tripolyphosphate 
Amorphous Al/P=0.50-0.66 - - 99 

5 Antimonic acid Amorphous - Sb2O5.4H2O Li+, Na+, K+, Ta5+ 100 
6 Antimony phosphate - - Sb(HPO4)2.H2O Cd2+, Hg2+ 101 
7 Antimony silicate Crystalline - Sb2O5(H2SiO3)6.nH2O Rh+ 102 
8 Antimony 

ferrocyanide 
Amorphous - - Sr2+ 103 

9 Bismuth tungstate Amorphous Bi/W=0.50 - Pb2+ 104 
10 Bismuth tellurate Amorphous Te/Bi=0.70 Bi4(H2TeO6)3.nH2O - 105 
11 Bismuth silicate Amorphous - - - 106 
12 Cerium antimonate Amorphous Sb/Ce=0.30 - Hg2+, Cu2+ Tl+ 107 
13 Cerium arsenate Crystalline As/Ce=2.0 Ce(HAsO4)2.2H2O Li+, Na+, K+, Cs+ 108 
14 Cerium molybdate Amorphous Mo/Ce=2.3, 8.2 - Pb2+ 109 
15 Cerium oxide Amorphous H2O/CeO2=3.0 - Cu2+ 108 
16 Cerium tungstate Amorphous Ce/W=0.49 - Al3+, Hg+ 110 
17 Cobalt antimonate Amorphous Co/Sb=1.3 - Bi3+ 111 
18 Chromium phosphate Amorphous P/Cr=0.6-1.0 Cr2O2HPO4Cr2O3(HPO4)2 Li+, Na+, K+, Rb+. 

Cs+ 
112 

19 Chromium arsenate Amorphous As/Cr=1.98 Cr2O2(H3AsO4)4.3H2O Zr4+, Hf4+ 113 
20 Chromium molybdate Amorphous Mo/Cr=1.90 Cr2O3(H2MoO4)4.8H2O Pb2+, Ca2+ 114 
21 Chromium tungstate Amorphous W/Cr=1.92 Cr2O3(H2WO4)4.11H2O Th4+, Hf4+ 115 
22 Chromium antimonite Amorphous Sb/Cr=2.95 Cr2O3.3Sb2O5.22H2O Co2+, Pb2+ 116 
23 Chromium 

ferrocyanide 
Amorphous Cr/Fe=0.33 K6Cr2[Fe(CN)6]3.16H2O Li+, Na+, K+, Ca2+ 117 

24 Ferric phosphate Amorphous P/Fe=2.00 FeH(HPO4)4.nH2O Pb2+, Eu3+, Ca3+ 118 
25 Ferric arsenate Amorphous As/Fe=1.33 - Li+, Na+, K+ 119 
26 Ferric silicate Amorphous - - Zn2+, Cd2+, Cr3+, 

Al3+ 
120 

27 Ferric antimonite Amorphous Sb/Fe=2.40 - Cd2+ 121 
28 Ferric tungstate Amorphous Fe/W=1.0 - Ce4+ 122 
29 Ferric ferrocyanide Amorphous - - Cs+ 102 
34 Lead tungstate Amorphous W/Pb=2.50 - Cu2+ 123 
35 Lead ferrocyanide Amorphous - Pb2[Fe(CN)6] Cs+, Co2+ 124 
37 Niobium arsenate Amorphous Nb/As=1.96 - Cd2+, Mn2+, Al3+ 125 
38 Niobium vanadate Amorphous - - Ce4+, Eu3+ 126 
39 Niobium Antimonate Semi-

Crystalline 
Nb/Sb=1.40 - Mg2+ 127 
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41 Stannic arsenate Amorphous Sn/As=1.84 - Pb2+, Al3+, Fe3+, 
Ga3+, In3+ 

128 

42 Stannic phosphate Amorphous P/Sn=1.25 SnO20.62P2O5.nH2O Li+, Na+, K+, Rb+, 
Cs+ 

129 

43 Stannic tungstate Amorphous Sn/W=1.30 - Ba2+, Ca2+, Sr2+, 
Mn2+, Ni2+, Co2+ 

130 

44 Stannic antimonite Amorphous Sb/Sn=1.0 SnO2.Sb2O5.nH2O Co2+, Ni2+ 131 
45 Stannic oxide Amorphous - SnO2.xH2O Cu2+, Zn2+, Co2+, 

Fe3+, Ni2+, Mn2+ 
132 

46 Stannic molybdate Amorphous Sn/Mo=1.0 - Pb2+ 133 
47 Stannic silicate Amorphous Sn/Si=4.0 - Cu2+, Pb2+, Cr3+ 134 
48 Stannic selenite Amorphous Sn/Se=1.33 (SnO4)(OH)2(SeO3)3.6H2O Li+, Na+, K+, 

La3+ 
135 

49 Stannic vanadate Amorphous Sn/V=1.0 [(SnOH)3V3O9.4H2O]n Li+, Na+, K+ 136 
50 Stannic ferrocyanide Amorphous Sn/Fe=3.0 [(SnO)3.(OH)3H4Fe(CN)6.3H2O]n Na+, K+, Ba2+ 137 
51 Tantalum arsenate Amorphous Ta/As=2.80 - Na+, K+, Ba2+ 138 
52 Tantalum antimonite Amorphous Ta/Sb=1.30 - NH4

+, Na+, K+, 
Vo2+ 

139 

53 Tantalum selenite Amorphous Se/Ta=1.5 - Fe3+, Ba2+ 140 
54 Tantalum tungstate Amorphous - - K+ 141 
55 Thorium Phosphate Crystalline Th/PO4=0.50 Th(HPO4)2.2H2O Ca2+, Sr2+, Ba2+ 142 
56 Thorium tungstate Amorphous Th/W=2.0 Th(OH)2(HWO4)2.nH2O Na+, K+, Cs+, 

Bi3+, Hg2+, Vo2+ 
143 

57 Thorium antimonite Amorphous Sb/Th=3.65 - Cu2+, Pb2+ 144 
58 Thorium oxide Amorphous - Th(OH)n.nH2O Na+, Rb+, Ca2+, 

Sr2+ 
145 

59 Thorium arsenate Crystalline As/Th=1.53 Th(HAsO4)2.H2O Li+ 146 
60 Thorium molybdate Amorphous Th/Mo=0.5 - Pb2+, Fe3+, Zr4+ 147 
61 Titanium arsenate Amorphous - Ti(HAsO4)2.2.5H2O TiO2.0.5 

As2O5.nH2O 
Ba2+, Sr2+, Cd2+, 
Zn2+, Cu2+, Pb2+ 

148 

62 Titanium antimonite Amorphous Sb/Ti=1.0-1.36 - Mg2+, VO2+, Zn2+ 
and rare earths 

149 

63 Titanium tungstate Amorphous Ti/W=0.80 - Cs+, Ca2+, Cr3+ 150 
64 Titanium oxide Amorphous - TiO(OH)2.nH2O Rb+, Cs+, Co2+ 145 
65 Titanium molybdate Amorphous Mo/Ti=0.5-2.0 - Na+, K+, Ba2+, 

Pb2+ 
151 

66 Titanium selenite Amorphous Ti/Se=1.39 - Cd2+ 152 
67 Titanium vanadate Amorphous V/Ti=4.0 Ti3(V3O9.1.5 H2O)4 Sr2+ 153 
68 Titanium ferrocyanide Amorphous Fe/Ti=2.00 - Cs+ 154 
69 Titanium silicate Amorphous Ti/Si=1.0 - Li+, Na+, K+, 

Pb2+, Cr3+ 
155 

70 Zirconium antimonite Amorphous - ZrO2.Sb2O5.nH2O Na+, K+, NH4+, 
Rb+, Cs+, Li+ 

156 

71 Zirconium arsenate Amorphous As/Zr=1.53-1.96 ZrO2.84As2O5.nH2O Na+, K+, Cs+ 157 
72 Zirconium 

ferrocyanide 
Amorphous Fe/Zr=0.63 - NH4

+, Li+, Na+, 
Zn2+ 

158 

74 Zirconium oxide Amorphous - ZrO2.4.7H2O Ca2+, Ba2+ 159 
75 Zirconium 

pyrophosphate 
Amorphous P/Zr=2.5-2.8 - Cu2+, Ni2+, Ba2+, 

Ca2+, Mg2+, Fe3+ 
160 

76 Zirconium 
hypophosphate 

Amorphous Zr/P=0.57 - Multivalent 
metals 

161, 
162 

77 Zirconium selenite Amorphous Zr/Se=1.23 - Ag+, Cu2+, Au2+ 163 
78 Zirconium silicate 

 
Amorphous Zr/Si=0.5 - Ag+, Ca2+, Cu2+, 

Cr3+, Th4+ 
164, 
165 

80 Zirconium oxalate Crystalline - Zn(OH)C2O4H Alkali metals 166 
 

81 Zirconium tungstate Amorphous Zr/W=1.0-0.4-4 - Alkali metals 167 
82 Zirconium 

polyphosphate 
Amorphous - - Na+, K+, Li+, Cs+, 

(NH4
+ form) 

Ba2+, Co2+, Cu2+, 
Fe3+ (H+ form) 

168, 
169 

88 Anilinium zirconium 
phosphate 

-  (ZrO2)2(C0H5NH2)2.HPO4.3.7H2O Co2+, Zn2+, Cd2+, 
Hg2+ 

137 

90 Chromium 
arsenophosphate 

Amorphous Cr:As:P=2:1:1 [Cr2O3.H3AsO4.H3PO4].nH2O K+ 170 
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92 Chromium 
arsenosilicate 

Amorphous  2 Cr2O3.2.5 As2O5. 3 SiO2.nH2O K+ 171 

95 Stannic 
boratomolybdate 

Amorphous Sn:B:Mo=1:1:1 - Zr4+, Th4+ 172 

96 Tin(IV) arsenosilicate - - - Amino acid 173 
97 Tin(IV) 

tungstoselenate 
Crystalline Sn/Se/W=7:1:18 - Ba2+ 174 

98 Titanium 
tungstophosphate 

-  - - 175 

99 Titanium phosphate 
ammonium 
tungstophosphate 

-  - - 176 

100 Titanium 
tungstoarsenate 

-  - - 177 

101 Titanium 
arsenosilicate 

-  - Pb2+ 178 

102 Titanium 
tungstovanado-
phosphate 

-  - Amines 179 

103 Titanium 
phosphosilicate 

Amorphous  - Zr4+, Nb5+, Cs+ 179 

104 Titanium aluminium 
silicate 

-  - Pb2+ 180 

105 Titanium 
molydophosphate 

-  - - 181 

106 Titanium (IV) 
tungstosilicate 

Crystalline    183 

107 Zirconium 
iodooxalate 

Amorphous Zr:IO3:C2O4H=2:1:3 (ZrO)2(IO3)(HC2O4)3.nH2O - 184 

108 Zirconium 
arsenophosphate 

Amorphous Zr:As:P=2:1:1 (ZrO2) (H3AsO4)(H3PO4).nH2O Rb+, Ag+, TI+ 185 

109 Zirconium 
arsenosilicate 

Crystalline  - Hg2+ 186, 
187 

110 Zirconium 
vanadophosphate 

-  - Li+, Na+, NH4
+ 188 

111 Zirconium 
phosphosilicate 

Amorphous  - Cs+ 189, 
190 

112 Zirconium(IV) 
iodophosphate 

-  - - 191 

113 Zirconium titanium 
phosphate 

Crystalline Zr/Ti=3.25 ZrxTi1-x(HPO4)2.H2O - 192-
197 

114 Zirconium 
molybdovanadate 

- Zr:V:Mo=1.68:1:0.088  Li+, Na+ 198 

115 Zirconium 
tungstoarsenate 

Amorphous  - UO2
2+, Cs+, TI+ 199 

116 Zirconium(IV) 
tungstophosphate 

- Zr:W:P=18.8%:25.4%:4.3%  Pb2+ 200-
201 

117 Zirconium(IV) 4-
amino 3-hydroxy 
naphthalene 
sulphonate 

-  - Hg2+ 202 

118 Zirconium(IV) 
iodovanadate 

Amorphous Zr/IO3/VO3=2:1:3 (ZrO2)(IO3)(V3O9) Electron 
exchanger 

203 
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Table: 1(b).2 Chronological overview of organic-inorganic composite ion-exchange materials 

and their silent features. 

S. 
No. 

Organic-inorganic composite ion-exchanger Applications 
 

Refs. 

Organic polymer 
 

Inorganic material 

1. Polyacylonitrile  Thorium(IV) phosphate Pb(II) ion-selective [204] 

2. 
 
 

Polyaniline  
 
 

Sn(IV) tungstoarsente 
 
 

Cd(II) ion-selective membrane electrode, ion exchange 
kinetics and electrical conductivity studies 

[95, 
205]  

3. Polypyrrole Polyantimonic acid Hg(II) ion-selective electrode [206] 

4. Polypyrrole  Th(IV) phosphate Determination and separation of Pb(II), Pb(II) ion-
selective electrode, electrical conductivity and cation 
exchange kinetics 

[207, 
208] 

5.  
 
 

Polyaniline  Sn(IV) phosphate Hg(II) ion-selective electrode, electrical conductivity, 
cation exchange kinetics and thermodynamic studies 

[209]  

6. Nylon-6,6,  Zr(IV) phosphate Ion exchange properties, Hg(II) selective membrane 
electrode 

[210, 211]  

7.  Poly-o-toluidine  Th(IV) phosphate Hg(II) ion-selective electrode, Electrical conductivity and 
cation exchange kinetic studies 

[212, 
213] 

8. Poly-o-toluidine  
 

Zr(IV) phosphate Hg(II) ion-selective electrode, electrical conductivity, 
adsorption and electroanalytical studies 

[214, 9, 
215] 

9.  Poly-o-anisidine  Sn(IV) phosphate Electrical conductivity studies [8] 
10.  Polyethyleneterep-alate  Ce(IV) phosphate  Recycling of post consumer waste plastic [216] 
11. Poly-o-anisidine  Sn(IV) arsenophosphate Pb(II) ion-selective electrode 

 
[217] 

12.  Poly-o-toluidine  Th(IV) Phosphate Adsorption Thermodynamics and Kinetics of Mancozeb, 
Mancozeb-sensitive Membrane Electrode 

[218] 

13.  Poly-o-anisidine  Sn(IV)phosphate Cd(II) ion-selective electrode [219] 

14.  Polypyrrole  zirconium titanium phosphate Th(IV)-selective potentiometric sensor [220] 
15. Polyaniline Titanium(IV)phosphate Methanol sensor and isothermal stability in terms of DC 

electrical conductivity 
[222] 

16.  Polyaniline  Zirconium titanium phosphate Hg(II) ion-selective electrode [223, 
224] 

17.  Polyester  Ce(IV) phosphate Removal of Malachite green dye from water samples [225] 
     
19. Polypyrrole  Sn(IV) Phosphate Mn(II) ion-selective electrode 

 
[226] 

20. Poly-o-toluidine  Ce(IV) phosphate Cd(II) ion-selective electrode [5] 
21. Poly-o-toluidine  Zr(IV) phosphate Pesticide sensitive membrane electrode 

 
[4] 

22. Poly-o-toluidine 
 

stannicmolybidate Removal of heavy metals, conducting behavior [227] 

23. Polyaniline Zr(IV)sulphosalicylate  Adsorption behavior [228] 

24. Poly-o-toluuidine 
 
 

Zr(IV)iodate Adsorbent for the treatment of real samples for metal ions [229] 

25.  Polyaniline  Ti(IV) tungstate 
 

Heavy-metals separation [230] 

26. Polyaniline Zr(IV)sulphosalicylate Electrical conductivity and antimicrobial activity studies [231] 
27. PAN   Copper hexacyanoferrate Adsorption of cesium [232] 
28. Nylon 6,6  Zr(IV) phosphate Heavy toxic metal ion exchange kinetics [233] 
29. Poly-o-methoxy 

aniline  
Zr(IV) molybdate  Determination of ion-exchange kinetic parameters [234] 

30. Polyaniline  Ce(IV) molybdate Cd(II) ion selective electrode [235] 
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Table: 1(b).3 Chronological overview of important ISEs based onorganic-inorganic composite 

ion-exchange materials and their selectivity, electrode potential range, pH range, detection limit 

and life span time.  
S. 

No. 
Electroactive Materials Selectivity Electrode 

potential 
Range 

(M) 

Nertian 
slope 
(mV) 

pH 
Range 

(M) 

Detection 
Limit 
(M) 

Life 
Span 
Time 

(Month) 

Refs. 

1. 
 

Polyaniline- 
Sn(IV)tungstoarsenate 

Cd(II)  
selective 

10−1–10−4 29.60 3.0 to 
8.0 

1×10−5 -------- [252] 

2. 
 

Polypyrrole/ 
polyantimonic acid 

Hg(II)  
selective  

10−1–10−5 29.00 2.5 to 
7.5 

1×10−6 -------- [11] 

3. 
 

Polypyrrole- 
thorium(IV)phosphate 

Pb(II)  
selective 

     [207, 
208] 

4. 
 

Polyaniline-  
Sn(IV)phosphate 

Hg(II)  
selective 

10−1–10−6 30.00 4.0 to 9.0 1×10−7 3 months [209] 

5. 
 

Poly-o-toluidine- 
Th(IV)phosphate 

Hg(II)  
selective 

1×10−1–5×10−5 26.97 4.0 to 8.0 5×10−5 7 months 
 

[214] 

6. 
 

Polyaniline-  
Ce(IV)Molybdate 

Cd(II) 
Selective  

1×10−1–5×10−6 27.00 2.5 to 
7.5 

5×10−6 3 months [235] 

7. 
 

Poly-o-toluidine- 
Zr(IV)phosphate 

Hg(II)  
selective 

10-1-10-7 28.1 4.0-7.0 10−7 1 month [215] 

8. 
 

Poly-o-anisidine  
Sn(IV)Arsenophosphae 

Pb(II)  
selective 

1×10−1–1×10−6 32.80 4.0 to 8.0 1×10−6 -------- [218] 

9. 
 

Nylon-6,6- 
Sn(IV)phosphate 

Hg(II)  
selective 

10−1–10−7 28.09  4.0–7.0 10−7 1 month [213] 

32. Carboxymethyl cellulose  Sn(IV) phosphate   Ion-exchange kinetics of heavy metal ions [236] 

33. PAN KCoFC Multi-component ion exchange kinetics [237] 
34. PAN Zeolite 4A  Uptake behavior for Sr and Cs ions in acid solution [238] 
35. Polyurethane Copper ferrocyanide  Removal of radioactive cesium [239] 

36. Polyaniline  Titanotungstate Removal of Cesium [240] 

37. acrylonitrile  Stannic(IV) tungstate Pb2+ selective  [241] 
38. Poly-o-toluidine  Zr(IV) tungstate Separation of heavy metals [242] 

39. Polypyrrole  Th(IV) phosphate  Adsorption thermodynamics of trichloroacetic acid 
herbicide 

[243] 

40. Polyaniline  Ce(IV) molybdate Forward (M2+−H+) and reverse (H+−M2+) ion exchange 
kinetics of the heavy metals 

[244] 

41. p-TSA doped 
polyaniline 

Titanium(IV)phosphate Ammonia vapor sensing properties [245] 

42. Polyaniline Titanium(IV)phosphate Pb(II) ion-selective electrode [246] 

43. Poly-o-toluidine  Sn(IV) tungstate Ion-selective electrode, Thermal stability and electrical 
properties 

[247] 

44. Poly-o-anisidine  Sn(IV) tungstate Ion-exchange studies, separations of toxic metals, thermal 
stability and electrical properties 

[248, 
249] 

45. Poly-o-toluidine Titanium(IV)phosphate Electrical conductivity and humidity sensing studies [250] 
46. Polyacrylonitrile Silica gel   As(V) selective electrode [251] 
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10. 
 

Polyaniline-zirconium  
titanium phosphate 

Hg(II)  
selective 

10-1-10-10 29.8 2.5 to 6.0 5×10-10 4 months [224] 

11. 
 

poly-o-toluidine- 
Zr(IV)phosphate 

pesticide  
(Ziram) 
sensitive  

10-1-10-6 28.1 4.0-7.0 1×10−6 1 month  [4] 

12. 
 

Poly-o-toluidine- 
Ce(IV)phosphate 

Cd(II) 
selective 

10-1-10-6 24.01 3.0-7.0 1×10−7 3 months [5] 

13. 
 

Polyaniline- 
titanium(IV)phosphate 

Pb(II)  
selective 

10-1-10-8 29.48 2.5 to 
6.5 

1×10−9 6 months [246] 

14. 
 

poly-o-anisidine-  
Sn(IV) tungstate 

Hg(II)  
 selective 

10-1-10-7 21.0 4.0 to 8.0 10-7 6 months  [247] 

15. 
 

Polyacrylonitrile- 
Silica gel 

As(V) 
selective 

10-1-10-6 29.80 5.0-10 10-7 4 months [251] 

 

Use of such materials as vapour/gas sensor is the recent achievement in the area of 

chemical sensing materials. These materials are granular having exchangeable sites in the pores 

of the matrix, the gaseous molecules are adsorbed through these pores and the resulting change 

in conductivity attributed to be as gas/vapour sensor. These systems showed better surface 

activity and thermal stability compared to pristine conducting polymer. 

Recently, Khan et al. developed a electrically conducting polyaniline-

titanium(IV)phosphate cation exchangecomposite by the sol-gel techniqueand their methanol 

sensing properties were examined [222]. In which a polyaniline gel was incorporated into the 

matrices of inorganic ion exchanger titanium(IV)phosphate at varying mixing ratios [222].This 

composite cation exchanger possessedhigh ion exchange capacity (viz.2.59 meq dry g-1), which 

is higher than the other titanium based ion exchangers that have been reported. Polyaniline-

titanium(IV)phosphate cation exchangecomposite possessed DC electrical conductivity in the 

semiconducting range. The isothermal techniques to provide the oxidative environment showed 

that the composites were stable to 110oC. Moreover, the conducting propertiesof polyaniline-

titanium(IV)phosphate cation exchangerwere dependent on thepercolation behaviour of the 

conducting phase. The sensing behavior of polyaniline-titanium(IV)phosphate composite was 

found better  than pristine conducting polymer.These observations give us a direction for use of 

cation exchange material as a gas sensor. 

In another study, Khan et al. developed a electically conductive p-TSA doped 

polyaniline-titanium(IV)phosphate cation exchangenanocomposite by the sol-gel techniqueand 

their ammonia sensing properties were examined [23]. Khan et al. reported that p-TSA doped 
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polyaniline-titanium(IV)phosphate cation exchange nanocomposite having particle size from 20 

to27 nm, possessed DC electrical conductivity in the semiconducting range as well good 

reversible response towards ammonia vapors ranging from 3 to 6%. 

Khan et al. [245] prepared a electrically conductive Poly-o-toluidine-

titanium(IV)phosphate (POT-TiP) cation exchange nanocomposite by sol-gel mixing of organic 

polymer (Poly-o-toludine) into inorganic precipitate of titanium(IV)phosphate(TiP). The 

humidity sensing response of the nanocomposite was examined. It was found that the 

conductivity varied according to low humidity to high humidity.The composite showed good 

humidity response, ion-exchange capacity and electrical conductivity.The composite was found 

stable under ambient conditions below 90oC in terms of DC electrical conductivity retention. 

These studies suggest that the cation exchange nanocomposite could be a good sensing material 

for humidity. 

To conclude, organic-inorganic composite ion exchangecomposite materials developed 

by the combination of organicpolymers as supporting materials and inorganic ionexchangers to 

contribute towards the ion exchange capacity, impart synergistic properties of both components 

to thecomposite. This is evident from the current review of thestudies reported on the composite 

ion exchanger materials. These ion-exchange materials possess goodmechanical and thermal 

stability, enhanced ion exchange capacitycompared to their inorganic counterparts. They show 

good sensitivity towards vapous/gases, high selectivity, granulometric properties for column 

operation and more importantly, high chemicaland thermal stability. These enhanced properties 

make thecomposite ion exchange materials suitable for the removal of heavy metals as well 

pesticides. 
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          Chapter 2 
2.1 Introduction 

rganic-inorganic ion-exchange composite materials have the advantages of light weight, 

flexibility, mechanical stability due to organic polymer whereas inorganic part provides 

thermal stability and inorganic matrices of co-ions for exchangeable counter ions. Such 

composite materials have excellent ion exchange behavior and also can be used in separation of 

toxic metal ions and in electroanalytical applications [1-7]. Electrical conducting behavior was 

an additional advantage of such materials, thus electrically conducting composite cation 

exchangers were developed as new class of advance materials [8-10].  

A large number of cation exchange materials are reported in the literature but very few 

anion exchange materials have been studied so far. The anion exchanger has its own significance 

in the field of ion-exchange chromatography, since separation and identification of anions are 

also important from environmental as well as industrial point of view. 

Mostly granular type organic-inorganic cation exchange composite materials are 

reported, but few fibrous type cation exchange composite materials are available in the literature 

[11-13]. The main advantages of fibrous ion exchangers are their fast sorption capacity, easy 

permeability of liquids, high adsorption capacity and large surface area for exchangeable ions. 

Polyacrylonitrile (PAN) and Polymethylmethacrylate (PMMA) are the most popular and easily 

available polymers used in fibrous precursors, when combined with inorganic material, the 

resulting material is a thermally stable composite [14]. Some fibrous anion exchangers were 

synthesized on the basis of industrially produced PAN fiber [15-22]. These materials are 

industrially produced under trade mark FIBAN [17], VION [16, 22] and NITRON [23]. 

Literature survey reveals that the silica gel modified with polymers were proposed to be used in 

anion exchange chromatography [24-28]. Therefore it is interesting to prepare a new type of 

organic-inorganic anion exchange composite fibers (AECFs) based on PMMA and PAN by an 

ecofriendly route. The following pages summarize the preparation, characterization and anion-

exchange properties of new PAN-silica gel and PMMA-silica gel composite fibers. 

 

O 
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2.2 Experimental 

2.2.1 Reagents and chemicals 

Following chemicals were used in the preparation of composite fibers: 

Silica gel-H (E.Merck, India), polyacrylonitrile (PAN), polymethymethacrylate (PMMA) from 

Research design and standard organization, India and tetrahydofuran (Qualigens, India). All 

other reagents and chemicals were of analytical grade (AR). 

2.2.2 Preparation of PAN-silica gel anion exchange composite fibers (AECFs) 

PAN-silica gel anion exchange composite fibers were prepared in various weight ratios of 

silica gel with PAN by stirring with magnetic bar [29-30]. 500 mg PAN was dissolved in 

tetrahydrofuran (THF) at room temperature. A controlled amount of silica gel (100, 200, 300, 

400 and 500 mg) were dispersed in to PAN solution in THF. Mechanical stirring was applied for 

at least 24h at room temperature in order to obtain homogeneous silica gel dispersed PAN 

solution. The silica gel dispersed PAN solution was dropped in vigorously stirring water (DMW) 

to prepare the fibers using magnetic stirrer. Composite fibers were accumulated on the surface of 

the water. After that the fibers were filtered off, washed with doubly distilled water and then 

dried at room temperature. The dried fibers were converted into Cl- form by treating with 1M 

NaCl for 2 days at room temperature (25oC) with occasional shaking intermittently replacing the 

supernatant liquid with 1M NaCl two to three times. The excess was removed after several 

washings with demineralized water (DMW) and finally dried at room temperature (25OC).The 

conditions of preparation and the ion-exchange capacity (IEC) of the PAN-silica gel anion 

exchange composite fibers are given in Table 2.1. 

2.2.3 Preparation of PMMA-silica gel anion exchange composite fibers (AECFs) 

PMMA-silica gel anion exchange composite fibers were prepared in various weight ratios 

of silica gel with PMMA by stirring with magnetic bar [29-30]. 500 mg PMMA was dissolved in 

tetrahydrofuran (THF) at room temperature and a controlled amount of silica gel (100, 200, 300, 

400 and 500 mg) were dispersed in to PMMA solution. Mechanical stirring for at least 24h was 

applied at room temperature in order to obtain homogeneous silica gel dispersed PMMA 

solution. The silica gel dispersed PMMA solution was dropped in vigorously stirring water 

(DMW) to prepare the fibers using magnetic stirrer. Composite fibers were accumulated on the 

surface of the water. Now the fibers were filtered off, washed with doubly distilled water and 



Umair Baig, Ph.D. Thesis   A.M.U, Aligarh  

Chapter 2  42 
 

then dried at room temperature. The dried fibers were converted into Cl- form by the above same 

procedure. The conditions of preparation and the ion-exchange capacity (IEC) of the PMMA-

silica gel anion exchange composite fibers are given in Table 2.2.  

2.2.4 Characterization of PAN-silica gel and PMMA-silica gel anion exchange composite 
fibers 

The chemical composition of PAN-silica gel and PMMA-silica gel anion exchange 

composite fibers (sample AECFs-6) was determined by using elemental analyzer (Elementary 

Vario EL III Carlo-Elba, model 1108) and AOAC 18th Edition for C, H, N, O and Si 

respectively. The percentage compositions of the material are presented in Table 2.3. 

The Fourier transform infra-red spectroscopy (FTIR) spectra were recorded using Perkin 

Elmer 1725 instrument. To study the surface morphology, scanning electron microscopy (SEM) 

was done by LEO 435–VF. X–ray diffraction (XRD) data were recorded by PHILIPS PW1710 

diffractometer with Cu Kα radiation at 1.540 Ǻ in the range of 5o ≤ 2θ ≤ 70o at 40 kV. The 

thermal stability was investigated by thermogravimetic analysis (TGA) using thermal analyzer-

V2.2A DuPont 9900. The samples were heated from 30oC to 800oC at the rate of 10oC/min in the 

nitrogen atmosphere at the flow rate of 200 mL/min. 

2.2.5 Ion-exchange behavior of PAN-silica gel and PMMA-silica gel anion exchange 
composite fibers 

2.2.5.1 Ion-exchange capacity measurements (IEC) 

2.2.5.1.1 In the CI- form   

Ion exchange capacities (IECs) of the anion exchange composite fibers samples were 

determined using the Mohr method [31]. Accurately weighed dry AECFs were converted to Cl- 

form through immersion in 1M NaCl for 2 days. Excess NaCl was washed off and then the 

AECFs were immersed in 200 ml 0.5M Na2SO4. The amount of Cl- was determined using 

titration with AgNO3; anion exchange values were obtained and expressed as meq g-1 of dry 

exchanger (In CI- form). 

  XCl
-   + Na2SO4        Ion-Exchange        2NaCl + X SO4

2-    …… (2.1) 

      Where X is the exchanger phase. 
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 2.2.5.1.2 In the arsenate form by indirect determination    

To evaluate the ion exchange capacity of selected sample (AECFs-6) by indirect 

determination, accurately weighed dry AECFs were converted to arsenate form through 

immersion in 0.1M sodium hydrogen arsenate (Na2HAsO4.7H2O) for 2 days. Excess sodium 

hydrogen arsenate was washed off and then the AECFs were immersed in 200 ml 0.5M Na2SO4.  

XAs(V)  + Na2SO4       Ion-Exchange         2Na+HAsO4 3-  + X SO4
3-     …… (2.2) 

      Where X is the exchanger phase. 

The amount of arsenic was determined using titrimetric determination of arsenate after 

precipitation as silver arsenate. An indirect determination of arsenate based upon precipitation, 

filtration and washing of silver arsenate was carried out by dissolving the precipitation in nitric 

acid and titrating the silver by volhard’s thiocynate method [32]. The anion exchange values 

were obtained and expressed as meq g-1 of dry exchanger (In arsenate form). 

2.2.5.1.3 In the arsenate form by direct determination   

Accurately weighed dry AECFs (AECFs-6) were converted to arsenate form through 

immersion in 0.1M sodium hydrogen arsenate (Na2HAsO4.7H2O) for 2 days. Excess sodium 

hydrogen arsenate was washed off and then the AECFs were immersed in 200 ml 0.5M Na2SO4. 

The amount of arsenic was determined using portable coulometric analyzer (Arsenomate, 

Estran). The anion exchange values were obtained and expressed in meq g-1 of dry exchanger (In 

arsenate form). 

 2.2.6 Effect of eluant concentration 

 To find out the optimum concentration of the eluant for complete elution of Cl- ions, a 

fixed volume (250 ml) of sodium sulphate (Na2SO4) solutions of varying concentration were 

passed through a column containing 500 mg of the exchanger in the Cl- form with a flow rate of 

~ 0.5 ml min-1. The effluent was titrated with AgNO3 for the eluted Cl- ions. 

2.2.7 Elution behavior 

 A column containing 500 mg of the exchanger (AECFs-6) in Cl- form was eluted with 

Na2SO4 solution of this concentration in different 20 ml fractions with minimum flow rate as 
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described above and each fraction of 20 ml effluent was titrated with AgNO3 for the Cl- ions 

eluted out. 

2.3 Results and discussion 

2.3.1 Ion-exchange behaviour 

Various samples of organic-inorganic PAN-silica gel and PMMA-silica gel anion 

exchange composite fibers were prepared by stirring with magnetic bar [29,30] under different 

stoicheometrric ratios. A variety of AECFs by varying the stoicheometry between PAN, PMMA 

and silica gel were prepared and highest anion exchange capacity was observed in 1:1 

stoicheometry (Table 2.1 and Table 2.2). Due to higher ion exchange capacity sample (AECFs-6) 

(Table 2.1 and Table 2.2) was selected for further studies. All PAN-silica gel and PMMA-silica 

gel AECFs samples were in white color fibers, light weight and suitable for use in the ion-

exchange process. The ion exchange fibers possessed better Cl- ion exchange capacity than 

granular silica gel based anion exchanger [33]. It may be due to more sites available for 

exchange in fibrous material. The ion exchange capacity of the selected sample AECFs-6 (Table 

2.1) in the arsenate form by indirect determination was found to be 1.16 meq/g and by direct 

determination using portable coulometric analyzer was found to be 1.56 meq/g. 

Table 2.1 Conditions of preparation and ion-exchange capacity of various PAN-silica gel anion 
exchange composite fibers 

Sample 
I.D. 

Amount of 
Polyacrylonitrile 

(PAN) in mg 

Amount of 
Silica gel 

(mg) 

Amount of 
Tetrahydofuran 
(T.H.F) in ml 

Stirring 
time 
(hrs) 

Appearance 
of the 

sample 
 

Agitation Speed 
(rpm) 

 

Ion-exchange 
capacity 

(meq g-1) 

AECFs-1 
 

AECFs-2 
 

AECFs-3 
 

AECFs-4 
 

AECFs-5 
 

AECFs-6 

500 
 

500 
 

500 
 

500 
 

500 
 

500 

100 
 

150 
 

200 
 

300 
 

400 
 

500 

50 
 

50 
 

50 
 

75 
 

75 
 

75 

6 
 

12 
 

12 
 

24 
 

24 
 

24 

Hard and 
white 

Hard and 
white 

Hard and 
white 

Soft and 
white 

Soft and 
milky white 

Soft and 
milky white 

 

300 
 

300 
 

300 
 

300 
 

300 
 

300 
 
 

0.80 
 

1.25 
 

1.39 
 

1.40 
 

1.45 
 

1.98 
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Table 2.2 Conditions of preparation and ion-exchange capacity of various PMMA-silica gel 
anion exchange composite fibers 

Sample 
I.D. 

Amount of 
Polymethylmeth-acrylate 

(PMMA) in mg 

Amount of 
Silica gel 

(mg) 

Amount of 
Tetrahydofuran 
(T.H.F) in ml 

Stirring 
time 
(hrs) 

Appearance 
of the 

sample 
 

Agitation Speed 
(rpm) 

 

Ion-exchange 
capacity 

(meq g-1) 

AECFs-1 
 

AECFs-2 
 

AECFs-3 
 

AECFs-4 
 

AECFs-5 
 

AECFs-6 

500 
 

500 
 

500 
 

500 
 

500 
 

500 

100 
 

150 
 

200 
 

300 
 

400 
 

500 

50 
 

50 
 

75 
 

75 
 

75 
 

75 

12 
 

12 
 

24 
 

24 
 

24 
 

24 

Hard and 
white 

Hard and 
white 

soft and 
white 

Soft and 
white 

Soft and 
milky white 

Soft and 
milky white 

 

300 
 

300 
 

300 
 

300 
 

300 
 

300 
 
 

0.52 
 

0.49 
 

0.75 
 

1.10 
 

1.65 
 

2.20 

 

The column elution experiments indicated that the concentration of the eluants depends 

on the rate of elution. It is evident from Fig. 2.1 and Fig. 2.3 that a minimum molar concentration 

of Na2SO4 was found to be 1.50 M and 1.25 M for PAN-silica gel and PMMA-silica gel 

composite fibers (AECFs-6 sample) for the maximum elution of the CI- ions from 500mg of the 

anion-exchanger. The elution behavior (Fig. 2.2 and Fig. 2.4) indicates that the exchange was 

quite fast as only 200 ml of the Na2SO4 solution (1.50 M) was enough to release all the 

exchangeable CI- from 500mg of the PAN-silica gel and PMMA-silica gel composite fibers.  

 

Fig. 2.1 Effect of eluant concentration on the I.E.C of the PAN-silica gel composite fibers.   
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  Fig. 2.2 Elution behavior of PAN-silica gel composite fibers. 

 
Fig. 2.3 Effect of eluant concentration on the          Fig. 2.4 Elution behavior of PMMA-silica gel  
I.E.C of the PMMA-silica gel composite fibers.   composite fibers. 

2.3.2 FT-IR studies 

The FTIR spectra of the PAN, silica gel and PAN-silica gel anion exchange composite 

fibers are shown in Fig. 2.5. In the spectra of PAN a band appears at 2243 cm-1 show C≡N 

stretching frequency while in the PAN-silica gel composite fibers the C≡N frequency (2361 cm-

1) peak is shifted to higher energy side due to field effect. This effect may be attributed to the 

complexation of PAN and silica gel leading the shift of electron density from N atom towards the 

silicon. The presence of silica gel in the composite fibers is further strengthened due to the 
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presence of broad band at 3433 cm-1, which may be assigned to the vibration of hydroxyl groups 

which in turn is bonded to Si. Rodriguez et al [34] has also reported the silanol group (Si-OH) at 

3450 cm-1. The broadness of this hump may also be due to the presence of occluded water 

molecule. Further some peaks are shifted in the composite fibers from 1070 cm-1, 799 cm-1 to 

1090 cm-1, 801 cm-1 respectively indicating the formation of PAN-silica gel AECFs. 

 

Fig. 2.5 FTIR spectra of PAN (a), silica-gel (b) and PAN-silica gel composite fibers (c). 

The FTIR spectra of the PMMA, silica gel and PMMA-silica gel anion exchange composite 

fibers are shown in Fig. 2.6. In the spectra of PMMA, the fingerprint characteristic vibration 

bands of PMMA appear at 1730 ν(C=O) and 1450 ν(C–O). The bands at 2993 and 2950 cm–1 

correspond to the C–H stretching of the methyl group (CH3) while the bands at 1386 and 1444 

cm–1 are associated with C–H symmetric and asymmetric stretching modes respectively. The 

1241 cm–1 band is assigned to torsion of the methylene group (CH2) and the 1149 cm–1 band 

corresponds to vibration of the ester group C–O, while C–C stretching bands are at 988 and 841 

cm–1. The presence of silica gel in the composite fibers is further strengthened from the presence 

of broad band at 3433 cm-1 which may be due to the vibration of hydroxyl groups, which are 
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bonded to Si. Rodriguez et al [34] also reported the silanol group (Si-OH) at 3450 cm-1. The 

broadness of this hump may also be due to the presence of occluded water molecule. Further 

some peaks are shifted in the composite fibers from 988 cm-1, 841 cm-1 to 1061 cm-1, 792 cm-1 

respectively. This is the characteristic Si-O-Si vibrational mode peaks and characteristic bending 

mode peaks, respectively, indicating the formation of PMMA-silica gel AECFs. 

 

Fig. 2.6 FTIR spectra of PMMA (a) silica-gel (b) PMMA-silica gel composite fibers (c). 

2.3.3 Chemical composition 

By performing chemical composition studies, the percent composition of Si, C, H, N, and 

O in the PANI-silica gel composite fibers was found to be 30.97%, 35.19%, 5.42%, 7.62%, and 

19.81% respectively. The molar ratio of the Si, C, H, N, and O in the composite fibers was 

estimated as 2:5.27:9.77:1:2. 
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Similarly the percent composition of Si, C, H, and O in the PMMA-silica gel composite 

fibers (AECFs-6) was found to be 35.05%, 40.19%, 5.422% and 19.338% respectively. The 

molar ratio of Si, C, H, and O in the composite fibers was estimated as 1 : 3.34 : 5.38 : 1.208. 

Table 2.3 Percent composition of PAN-silica gel and PMMA-silica gel anion exchange 

composite fibers. 

Element Weight (%) 

PAN-silica gel          PMMA-silica gel 

Si 

 

C 

 

H 

 

N 

 

O 

30.97% 

 

35.19% 

 

5.42% 

 

7.62% 

 

19.81% 

35.05% 

40.19% 

5.422% 

0.00% 

19.338% 

 

2.3.4 SEM studies 

Fig. 2.7(a-d) and Fig. 2.8(a-c) shows the SEM image of pure PAN, PMMA, silica gel, PAN-

silica gel and PMMA-silica gel composite fibers at different magnifications, indicating the 

binding of inorganic material with organic polymer. The difference in surface morphology of 

organic polymer, inorganic material and composite fibers can be seen clearly. It has been 

revealed that after binding of PAN or PMMA with silica gel, the morphology has been changed. 

Fig. 2.7(c-d) shows the composite fibers were randomly distributed in the form of fibrous web. 

The PAN-silica gel and PMMA-silica gel anion exchange composite fibers were observed soft 

and flexible. 
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Fig. 2.7 SEM of (a) Silica-gel at the magnification of 5.00 kx, (b) PAN at the magnification of 
5.00 kx and (c) PAN-Silica gel composite fibers at the magnification of 588 x and (d)  at the 
magnification of 6.00 kx.                                                                                                                                                                                                                                                         

(a)  (b) 

(c)  (d) 
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Fig. 2.8 SEM of (a) PMMA (b-c) PMMA-silica gel composite fibers at different magnifications. 

2.3.5 XRD studies 

Fig. 2.9 illustrates the diffractograms of pure PAN, silica gel and PAN-silica gel 

composite fibers in the 2θ range between 5 and 70 degree. In the diffractogram of pure PAN 

there is no sharp diffraction peak, confirming their non-crystalline nature. However in the case 

silica gel some small peaks can be observed at 38o, 41.5o, 65o.  On the addition of silica gel in the 

PAN matrix, in the diffractogram at 2θ values 41.78o,43.38o,48.84o and 50.69o (d-spacing around 

2.165 Å, 2.08 Å, 1.86 Å, and 1.79 Å,) some sharp peaks can be observed, indicating the 

formation of PAN-silica gel composite fibers. 

(a)   (b) 

(c) 
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Fig. 2.9 X-ray diffraction pattern of (a) PAN (b) Silica gel (c) PAN-Silica gel composite fibers. 

Fig. 2.10 illustrates the diffractograms of pure PMMA and PMMA-silica gel composite 

fibers in the 2θ range between 5 and 70 degree. In the diffractogram of pure PMMA there is no 

sharp diffraction peaks, confirming their non-crystalline nature. The PMMA is known to be an 

amorphous polymer [14] and shows three broad peaks at 2θ values 17o, 32o and 43o with their 

intensity decreasing respectively. The 2θ=17o peak is characteristic of (200) crystal plane of 

PMMA. On the addition of silica gel in the PMMA matrix, the intensity of the peaks17o, 32o, and 

43o are shifted. These intensity changes in the composite fibers due to the interaction between 

PMMA and silica gel and some small peaks are situated in the diffractogram at 2θ values 32.44o, 

34.96o, 43.62o and 50.88o (d-spacing around 2.759 Å, 2.566 Å, 2.074 Å, and 1.792 Å,). As a 
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result, the crystallinity of the PMMA is largely influenced by silica gel in the PMMA-silica gel 

composite fibers. 

 

Fig. 2.10 X-ray diffraction pattern of (a) PMMA and (b) PMMA-silica gel composite fibers. 

2.3.6 TGA studies 

Fig. 2.11 shows the TGA curves of silica gel, pure PAN and PAN-silica gel composite 

fibers. Silica gel is stable up to 800oC whereas PAN was initially stable up to ~150oC (2.73% 

mass loss, probably due to physisorbed water molecules evaporated at this temperature). The 

gradually weight loss with the same rate up to about 415oC can be ascribed to the degradation of 

the polymer unsaturated groups, whereas beyond 415oC pure PAN is stable up to 800oC with 2% 

further mass loss. The PAN- silica gel composite fibers (Fig. 2.11) were found stable up to 

450oC and gradually decomposed at 580oC because of degradation of PAN and subsequently 

remained stable up to 800oC with 2.8% further mass loss. The total mass loss up to 800oC has 

been estimated to be about 19.90%, 73.05% and 39.89% for silica gel, PAN and PAN- silica gel 

composite fibers respectively and at 800oC the percentage of residual weight of silica gel, PAN 
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and PAN- silica gel composite fibers is 80.10%, 37.95% and 60.11%. As a result these data 

confirm that the presence of silica gel in the PAN- silica gel composite fibers is responsible for 

the higher thermal stability of the composite fibers in comparison with pure PAN.  

 

Fig. 2.11 TGA of (a) PAN, (b) silica gel and (c) PAN -Silica gel anion exchange composite 

fibers. 

Fig. 2.12 shows a comparison of mass losses of pure PMMA and PMMA-silica gel 

composite fibers upon heating in nitrogen atmosphere. Pure PMMA (Fig. 2.12a) was initially 

stable up to 150oC (2.73% mass loss, probably due to physisorbed water evaporated at this 

temperature); thereafter, gradual weight loss  with the same rate up to about 415oC, takes place 

by heat adsorption, it is ascribed to the degradation of the polymers unsaturated groups. In the 

case of PMMA-silica gel composite fibers (Fig. 2.12b) are initially stable up to 450oC (2.5% 

mass loss) thereafter, they decompose gradually up to about 580oC (57.5% mass loss) because of 

the PMMA effect and subsequently remain stable up to 800oC with 2% further mass loss. It can 

be concluded from Fig. 2.12 that the thermal stability of the PMMA-silica gel composite fibers 

are better than that of pure PMMA. At 800oC, the percentage of residual weight of PMMA and 

PMMA-silica gel composite fibers is 17.50% and 38%, respectively. As a result, these data 

confirm that the addition of silica gel can improve the thermal stability of PMMA. 
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Fig. 2.12 TGA of (a) PMMA and (b) PMMA-silica gel anion exchange composite fibers. 

2.4 Conclusion 

In the present chapter, PAN-silica gel and PMMA-silica gel anion exchange composite 

fibers containing different amount of silica gel were prepared by stirring with magnetic bar. Ion-

exchange capacity, effect of eluant concentration, and analysis of elution behavior were also 

carried out to understand the ion-exchange capabilities of the AECFs. SEM results showed the 

change in the morphology of the composite fibers, when silica gel was added in PAN and 

PMMA. Composite fibers were randomly distributed in the form of fibrous web. FTIR spectra 

and XRD results confirm the formation of PAN-silica gel and PMMA-silica gel composite 

fibers. The addition of silica gel also changes the thermal properties of PAN-silica gel composite 

fibers. 
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    Chapter 3 
3.1 Introduction 

eparation of substances by membranes is one of the most important aspect of studies in 

the area of analytical chemistry. Of the various separation membranes, the ion exchange 

membrane is one of the most advanced and is widely used in various industrial fields: electro 

dialysis, diffusion dialysis, separator and solid polymer electrolyte of various batteries, sensing 

materials and medical use etc [1-3]. For these applications thermally and mechanically stable 

ion exchange material may be useful. In the recent years organic-inorganic hybrid materials 

represents one of the most fascinating developments in the material chemistry. The most 

obvious advantage of organic-inorganic hybrids is that they can favorably combine often the 

dissimilar properties of organic and inorganic components in one material. Thus efforts have 

been made to synthesize such hybrid ion exchangers with good ion exchange properties, high 

thermo-chemical stability, reproducibility and selectivity for heavy toxic metal ions [4-9]. 

Preparations and electroanalytical applications of cation exchange membranes have also been 

reported [10-12]. But little work has been cited on preparation and applications of organic-

inorganic composite anion exchange membranes. Organic-inorganic anion exchange 

membranes are highly desirable in some electroanalytical processes [13-14]. A conventional 

ion-selective electrode is an electrochemical half cell with a membrane for the analyte 

recognition process with an internal filling solution (electrolyte) and an internal inner reference 

electrode. 

Arsenic is widely distributed in the environment, including plants and tissues, creating 

potentially serious environmental problems for human and other living organisms [15]. Most 

reported arsenic problems are found in ground water supply systems and are caused by the 

redox changes of geochemical environments [16]. Arsenic is widely used in pigments, 

insecticides and herbicides which represent its major source in drinking water. Contamination 

of arsenic in water is also caused by human activities such as mining wastes, petroleum refining 

sewage sludge, agricultural chemicals, ceramic manufacturing industries and coal fly ash 

[17].Arsenate and many of its components are potent poisons. Arsenic disturbs ATP production 

S 
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through several mechanisms. Permissible limit of Arsenic in drinking water should not exceed 

0.005 mg L-1.    

Although, various instrumental and non instrumental techniques are available to 

determine As(V) [18-24]. Such methods however require a good infrastructure development, 

maintenance, and adequate expertise while ion selective electrode provide simple, cheap, and 

easy to use device for analysis of various ionic species. In the present research work, the efforts 

have been done to determine As(V) in trace amounts with other interfering ions using newly 

prepared As(V) selective membrane electrode. 

3.2 Experimental 

3.2.1 Reagents and chemicals 

For the preparation of anion exchange composite membranes the main chemicals were 

used: silica gel-H (E.Merck, India), polyacrylonitrile (PAN) and polymethylmethacrylate 

(PMMA) from Research, design and standered organization, India and tetrahydofuran 

(Qualigens, India). All other reagents and chemicals were of analytical grade (AR). 

3.2.2 Preparation of PAN-silica gel composite membranes 

PAN-silica gel anion exchange composite membranes were prepared in various weight 

ratios of silica gel with PAN by solution casting method. 500 mg PAN was dissolved in 

tetrahydrofuran (THF) at room temperature and a controlled amount of silica gel (100, 200, 

300, 400 and 500 mg) were dispersed in to PAN solution. Mechanical stirring for at least 24h 

was applied at room temperature in order to obtain homogeneous silica gel dispersed PAN 

solution. The silica gel dispersed PAN solution was cast onto clean glass plates and kept for 

48h at room temperature to allow complete evaporation of THF. The resultant composite 

membranes were cautiously peeled out of the glass plates and rinsed with doubly distilled water 

on both sides and dried at room temperature.  

3.2.3 Preparation of PMMA-silica gel composite membranes   

Membranes of PMMA-silica gel anion exchange composite fibers were prepared in 

various weight ratios of composite fibers (AECFs-6, Table 2.2) by solution casting method. A 

controlled amount of PMMA-silica gel composite fibers (100, 150, 200, 300, 400 and 500 mg) 
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were dispersed in THF at room temperature. Mechanical stirring was applied for at least 6h at 

room temperature in order to obtain composite fibers dispersed solution. The PMMA-silica gel 

dispersed solution was cast onto clean glass plates and kept for 48 h at room temperature to 

allow complete evaporation of THF. The resultant composite membranes were cautiously 

peeled out of the glass plate and rinsed with doubly distilled water on both sides and dried at 

room temperature.  

3.2.4 Physicochemical characterization of the membranes  

3.2.4.1 Water content (% total wet weight) 

First the membranes were soaked in water to elute diffusible salt, blotted quickly with 

whatmann filter paper to remove surface moisture and immediately weighted. These were 

further dried to a constant weight in a vacuum over P2O5 for 24 h. The water content (total wet 

weight) was calculated as: 

100
W

W%
w

w 


 dWweightwetTotal
       

                      (3.1) 

Where Wd  = weight of the soaked/wet membrane and Ww = weight of the dry membrane.  

3.2.4.2 Porosity 

Porosity (ε) was determined as the volume of water incorporated in the cavities per unit 

membrane volume from the water content data: 

ߝ                           = ౭ିౚ
ρ౭

                                                                 (3.2) 

Where Ww = weight of the soaked/wet membrane, Wd = weight of the dry membrane, A = area 

of the membrane, L = thickness of the membrane and w = density of water. 

3.2.4.3 Thickness and swelling 

             The thickness of the membranes was measured by taking the average thickness of the 

membrane by using screw gauze. Swelling is measured as the difference between the average 

thicknesses of the membrane equilibrated with 1 mol L-1 NaCl for 24h and the dry membrane. 
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3.2.5 Fabrication of ion-selective membrane electrode 

The membrane of each composite as obtained by the above procedure was cut in the 

shape of disc and mounted at the lower end of a Pyrex glass tube (outer diameter 0.8 cm, 

internal diameter 0.6 cm) with araldite. Finally, the assembly was allowed to dry in air for 24 h. 

The glass tube was filled with 0.05 mol L-1 sodium arsenate solution.  

3.2.5.1. Potential measurements  
Electrode was then equilibrated with As(V) solution (0.05 mol L-1) for 5-7 days. The 

tube was filled 3/4th with sodium hydrogen arsenate [Na2AsO4.7H2O] solution (0.05 mol L-1) 

and then immersed in a beaker containing the test solution of varying concentration of As(V) 

ion, keeping the level of  inner filling solution higher than the level of the test solution to avoid 

any reverse diffusion of the electrolyte. A saturated calomel electrode (SCE) was inserted in the 

tube for electrical contact and another saturated calomel electrode (SCE) was used as external 

reference electrode. All the potential measurements were carried out using the following cell 

assembly: 

SCE | 0.05 mol L-1 As(V)  || Membrane || 0.05 mol L-1 As(V)  (test solution)| SCE 

Potentiometric measurements were observed for a series of standard solutions of sodium 

arsenate [Na2AsO4.7H2O] (10−10–10−1 mol L-1) prepared by gradual dilution of the stock 

solution as described by IUPAC Commission for Analytical Nomenclature [26]. Potential 

measurements were made in unbuffered solutions to avoid interference from any foreign ion. 

The calibration graphs of potential Vs concentration were plotted. In order to study the 

characteristics of the electrode, the following parameters were evaluated: effect of pH, response 

time, potentiometric selectivity coefficient of interfering anions and storage of electrode.  

3.2.5.2 Effect of pH 

A series of sodium arsenate solutions of varying pH in the range of 1 to 13 were 

prepared, while keeping the concentration of the relevant ion constant (1×10-3 mol L-1 and 

1×10-5 mol L-1). The value of the electrode potential at each pH was recorded, and plotted 

against the pH.  

3.2.5.3 The response time  

          The response time is measured by recording the potential of the electrode as a function of 

time when it is immersed in the solution to be studied. The electrode is usually first dipped in a 
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1 × 10-3 mol L-1 solution of the ion concerned and immediately shifted to another solution of 1 

× 10-2 mol L-1ion concentration of the same ion (10-fold higher concentration). The potential of 

the solution was read at zero second, i.e. just after immediate dipping of the electrode in the 

second solution and subsequently recorded at the intervals of 5s. The potentials were then 

plotted against the time. The time during which the potentials attain constant value represents 

the response time of the electrode. 

3.2.5.4 Potentiometric selectivity coefficient of interfering anions 

The response for the primary ion in the presence of other foreign ions is measured in 

terms of the potentiometric selectivity coefficient ( KAB
pot ) using mixed solution method [27]. 

The selectivity coefficient was calculated using the equation given below: 

                                         KAB
pot =aA/(aB)zA/zB                                    (3.3) 

Where aA and aB are activities of primary and interfering ion or varying concentration of 

primary ions and fixed concentration of interfering ions and zA and zB are charges on the ions. 

3.2.5.5 Storage of electrodes 

The membrane electrode was stored in distilled water when not in use for more than one 

day. It was activated with 0.1 mol L-1 As(V)  solution by keeping immersed in it for 2h before 

use to compensate for any loss of metal ions in the membrane phase that might have taken 

place due to a long storage in distilled water. Electrode was then washed thoroughly with 

DMW before use. 

3.3 Results and discussion 

The thickness, swelling, porosity, water content capacity etc. of the PAN-silica gel and 

PMMA-silica gel membranes were investigated and the results are summarized in Table 3.1 

and Table 3.2. The low orders of water content, swelling and porosity with less thickness of 

this membrane suggest that the interstices are negligible and diffusion across the membrane 

would occur mainly through the exchange sites. Hence, membrane sample PAN-6 (thickness 

0.16 mm) and PMMA-1 (thickness 0.14 mm) were selected for the preparation of an ion-

selective electrode for further studies. However, other characteristics were also considered to 

make ion-selective membrane electrode for quantative measurement of ions.  

3.3.1 Potentiometric Selectivity 
The selectivity behavior is obviously one of the important characteristic of the ion-
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selective electrodes, determining whether reliable measurement in the target sample is possible 

or not. It was determined by the mixed solution method (MSM). It is evident from Table 3.3, 

most of the interfering ions showed low values of selectivity coefficient, indicating no 

interference in the performance of the membrane electrode assembly. Such remarkable 

selectivity for As(V) over other ions reflects the high affinity of the membrane towards the 

As(V) ions. 

Table 3.1 Characterization of PAN-silica gel composite membranes. 

Membrane 
No. 

Mixing weight 
ratios (w/w) 

(PAN:Silica gel) 

Amount of 
T.H.F(ml) 

Thickness 
(mm) 

Total wet 
Weight                 

(%) 

Porosity 
(-) 

Swelling 
(%) 

PAN-1 
 

PAN -2 
 

PAN -3 
 

PAN -4 
 

PAN -5 
 

PAN -6 

5:1 
 

5:1.5 
 

5:2 
 

5:3 
 

5:4 
 

5:5 

30 
 

30 
 

50 
 

50 
 

50 
 

50 
 

0.16 
 

0.17 
 

0.19 
 

0.19 
 

0.20 
 

0.20 

2.558 
 

2.412 
 

2.628 
 

2.145 
 

1.605 
 

1.515 

0.0026 
 

0.0023 
 

0.0020 
 

0.0019 
 

0.0021 
 

0.00165 

No swelling 
 

No swelling 
 

0.5521 
 

0.7032 
 

0.6518 
 

0.0821 
 
 

 

Table 3.2 Characterization of PMMA-silica gel composite membranes. 

Membrane 
 No. 

Amount of 
PMMA-
Silica gel 
composite 
fibers (mg) 

Amount of 
T.H.F(ml) 

Thickness 
(mm) 

Total wet 
weight                 
(%) 

Porosity 
(-) 

Swelling 
(%) 

PMMA-1 
 

PMMA-2 
 

PMMA -3 
 

PMMA -4 
 

PMMA -5 
 

PMMA -6 

100 
 

150 
 

200 
 

300 
 

400 
 

500 
 

30 
 

30 
 

50 
 

50 
 

50 
 

50 

0.14 
 

0.15 
 

0.15 
 

0.16 
 

0.20 
 

0.20 

2.050 
 

2.125 
 

2.340 
 

2.451 
 

3.652 
 

3.680 

0.00128 
 

0.0015 
 

0.0020 
 

0.0023 
 

0.0025 
 

0.0026 

0.11 
 

0.261 
 

0.269 
 

0.316 
 

0.450 
 

0.466 
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Table 3.3 Potentiometric selectivity coefficient values of interfering ions. 

Interfering ions Selectivity coefficient (KMSM) 
 
   PAN-silica gel               PMMA-silica gel 

SO4
2− 

 
SCN− 

 
NO3

− 

 
Cl− 

 
AsO3

3− 
 

H2PO4
3− 

 

CrO4
2− 

 

4.2×10-2 
 

4.1×10-1 
 

2.8×10-1 
 

1.9×10-1 
 

0.5×10-1 
 
- 
 
- 

3.96×10-3 
 

4.78×10-4 
 

2.99×10-4 
 

3.65×10-4 
 

1.12×10-1 
 

5.40×10-2 
 

4.43×10-3 

 

3.3.2 Performance of As(V) selective electrode 

3.3.2.1 Working concentration range and slope  

The PAN-silica gel As(V) ion-selective membrane electrode gives a linear relationship 

between electrode potential and the negative logarithm As(V) concentration ranging from  1 

×10-1 mol L-1 to 1 × 10-6 mol L-1 (Fig.3.1). The lower detection limit determined from the 

intersection of the two extrapolated segments of the calibration graph [31] was found to be 1 

×10-6 mol L-1, and thus the working concentration range can be considered from 1 ×10-1 mol L-1 

to 1 ×10-6 mol L-1 for As(V) ions with a slope of 29.75 mV/decade, which is very close to 

Nernstian value. 

From the calibration curve of PMMA-silica gel As(V) ion-selective membrane 

electrode (Fig.3.2), working concentration range was found to be 1 ×10-1 mol L-1 to 1 ×10-8 mol 

L-1 for As(V) ions with a slope of 30.78 mV/decade, which is very close to Nernstian value. 
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Fig. 3.1 Calibration curve for PAN-silica gel membrane (PAN-6) electrode in aqueous solution 

of Na2AsO4.7H2O.  

 

Fig. 3.2 Calibration curve for PMMA-silica gel membrane (PMMA-1) electrode in aqueous 

solution of Na2AsO4.7H2O.  
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3.3.2.2 Effect of pH on electrode potential and response time  

The pH effect on the potential response of the PAN-silica gel membrane electrode was 

measured for 1 × 10-5 M and 1 × 10-3 mol L−1 As(V)  ion concentration  at different pH values. 

The pH was adjusted with hydrochloric acid and sodium hydroxide. Fig.3.3 depicts that the pH 

dependence of the potential is insignificant in the pH range 5.0-10.0 which can be taken as 

working pH range for the PAN-silica gel membrane electrode.  

Similarly the pH effect on the potential response of the PMMA-silica gel membrane 

electrode was measured for 1 × 10-6 M and 1 × 10-4 mol L−1 As(V)  ion concentration  at 

different pH values. Fig.3.4 depicts that the pH dependence of the potential is insignificant in 

the pH range 5.0-10.0 which can be taken as working pH range for the PMMA-silica gel 

membrane. 

Another important factor is the promptness of the response of the ion-selective electrode. The 

average response time is defined as the time required for the electrode to reach a stable 

potential. It is clear from (Fig.3.5 and Fig.3.6) that the response time of the PAN-silica gel 

membrane sensor and PMMA-silica gel membrane sensor is found to be ~15s and ~20s 

respectively. 

The membrane could be successfully used up to 3 months without any notable drift in potential 

during which the potential slope is reproducible within ±1 mV per concentration decade. 

Whenever a drift in the potential is observed, the membrane is re-equilibrated with 0.1 molL−1 

sodium arsenate solutions for 3-4 days.   

3.3.2.3 Accuracy  

PAN-silica gel and PMMA-silica gel membrane electrodes were found to work well under 

laboratory conditions.  To evaluate the accuracy, an As(V) selective electrode was satisfactorily 

applied for the determination of As(V) in various samples of water containing different 

amounts of As(V) spiked with increasing  known concentration of As(V)  ranging from 5 to 20 

mg L-1, Each sample was analyzed in triplicate by membrane electrode and results were tested 

by standard addition method. The results are given in Table 3.4 and Table 3.5, shows that the 

amount of As(V) recovered with the help of the membrane electrode is in good agreement with 
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that determined by portable coulometeric analyzer (PCA-Arsenamat), thereby reflecting the 

utility of the proposed method. 

 

Fig. 3.3 Effect of pH on electrode potential of PAN-silica gel membrane electrode at (a) 1×10-5 M 
and (b) 1×10-3 M As(V) ion. 

 

Fig. 3.4 Effect of pH on electrode potential of PMMA-silica gel membrane electrode at (a) 

1×10-4 M and (b) 1×10-6 M As(V) ion. 
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Fig.3.5 Time response curve of PAN-silica gel membrane electrode. 

 

 

Fig. 3.6 Time response curve of PMMA-silica gel membrane electrode. 
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Table 3.4 Determination of As(V) added to a drinking water sample containing different  
concentrations of arsenic by using PAN-silica gel electrode. 

As(v) added 
(mg L-1) 

As(V) found by 
PAN-silica gel 

electrode 
(mg L-1) 

Recovery 
(%) 

As(V) found by 
PCA-Arsenomat 

(mg L-1) 

10.0 
 

12.5 
 

15.0 
 

17.5 
 

20.0 

8.99 
 

11.66 
 

14.26 
 

16.05 
 

18.85 
 

89.9 
 

93.28 
 

95.06 
 

91.71 
 

94.25 

9.05 
 

12.01 
 

14.51 
 

16.76 
 

19.17 

 

Table 3.5 Determination of As(V) added to a drinking water sample containing different  
concentrations of arsenic by using PMMA-silica gel electrode. 

As(v) added 
(mg L-1) 

As(V) found by 
PMMA-silica gel 

electrode 
(mg L-1) 

Recovery 
(%) 

As(V) found by 
PCA-Arsenomat 

(mg L-1) 

5.0 
 

7.5 
 

10.0 
 

12.0 
 

14.0 
 

16.0 
 

18.0 
 

20.0 
 

4.46 
 

7.15 
 

9.55 
 

11.71 
 

13.59 
 

15.68 
 

17.78 
 

19.66 
 

89.2 
 

95.33 
 

95.50 
 

97.50 
 

97.07 
 

98.00 
 

98.77 
 

98.33 
 

4.78 
 

7.29 
 

9.89 
 

11.89 
 

13.76 
 

15.82 
 

17.90 
 

19.85 
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3.4 Conclusion  

PAN-silica gel and PMMA-silica gel composite membranes were prepared by solution casting 

method. The membranes were successfully been used in making anion selective electrode for 

measuring As(V) content in real samples without a significant interaction from anionic species. 

Result shows that the As(V) selective membrane electrodes have good operating characteristics 

including Nernstian response, reasonable detection limit, relatively high selectivity, wide 

dynamic range and fast response.  
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Chapter 4 
 4.1 Introduction 

n the recent years organic-inorganic ion exchange materials have attracted considerable 

attraction with their possible applications in wide variety of areas such as membrane 

electrolysis [1], fuel cell storage batteries (fuel cells) [2], device for drug delivery [3], 

separation of heavy toxic metal ions [4] and in making ion selective membrane electrodes [5-

9].Thus to withstand the demanding applications of these fields, thermally and mechanically 

stable ion exchange materials are required. Incorporation of inorganic part within the polymer 

matrices have been successfully employed with the increment of these properties in organic-

inorganic composites. Organic polymeric part of the composite provides the mechanical 

strength, whereas inorganic part supports the thermal stability, ion-exchange behaviour and 

also increases the electrical conductivity. Varshney et al. [10] prepared polyacrylonitrile 

thorium (IV) phosphate composite cation exchanger and found it to be highly selective for 

Pb(II) ions. Similarly khan et al. [11] prepared polyvinyl chloride based carboxymethyl 

cellulose Ce(IV) molybdophosphate composite membrane with good selectivity for cations. 

The field becomes more exciting if organic part is replaced by conducting polymer. In the 

recent years, electrically conductive organic-inorganic ion-exchange nanocomposite materials 

have emerged as an advanced class of materials as they possess unique properties due to 

synergism between the components [12-14]. Such a modified nanocomposite materials can be 

used in membrane preparation (PVC supported) and may be applicable in various membrane 

processes such as ultrafiltration, nanofiltration, fuel cell applications, separation of heavy toxic 

metal ions and in making ion selective membrane electrode. Ion selective electrodes have been 

successfully used as electrochemical sensors and have found vast applications in diverse field 

of analysis because of their low cost, good selectivity, sensitive and are applicable over a wide 

range of experimental conditions. 

 Human are exposed to lead through contaminated drinking water and food [15-16]. Lead 

in general is a metabolic poison, enzyme inhibitor, and causes damage to the nervous systems 

and kidneys and is a suspected carcinogen [17-19]. Thus ion selective electrodes for detection 

of Pb2+ ion have received much attention because of health concerns. Though, there are a 

number of methods devised for the determination of Pb2+ ions such as spectrophotometery, 

I 
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polorography,atomic absorption spectrometry and HPLC. Such methods however require a 

good infrastructure development, maintenance, and adequate expertise while ion selective 

electrode provide simple, cheap, and easy to use device for analysis of heavy metal ions.  

In the present research work electrically conductive polyaniline titanium(IV)phosphate 

(PANI-TiP) cation exchange nanocomposite was prepared and found highly selective for 

Pb(II). The Pb(II) selective electrode was developed by using this membrane for the 

determination of lead in solutions. The proposed sensor exhibit significantly high sensitivity, 

good stability, and selectivity for Pb2+
 ions over many common ions and are successfully used 

for determining Pb2+
 ions in micro level of various samples. 

4.2 Experimental 
 

4.2.1 Reagents and Chemicals  

 Aniline (99%) from Qualigens (India Ltd.) was purified by distilling twice before use, 

titanium oxide (TiO2 from CDH India), ammonium persulphate (C.D.H. A.R. grade) was used 

as received. All other reagents and chemicals were of analytical grade and were obtained from 

CDH, Loba Chemie, E-merck or Qualigens (India Ltd.). 

4.2.2 Synthesis of polyaniline–titanium(IV)phosphate nanocomposite 

4.2.2.1 Synthesis of polyaniline 

Polyaniline (PANI) was synthesized by oxidative polymerization of aniline in the presence 

of hydrochloric acid using ammonium persulphate (acts as an oxidizing agent). For the 

synthesis, 10% aniline with 100 ml of 1M HCl in double distilled water was taken and stirred 

in a double wall flask at temperature 0±1oC. The solution (150 ml) of ammonium persulphate 

(0.1M in double distilled water) was added drop by drop in the double wall flask with 

continuous stirring. After 6h, stirring was stopped and the solution was filtered in Buchner 

funnel and the residue was washed 3-4 times with distilled water and finally with methanol. 

The gel was kept in oven at 50oC for 24 h to dry.  

4.2.2.2 Synthesis of titanium(IV)phosphate 

The preparation of titanium(IV)phosphate (TiP) cation exchanger was carried out by taking 

different ratios of titanium(IV)sulphate stock solution and 1mol L-1 orthophosphoric acid 

solution prepared in deminralized water (DMW). The stock solution of titanium(IV)sulphate 



Umair Baig, Ph.D. Thesis     A.M.U, Aligarh 

Chapter 4 74 
  

was prepared by dissolving 2g of titanium dioxide in 65ml of hot concentrated sulfuric acid 

containing 25g of ammonium sulphate with constant stirring [20].  

4.2.2.3 Synthesis of polyaniline–titanium(IV)phosphate nanocomposite 

PANI-TiP nanocomposite cation exchanger was prepared by sol–gel mixing of PANI into 

the inorganic precipitate of TiP with constant stirring. The resultant mixture turned slowly into 

greenish black colored slurry. This was kept for 24 hours at room temperature. PANI 

composite cation exchanger based gel was filtered off washed thoroughly with DMW to 

remove excess acid and any adhering trace of ammonium persulphate and later was dried over 

P4O10 at 60oC in an air oven. The dried nanocomposite exchanger was immersed in DMW to 

obtain small granules. They were converted to the H+ form by keeping it in 1 mol L-1 HNO3 

solution for 24 hours with occasionally shaking intermittently replacing the supernatant liquid. 

The excess acid was removed after several washings with DMW. The nanocomposite 

exchanger was dried at 60oC and grinded by pestle mortar to obtain fine powder of 

nanocomposite. The conditions of preparation and the ion-exchange capacity (IEC), of the 

cation exchange nanocomposite samples are given in Table 4.1. 

Table. 4.1. Conditions of preparation and the ion-exchange capacity of PANI-TiP nano- 
composite cation exchange material. 

Sample 
No. 

Mixing volume ratio 
(v/v) 

Mixing volume ratio (v/v) Appearance 
of 

the sample 

Na+  
IEC  

 (meq/g) Titanium 
sulphate 
(stock 

solution) 

H3PO4 K2S2O8 in  
1 mol L-1 HC1 

10% Aniline 
in (1 mol L-1) 

HCl 

PTP-1 
PTP-2 
PTP-3 
PTP-4 
PTP-5 
PTP-6 
PTP-7 
PTP-8 
PTP-9 
PTP-10 

1 
2 
3 
1 
1 
1 
2 
1 
2 
1 

1(1mol L-1) 
1(1 mol L-1) 
1(1 mol L-1) 
2(1 mol L-1) 
3(1 mol L-1) 
1(2 mol L-1) 
1(2 mol L-1) 
1(3 mol L-1) 
1(3 mol L-1) 
1(1 mol L-1) 

1 (0.1 mol L-1) 
1 (0.1 mol L-1) 
1(0.1 mol L-1) 
1(0.1 mol L-1) 
1(0.1 mol L-1) 
1 (0.1 mol L-1) 
1 (0.1 mol L-1) 
1(0.1 mol L-1) 
1(0.1 mol L-1) 

_ 

1 
1 
1 
1 
1 
1 
1 
1 
1 
_ 

Greenish black 
Greenish black 
Greenish black 
Greenish black 
Greenish black 
Greenish black 
Greenish black 
Greenish black 
Greenish black 

White 

1.57 
1.35 
2.59 
1.32 
1.08 
1.69 
1.86 
1.45 
1.65 
1.22 
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4.2.3 Characterization of polyaniline–titanium(IV)phosphate nanocomposite 

The chemical composition of PANI-TiP cation exchange nanocomposite (PTTMP-4) was 

determined by using elemental analyzer (Elementary Vario EL III Carlo-Elba, model 1108) for 

Carbon, Hydrogen, Nitrogen, Oxygen and inductively coupled Plasma mass spectrophotometer 

for Titanium, and Phosphorous respectively. 

The Fourier transform infra-red spectroscopy (FTIR) spectra were recorded using Perkin 

Elmer 1725 instrument. To study the surface morphology, scanning electron microscopy 

(SEM) was done by LEO 435–VF. Transmission electron microscopy (TEM) were observed by 

JEOL TEM (JEM 2100F) instrument. X–ray diffraction (XRD) data were recorded by 

PHILIPS PW1710 diffractometer with Cu Kα radiation at 1.540 Ǻ in the range of 5o ≤ 2θ ≤ 70o 

at 40 kV. The thermal stability was investigated by thermogravimetic analysis (TGA) using 

thermal analyzer-V2.2A DuPont 9900.  

4.2.4 Ion-exchange behavior of polyaniline-titanium(IV)phosphate nanocomposite 
 

4.2.4.1 Ion-exchange capacity (IEC) measurements 
 
The IEC, which is generally taken as a measure of the hydrogen ion liberated by neutral salt 

to flow through the composite cation exchanger was determined by standard column process. 1 

g of the dry cation–exchanger sample in H+–form was taken into a glass column having an 

internal diameter ~1 cm and fitted with glass wool support at the bottom. The bed length was 

approximately 1.5 cm long. 1 mol L-1 alkali and alkaline earth metal nitrates as eluants were 

used to elute the H+ ions completely from the cation–exchange column, maintaining a very 

slow flow rate (~ 0.5 ml min–1). The effluent was titrated against a standard solution of 0.1 mol 

L-1 NaOH using phenolphthalein indicator. The nanocomposite having maximum Na+ IEC 

(2.59 meq/g) was selected for further studies. 

4.2.4.2 Effect of eluant concentration 

 To find out the optimum concentration of the eluant for complete elution of H+ ions, a 

fixed volume (250 ml) of sodium nitrate (NaNO3) solutions of varying concentration were 

passed through a column containing 1g of the exchanger in the H+-form with a flow rate of ~ 

0.5 ml min-1. The effluent was titrated against a standard alkali solution of 0.1 M NaOH for the 

H+ ions eluted out (Fig 4.1). 
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4.2.4.3 Elution behavior 

 Since with optimum concentration for a complete elution was observed to be 2 M for 

sample, a column containing 1g of the exchanger in H+- form was eluted with NaNO3 solution 

of this concentration in different 10 ml fractions with minimum flow rate as described above 

and each fraction of 10 ml effluent was titrated against a standard alkali solution for the H+ ions 

eluted out. This experiment was conducted to find out the minimum volume necessary for 

almost complete elution of H+ ions, which determines the exchange efficiency of the column as 

shown in Fig 4.2. 

 

Fig. 4.1 Effect of eluant concentration on the IEC of PANI-TiP cation exchange 
nanocomposite.  

4.2.4.4 Effect of pH 

 pH titration studies of PANI-TiP nanocomposite was performed by the method of Topp 

and Pepper [21]. A total of 500 mg portions of the cation-exchanger in the H+ -form were 

placed in each of the several 250 ml conical flask, followed by the addition of equimolar 

solutions of alkali metal chloride and their hydroxides in the different volume ratios, the final 

volume was kept 50 ml to maintain the ionic strength constant. The pH of the solution was 
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recorded every 24 h until equilibrium was attained which needed ~5 days and pH at 

equilibrium was plotted against the milliequivalents of OH- ions added (Fig. 4.3).  

 

Fig. 4.2 The elution behavior of PANI-TiP cation exchange nanocomposite. 

 

Fig. 4.3 pH-titration curves for PANI-TiP nanocomposite with various alkali metal hydroxides. 
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4.2.4.5 Selectivity (sorption) studies 
 The distribution coefficient (Kd values) of various metal ions on PANI-TiP nanocomposite 

were determined by batch method in various solvents systems. A number of nanocomposite 

cation-exchanger beads(100 mg) in the H+-form were taken in Erlenmeyer flasks with 20 ml of 

different metal nitrate solutions in the required medium and kept for 24 hours with continuous 

shaking for 6 hours in a temperature controlled incubator shaker at 252C to attain 

equilibrium.  The initial metal ion concentration was so adjusted that it did not exceed 3% of its 

total ion-exchange capacity. The metal ions in the solution before and after equilibrium were 

determined by titrating against standard 0.005 mol L-1 solution of EDTA. The alkali and 

alkaline earth metal ions [K+, Na+, Ca2+] were determined by flame photometry and some 

heavy metal ions such as [Pb2+, Cd2+, Cu2+, Hg2+, Ni2+, Mn2+, Zn2+] were determined by atomic 

absorption spectrophotometry (AAS).  The distribution coefficient is given by the ratio of 

amount of metal ion in the exchanger phase and in the solution phase. In other words, the 

distribution coefficient is the measure of a fractional uptake of metal ions competing for H+ 

ions from a solution by an ion-exchange material and hence mathematically can be calculated 

by the given formula: 

)1-g (ml
solution of ml / ions metal of moles m

exchanger-ion of gm / ions metal of moles m
dK    (4.1)           

                     i.e.     Kd  = [ (IF) / F]  [ V / M ] (ml g-1)                      (4.2)      

where I is the initial amount of metal ion in the aqueous phase, F is the final amount of 

metal ion in the aqueous phase, V is the volume of the solution (ml) and M is the amount of 

cation-exchanger (g) (Table 4.2). 

4.2.5 Preparation and characterization of PANI-TiP cation exchange nanocomposite 
membrane 

 
Coetzee and Benson [22] method was employed for the preparation of PANI-TiP cation 

exchange nanocomposite membrane. In order to determine the optimum membrane 

composition, different amount of the nanocomposite (Electroactive material) was grounded to a 

fine powder and mixed thoroughly with a fixed amount (200 mg) of PVC dissolved in 10 ml 

tetrahydrofuran, and then membrane were casted in glass tube (length 10 cm and diameter 5 

mm) by solvent evaporation technique, after that nanocomposite were peeled off to give free 
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standing PANI-TiP nanocomposite membranes. In this way, five sheets of fixed area and 

different thicknesses 0.20, 0.32, 0.45, 0.56 and 0.68 mm were obtained (Table 4.3). 

Characterization method such as water content, porosity, thickness and swelling were same 

as discussed in our previous chapter 3 (Section 3.2.4). 

Table. 4.2 Kd-values of some metal ions on PANI-TiP nanocomposite column in different 
solvent systems. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2.5. 1 Electrical conductivity of nanocomposite membranes 

DC electrical conductivity of nanocomposite membranes was measured by using a four–in–

line probe. The conductivity () was calculated using the relation as per the instruction manual 

of the instrument. 

 = [ln2 (2S/W)]/ [2S (V/I)]                                     (4.3) 

Metal ions 
 

Solvents 

Th4+ Cu2+ Cd2+ Mn2+ Ni2+ Co2+ Bi2+ Pb2+ Hg2+ 

DMW 760 205 50 450 350 285 1050 2400 338 

10-1 M HNO3 250 8 7 15 2 85 150 1460 50 

10-2 M HNO3 706 10 12 26 8 102 250 1530 95 

10-3 M HNO3 1502 15 36 50 10 191 560 906 150 

10-1 M HClO4 150 3 5 12 7 71 232 1200 15 

10-2 M HClO4 300 9 17 40 15 82 760 1400 35 

10-3 M HClO4 - 20 25 52 20 85 1552 1600 45 

10-1M H2SO4 40 8 4 17 15 5 100 500 27 

10-2 M H2SO4 60 15 12 30 17 15 160 704 38 

10-3 M H2SO4 120 37 19 - 19 20 300 920 44 

10% Acetic acid 15 200 10 - 85 150 50 190 200 
10% Acetone 50 160 87 - 95 - - 150 150 
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Where I, V, W and S are current (A), voltage (V), thickness of the film (cm) and probe 

spacing (cm) respectively. 

Table. 4.3 Characterization of PANI-TiP nanocomposite membranes. 

Membrane 
No. 

Membrane 
composition 

Thickness 
(mm) 

Total 
wet 

weight                 
(%) 

Porosity 
(-) 

Swelling 
(%) 

Electrical 
conductivity 

(S/cm) 
 

PANI-TiP  

(%) 

PVC  

(%) 

M-1 

M-2 

M-3 

M-4 

M-5 

10 

20 

30 

40 

50 

10 

10 

10 

10 

10 

0.20 

0.32 

0.45 

0.56 

0.68 

1.226 

1.452 

1.680 

1.911 

2.153 

0.00216 

0.00342 

0.00419 

0.00527 

0.00698 

0.6250 

1.1592 

1.7342 

2.1885 

2.5084 

4.96 x 10-2 

 
5.10 x 10-2 

4.99 x 10-2 

4.89 x 10-2 

5.26 x 10-2 

4.2.6 Fabrication of ion-selective membrane electrode 

          The membrane sheet of 0.20 mm thickness as obtained by the above procedure was cut 

in the shape of disc and mounted at the lower end of a Pyrex glass tube (outer diameter 0.8 cm 

and internal diameter 0.6 cm) with araldite. Finally, the assembly was allowed to dry in air for 

24 h, after that it was filled with 0.05 mol L-1 lead nitrate solution. 

4.2.6.1 Potential measurements  

For potential measurement the electrode was then equilibrated with Pb(NO3)2 solution 

(0.1 mol L-1) for 5-7 days. The tube was filled 3/4th of its length with Pb(NO3)2 solution (0.1 

mol L-1) and then immersed in a beaker containing the test solution of varying concentration of 

Pb2+ ion, keeping the level of  inner filled solution higher than the level of the test solution to 

avoid any reverse diffusion of the electrolyte. A saturated calomel electrode (SCE) was inserted 

in the tube for electrical contact and another SCE was used as external reference electrode. All 

the potential measurements were carried out using the following cell assembly: 

SCE SCE | 0.1 mol L-1 Pb2+|| Membrane || 0.1 mol L-1 Pb2+ (test solution)| SCE 

Potentiometric measurements were observed for a series of standard solutions of Pb(NO3)2 

(10−12–10−1 mol L-1), prepared by gradual dilution of the stock solution, as described in the 
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IUPAC Commission for Analytical Nomenclature [23]. The potential measurements were 

made in unbuffered solutions to avoid interference from any foreign ion. The calibration curves 

of potential Vs concentration were plotted. In order to study the characteristics of the electrode, 

the following parameters were evaluated: effect of pH, response time, potentiometric 

selectivity coefficient of interfering anions and storage of electrode. 

4.2.6.1 .1 Effect of pH 

A series of solutions of varying pH in the range of 1 to 14 were prepared, while keeping 

the concentration of the relevant ion constant (1 × 10−1 mol L-1 and 1×10-3
 mol L-1). The pH 

variations were brought out by the addition of dilute acid (HCl) or dilute alkali (NaOH) 

solutions.The value of the electrode potential at each pH was recorded, and plotted against the 

pH.  

4.2.6.1.2 The response time  

The response time is measured by recording the potential of the electrode as a function 

of time when it is immersed in the solution to be studied. The initial potential of the solution 

was read at zero second and when the electrode was dipped into 1x10-2 mol L-1 test solution of 

Pb(NO3)2 and subsequently  recorded at the intervals of 5 s.  

4.2.6.1.3 Potentiometric selectivity coefficient of interfering anions 

One of the most important characteristics of a membrane sensor is its response for the 

primary ion in the presence of other foreign ions, which is measured in terms of the 

potentiometric selectivity coefficient (KAB
pot). In the present work we have used mixed solution 

method, [24]. The selectivity coefficient was calculated using the equation given below: 

                                         KAB
pot =aA/(aB)zA/zB                                                        (4.4) 

Where aA and aB are the activities of primary and interfering ion respectively and zA and zB 

are charges on these ions. 

4.2.6.1.4 Storage of electrodes 

The nanocomposite membrane electrode was stored in distilled water when not in use 

for more than one day. It was activated with (0.1 mol L-1) Pb(NO3)2  solution by keeping it 

immersed in it for 2 h, before use to compensate for any loss of metal ions in the membrane 

phase that might have taken place due to a long storage in distilled water. Prior to use the 

electrode was washed thoroughly with DMW.  
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 4.3 Results and discussion  

 4.3.1 Ion-exchange studies 

 Various samples of cation exchange nanocomposite material have been developed by the 

incorporation of electrically conducting polymer polyaniline into inorganic matrices of 

titanium(IV)phosphate under different conditions (see Table 4.1). The ion-exchanger (sample 

PTP-3) possessed a better Na+ ion exchange capacity (2.59 meq/g) as compared to the 

inorganic precipitate (sample TP-10) of titanium(IV)phosphate (1.22 meq/g), and PANI (0.34 

meq/g). Due to better ion exchange capacity, sample PTP-3 (Table 4.1) was selected for further 

studies and membrane preparation. It may be due to the more exchangeable sites available in 

the inorganic groups present in the matrices of the composite.  

To find out the optimum concentration of the eluant for complete elution of H+ ions, a fixed 

volume (250 ml) of sodium nitrate (NaNO3) solution of varying concentrations were passed 

through a column containing 1g of the exchanger in the H+-form with a flow rate of ~ 0.5 ml 

min−1. The effluent was titrated against a standard alkali solution of 0.1M NaOH for the H+ 

ions eluted out. A maximum elution was observed with the concentration of 2.0M NaNO3 as 

indicated in Fig. 4.1. 

Since with optimum concentration for a complete elution was observed to be 2.0M for 

sample PTP-3, a column containing 1g of the exchanger in H+-form was eluted with NaNO3 

solution of this concentration in different 10ml fractions with minimum flow rate as described 

above and each fractions of 10ml effluent was titrated against a standard alkali solution for the 

H+ ions eluted out. This experiment was conducted to find out the minimum volume necessary 

for almost complete elution of H+ ions, which determines the exchange efficiency of the 

column as shown in Fig. 4.2 that maximum volume to release complete hydrogen ion of 1g ion 

exchanger was found 130ml NaNO3. 

The pH titration curves for PANI-TiP (PTP-3) were obtained under equilibrium conditions 

with NaOH/NaCl, KOH/KCl and LiOH/LiCl, systems indicated bifunctional behavior of the 

material as shown in Fig. 4.3. For the sample PTP-3, the rate of H+–Na+ exchange was faster 

than those of H+–K+ and H+–Li+ exchangers. 
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The results of sorption studies (Table 4.2) indicated that Kd values varied with the nature 

and composition of contacting solvents. It was also observed from the distribution studies (Kd 

values) that the Pb2+ was highly adsorbed in all solvents, while remaining metal ions were 

poorly adsorbed. The high uptake of Pb2+ ions in all solvents demonstrates not only the ion 

exchange properties but also the adsorption and ion-selective characteristics of the cation 

exchanger. Thus, we can say that this nanocomposite cation exchanger is highly selective for 

Pb(II) ions and can be very well utilized for the determination and separation of Pb(II) ions 

from waste effluents. 

4.3.2 TEM and SEM studies 

      

                                      

Fig. 4.4 SEM micrographs of (a) TiP gel, (b) PANI and (c) PANI-TiP nanocomposite. 

Fig. 4.4(a-c) depicts the SEM micrographs of TiP, PANI and PANI-TiP. Fig. 4.4a shows the 

micrograph of TiP gel which indicates the smooth surface. In Fig. 4.4b the micrograph of PANI 
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reveals granular type structure. Fig. 4.4c depicts the micrograph of composite, in which the 

morphology of the composite is quite different from that of the parental components. 

Polyaniline evenly distributed throughout the entire TiP, which has dense and globular 

structure.  

Fig. 4.5 shows the TEM image of PANI-TiP nanocomposite with spherical morphology 

having an average particle size of ~25-45 nm. The TiP nanoparticles are seen as dark spots 

dispersed in PANI matrix can be observed in the TEM image. 

                              

Fig. 4.5 TEM micrograph of PANI-TiP nanocomposite 

4.3.3 TGA and FT-IR studies 

Fig. 4.6 shows the thermogravimetric stability data of PANI and PANI-TiP nanocomposite. 

It can be concluded from this figure that the thermal stability of PANI-TiP nanocomposite is 

higher than that of blank polyaniline. At ~1000 oC the percentage of residual weight of PANI 

and PANI-TiP nanocomposite is 38.4% and 60.2% respectively. Therefore the addition of TiP 

cation exchanger improves the thermal stability of PANI. The FTIR spectra of PANI, TiP, and 

PANI–TiP, is shown in Fig. 4.7. In the spectrum of TiP a strong band appeared around 3400 

cm–1 shows –OH stretching frequency and the peak in the region of 1100 cm–1 is due to the 

presence of phosphate group and peak at 800 cm–1 is attributed to M–O bonding. The bands 

due to aromatic stretching vibrations of C–N appear at ~ 1294 cm–1. The absorption peaks at 

~1594 and 1490 cm–1 represent the quinoid (Q) and benzenoid (B) structures of the polyaniline 
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(these peaks correspond to most of the characteristic peaks for PANI, as described in literature 

[25,26]) in PANI-TiP composite. 

 
Fig. 4.6 TGA of PANI and PANI-TiP cation exchange nanocomposite. 

 
Fig. 4.7 FT-IR spectra of (a)TiP and (b)  PANI-TiP nanocomposite. 
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4.3.4 Chemical composition studies 

The chemical analysis of the PANI-TiP shows the following composition: Ti = 6.96%, P = 

1.28%, C = 7.029%, H = 2.165% and N = 1.712%. On the basis of chemical composition and 

molar ratios the following tentative structure of PANI-TiP composite can be proposed. 

[(TiO2) (H3PO4)3  (-C6H5NH-)3].n H2O 

4.3.5 Electroanalytical application of PANI-TiP nanocomposite  

On the basis of distribution studies (Kd values), PANI-TiP has been used as an electro-active 

component in the preparation of the heterogeneous solid-state electrode sensitive to Pb2+ ions. 

Those membrane which exhibited good surface qualities including porosity, thickness, swelling 

etc. were selected for further investigation. Thus the membrane sample M-1 (Table 4.3) was 

selected for further studies. Ion-selective electrodes work on the principle of measurements at 

zero current. The membranes were fixed in the electrode assembly and all measurements are 

made in a concentration cell. The concentration of the electrolyte on the inner side of the 

membrane was fixed at 0.1 mol L-1 of Pb2+ ions while outer solution varied from 10-12 mol L-1 

to 10-1mol L-1. When ions penetrated the boundary between the two phases leading to the 

attainment of electrochemical equilibrium, the potential developed. 

4.3.5.1 Working concentration range and slope  

Using the optimized membrane composition described above, the potentiometric response 

of the sensor was studied for Pb2+ in the concentration range of 10-12 mol L-1 to 10-1 mol L-1 at 

25°C as shown in Fig. 4.8 The results showed a Nernstian response of 29.48 mV/decade of 

Pb2+ concentration, and the wide linear range within the concentration range from 10-8 mol L-1 

to 10-1 mol L-1 of Pb2+ ions. Experiments were conducted a number of times to check the 

reproducibility of the results. EMFs were plotted against log of activities of lead ions and 

calibration curves were drawn for five sets of experiments. The standard deviation of ±0.3 mV 

was observed. The detection limit of sensor was determined according to IUPAC 

recommendations from the intersection of two extrapolated linear portions of the curve [27] 

and was found to be 1×10-9 mol L-1. 

4.3.5.2 Effect of pH on electrode potential and response time  

The influence of pH of the test solution on the potential response of the membrane 

sensor was investigated over a pH range of 1–12. The pH was adjusted with dilute hydrochloric 

acid and sodium hydroxide solutions as required. The influence of pH on the response of the 
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membrane sensor is shown in Fig. 4.9. The results showed that the potential was independent 

of pH in the range of 2.5 to 6.5, beyond which the potential changes considerably. The 

dependency of the potential to the pH values out of this range can be attributed to the formation 

of some hydroxyl complexes of Pb2+ ion [28] at higher pH values and to the hydrogen ion 

response at lower pH values. The response time for the Pb2+-selective electrode to attain a 

response that is within ± 1 mV of steady state potential after successive immersion of the 

electrodes in a series of lead solutions, each having a 10-fold difference in concentration from 

10-2 mol L-1 to 10-1 mol L-1  was investigated. The electrode showed reasonably fast and stable 

potential within 10 s and no change was normally observed up to 20 s (Fig. 4.10). The 

membrane was successfully used for 5 months without any notable drift in potential during 

which the potential slope was reproducible within ±1 mV per concentration decade. Whenever 

a drift in the potential was observed, the membrane is re-equilibrated with 0.1 molL−1 

Pb(NO3)2 solutions for 3-4 days.   

 

 
Fig. 4.8 Calibration curve for PANI-TiP membrane (M-1) electrode in aqueous solution of 

Pb(NO3)2. 
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Fig. 4.9 Effect of pH on electrode potential of membrane (M-1) electrode at (a) 1×10-1 mol L-1

 

and (b) 1×10-3
 mol L-1

 Pb2+ ion. 
 

 
Fig. 4.10 Response time of PANI-TiP nanocomposite membrane electrode for Pb2+ ions. 
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4.3.5.3 Potentiometric Selectivity 

The selectivity behavior is obviously one of the important characteristics of the ion-selective 

electrodes, determining whether reliable measurement in the target sample is possible or not. 

The selectivity preference of the membrane for an interfering ion relative to Pb2+ was 

determined by the mixed solution method (MSM). It is evident from Table 4.4 that most of the 

interfering ions showed low values of selectivity coefficient, indicating no interference in the 

performance of the membrane electrode assembly. Such remarkable selectivity of the proposed 

ion-selective electrode over other ions reflects the high affinity of the membrane toward the 

Pb2+ ions. 

4.3.5. 4 Accuracy  

The proposed membrane electrode was found to work well under laboratory conditions. 

To evaluate the accuracy, an Pb2+ ion selective electrode was satisfactorily applied for the 

determination of Pb2+ ions in various samples of drinking water containing different amount of 

Pb2+ spiked with increasing known concentration of Pb2+ ranging from 5 to 20 mg L−1, Each 

sample was analyzed in five replicate measurements by membrane electrode and results were 

tested by standard addition method. The results are given in Table 4.5, shows that the amount 

of  Pb2+ recovered with the help of the membrane electrode is in good agreement with that 

determined by atomic absorption spectroscopy (AAS), thereby reflecting the utility of the 

proposed method. 

Table 4.6 compares the working concentration range, response time, life time, pH range 

and detection limit of the proposed electrode with other reported lead(II) ion-selective electrode 

[29-34].The results clearly indicated the superiority of the proposed electrode in terms of linear 

range, pH, response behavior and detection limit. 
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Table 4.4 The selectivity coefficient of various interfering cations for Pb2+
 selective PANI-TiP 

membrane electrode. 
 

Interfering ion 
(Mn+ ) 

Selectivity coefficients (KMSM ) 

K+ 

Na+ 

Mg2+ 

Cu2+ 

Ca2+ 

Al2+ 

Sr2+ 

Mn2+ 

Fe2+ 

Ni2+ 

Zn2+ 

Cd2+ 

1.5 x 10-1 

1.62 x 10-1 

1.59 x 10-1 

2.1 x 10-2 

2.15 x 10-2 

2.20 x 10-2 

2.32 x 10-2 

3.21 x 10-2 

2.98 x 10-2 

4.45 x 10-3 

5.60 x 10-3 

5.87 x 10-3 

 

Table 4.5 Determination of Pb2+ added to a drinking water sample* containing different 
concentrations of lead. 

Added Pb2+ 

(mg L-1) 

Detected Pb2+ 

(mg L-1) 

Recovery by 

membrane electrode 

(%) 

Atomic absorption 

spectrophotometer 

(AAS) (mg L-1) 

Recovery by 

AAS 

(%) 

5.00 

7.50 

10.00 

12.50 

15.00 

17.50 

20.00 

4.56 

7.19 

9.25 

11.56 

14.30 

16.75 

18.95 

 

91.20 

95.86 

92.50 

92.48 

95.34 

95.71 

94.75 

 

4.85 

7.38 

9.53 

12.10 

14.66 

17.12 

19.57 

97.00 

98.40 

95.30 

96.80 

97.78 

97.82 

97.85 
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Table 4.6 A comparative study of Pb(II) ion selective electrode with PVC matrix based on 
various electroactive material reported in literature. 

 
Refs. Electroactive Material Response 

Time (s) 
Linear 
Range 

in mol L−1 
 

pH 
Range 

Nertian 
Slope 

(mv/decade) 

Life Span 
(months) 

Detection 
Limit 

[29] 
 
 

[30] 
 

[31] 
 
 

[32] 
 
 
 

[33] 
 
 
 

[34] 
 
 

This 
study  

 
 

Capric acid 
 
 

Piroxicam 
 
Meso tetrakis(2-hydroxy 1-
naphthyl) porphyrins 

 
N,N-dibenzyl-1,4,10,13-

tetraoxa-7,16-
diazacyclooctadecane 

 
Polyaminoanthra quinone 
particles (PAAQ particles) 

 
Poly-o-anisidine-Sn(IV) 

Arsenophosphate 
 

Polyaniline-titanium(IV) 
Phosphate  

15 s 

 

45 s 

 

10 s 

 

10 s 

 

12 s 

 

 

30 s 

 

10 s 

1.0×10-5 to 
1.0×10-2 

1.0×10−5 to 
1.0×10−2  

3.2×10−5 to 
1.0×10−1  

8.2×10−6 to 
1.0×10−1  

2.5×10−6 to 
1.0×10−1  

 
1.0×10-6 to 
1.0×10-1  
 
1.0×10-8 to 
1.0×10-1  

4.5-7.0 
 
4.0-8.0 
 
6.0 
2.0-6.8 
 
 
2.8-5.2 
 
4.0-8.0 
2.5-6.5 

29.0 
 

30.0 
 
 

29.2 
 
 

30.0 
 
 

28.9 
 
 
 

32.8 
 
 

29.48 

3 months 

3 months 

 
3 months  

 
3 months 

 
4 months 
Not mentioned 
 
6 months 

6.0×10−6 
mol L−1 

 
4×10−7  
mol L−1 

 
3.5×10−6 
mol L−1 
 
8.2×10−6 
mol L−1 

 

7.8×10−7 
mol L−1 

 

 

1.0×10−6 

mol L−1 

 

1.0×10−9 

mol L−1 

 

4.4 Conclusion 

The proposed potentiometric sensor of nanocomposite cation exchanger, PANI-TiP 

showed good operating characteristics including Nernstian response, reasonable detection limit, 

relatively high selectivity, wide dynamic range and fast response. These characteristics and the 

typical applications presented in this paper makes this sensor suitable for measuring Pb(II) 

content in real samples without a significant interaction from cationic or anionic species. A 

comparison between the response characteristics of the proposed potentiometric sensor and 

those of previously reported lead ion-selective electrode indicated that the present sensor is 

invariably superior. 
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   Chapter 5 
5.1 Introduction  

ith the 1997 chemical communication paper by Alan J. Heeger, Hideki Shirakawa and 

Alan G. MacDiarmid [1] the research in the field of conducting polymer have risen by 

leaps and bound. The first polymer that was found to conduct electricity was polyacetylene on 

doping with iodine. Later many other polymers such as polyaniline, polypyrrole, polythiophene 

and many paraphenylene derivatives were also found to conduct electricity. Amongst these 

conducting polymers polythiophene (PTh) and their derivatives have attracted much attention 

due to their excellent thermal, chemical and environmental stabilities, facile synthesis and high 

electrical conductivity [2-3]. This makes them an ideal candidate for potential application in the 

field of sensors, biomedical applications, electronics, electrochromic devices and solar cells [4-

5]. Poor mechanical properties are the major drawback which restricts their use in device 

fabrication. To solve this problem, considerable work has been done in recent years to prepare 

composites of PTh and its derivatives with other conventional polymers or nanoparticles [6-9]. 

These composites are expected to display new properties due to the synergism between the 

constituents and thus may find applications in several fields such as estimation of bacteria [6], 

electrode coating material [7], electrode material for supercapacitors [8-10], photocatalysis 

[11], solar cells [12-13], sensor for detection of pH, toxic gases, pesticides etc. [14-20].  

Recently various composites of PTh and its derivatives such as poly(3-

methythiophene), poly(3-butylthiophene) and poly(3-(4-octylphenyl)thiophene) with inorganic 

metal oxide particles and carbon nanotubes (SWCNT/MWCNT) have been synthesized and 

used for fabrication of innovative gas and vapor phase chemical sensor. However the reports in 

the field of PTh and its derivatives based electrically conductive ion-exchange composite 

material are not available. Over the last decade, conducting polymer based ion exchange 

composite materials represents the one of the most fascinating developments in the material 

chemistry for variety of applications [21-28]. Conducting ion exchange composites are now 

considered an advanced class of materials due to their excellent ion exchange behaviour as well 

as their analytical and electroanalytical applications.  

W 
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Titanium(IV)molybdophosphate (TMP), an inorganic ion exchanger generally possess 

high resistivity and thermal stability towards strong oxidizing agents and mineral acids [29]. 

Preparation, characterization and uses of several inorganic ion exchangers and their potential 

applications in various fields have been reported [30]. Gas sensing behavior of conducting 

polymer based metal/metal oxide nanocomposites has been widely explored [31]. However 

conducting polymer based ion exchangers with polyvalent sites have been poorly reported in 

the field of gas sensing [32-33]. Thus, in this work, we have synthesized a new conductive 

nanocomposite of P3MTh [poly(3-methythiophene)] and TMP cation exchanger by in-situ 

chemical polymerization technique and used it as new sensing material for aqueous ammonia at 

room temperature. To the best of our knowledge, this is the first attempt to synthesize a new 

conductive P3MTh-TMP cation exchange nanocomposite by using in-situ chemical 

polymerization technique and the investigation of their ammonia sensing characteristics.  

5.2. Experimental 

5.2.1. Chemical and reagents 
The following reagents were used as follows: 

The 3-methyl thiophene (3-MT) monomer (98%) from Spectrochem (India Ltd.), anhydrous 

iron(III)-chloride (FeCl3), chloroform (maximum water 0.03%), methanol HPLC grade 

molybdophosphoric acid (MPA), titanium dioxide (TiO2), ammonium sulphate and ammonium 

persulphate were used as received from Qualigens (India Ltd.). All other reagents and 

chemicals were of analytical grade.  

5.2.2. Synthesis  

5.2.2.1. Titanium(IV)molybdophosphate 

Preparation of TMP was carried out by taking different ratios of titanium(IV)sulphate  

solution and aqueous solution of molybdophosphoric acid (prepared in demineralized water) 

under varying conditions given in Table 5.1. Titanium(IV)sulphate solution was prepared by 

dissolving 2 g of titaniumdioxide in 62.5 mL of hot concentrated sulfuric acid containing 25 g 

of ammonium sulphate with constant stirring [32, 34]. While the reaction mixture was 

thoroughly stirred with a magnetic stirrer at room temperature (25oC), then the solution 

containing precipitate was stirred for 1 h and was refluxed at 75–80oC for 24 h. The resulting 

precipitate was decanted and washed five times with demineralized water (DMW), filtered by 

suction and dried at 50±2oC for 24 h. It was further treated with excess of 0.1mol L−1 nitric acid 
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solutions for complete replacement of counter ions by H+ ions. The excess of acid was removed 

by repeated washing with DMW. Finally the material was dried in an oven at 50±2oC for 24 h 

and grinded by pastel mortar to obtain fine powder of TMP. 

5.2.2.3. Poly(3-methyl thiophene)-titanium(IV)molybdophosphate nanocomposite 

P3MTh-TMP nanocomposites were prepared by in situ chemical oxidative 

polymerization of 3-methyl thiophene in presence of TMP particles. A schematic representation 

of the formation of P3MTh-TMP nanocomposite is shown in Scheme 5.1. A certain amount of 

TMP (dried at 50oC for 2 h before use) were dispersed in approximately 100 mL of chloroform 

under ultrasonic vibrations (SC-I,Chengdu Jiuzhou Ultrasonic Technology Co.) at room 

temperature for 1 h. This TMP dispersed solution was then diverted into a 500 mL single-

necked, round-bottom flask equipped with a magnetic, Teflon coated stirrer, and a certain 

amount of 3-methyl thiophene was added. The mixture was stirred for 30 min for the 

adsorbtion of 3-methyl thiophene on the surface of TMP particles. FeCl3 (2 g) in 100 mL of a 

chloroform solution was added to the dispersion and later sonicated for 1 h. This reaction 

mixture was stirred for an additional 24 h under the same condition. The resultant P3MT-TMP 

powder was precipitated in methanol, filtered with a Buchner funnel, and then washed with 

methanol (HPLC grade), hydrochloric acid (0.1mol L−1), demineralized water and acetone. The 

obtained black powder was dried under a vacuum dryer at room temperature (25oC) for 24 h. 

Pure P3MT was synthesized by a similar method as the preparation of P3MTh-TMP 

nanocomposites without the TMP nanoparticles. The conditions of preparation and their ion-

exchange capacity (IEC) of the cation exchange nanocomposite samples are given in Table 5.2. 

5.2.3. Ion–exchange capacity (IEC) 

The column method was used for the determination of the ion–exchange capacity of 

each sample (which is generally taken as a measure of the hydrogen ion liberated by neutral salt 

to flow through the composite cation–exchanger). For this purpose, one gram of dry ion-

exchanger samples (in H+–form) was loaded into a glass column having an internal diameter ~1 

cm with a glass wool supported at the bottom. The bed length was approximately 1.5 cm long. 

1 mol L-1 sodium nitrate (NaNO3) as eluants were used to elute the H+ ions completely from the 

cation–exchange column, maintaining a very slow flow rate (~ 0.5 mL min–1). The effluent was 

titrated against a standard 0.1 mol L-1 NaOH solution using phenolphthalein indicator. Table 

5.2 shows the ion-exchange capacity values of the samples. 
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Scheme 5.1 Schematic diagram of the formation mechanism of (a) P3MTh and (b) P3MTh-
TMP nanocomposite. 

5.2.4. Effect of heating on ion-exchange capacity (IEC) 

To study the effect of temperature on the IEC, 500 mg samples of the cation exchange 

nanocomposite (PTTMP-4) in the H+-form were heated at various temperatures in a muffle 

furnace for 1 h and the Na+ ion-exchange capacity was determined by column process after 

cooling them at room temperature.  
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 Table 5.1 Conditions of preparation and the ion-exchange capacity TMP cation exchanger. 

Sample 
code 

Mixing volume ratio (v/v) 

Titanium                   Molybdo- 
Sulphate                   phosphoric 
(stock solution)           acid 

Appearance of 
the sample 

Na+ ion 
exchange 

capacity in 
(meq/g) 

 
TMP-1 

 
TMP-2 

 
TMP-3 

 
1                 1 (0.05 mol L-1) 

 
2                 1 (0.05 mol L-1) 

 
3                  1 (0.05 mol L-1) 

 

 
White 

 
White 

 
White 

 

 
0.78 

 
1.32 

 
0.94 

 

Table 5.2 Conditions of preparation and the ion-exchange capacity P3MTh-TMP nanocomposite. 

Sample 
code 

Titanium(IV) 
Molybdophosphate 

(g) (Sonicated in  

50 mL CHCl3) 

Iron(III)-chloride 
           (g) 

(Sonicated in  

50 mL CHCl3) 

3-methyl 
thiophene 
monomer 

(%) 

Na+ ion 
exchange 

capacity in 
(meq/g) 

 

DC Electrical 
Conductivity 

(S/cm) 

 
PTTMP-1 

 
PTTMP-2 

 
PTTMP-3 

 
PTTMP-4 

 
PTTMP-5 

 
PTTMP-6 

 
1.0 

 
1.0 

 
1.0 

 
1.0 

 
1.0 

 
1.0 

 
         2.0 

 
2.0 

 
2.0 

 
2.0 

 
2.0 

 
2.0 

 

 
1.0 

 
2.5 

 
5.0 

 
7.5 

 
10.0 

 
12.5 

 
 

 
1.75 

 
1.90 

 
2.06 

 
2.39 

 
1.98 

 
1.66 

 
 

 
2.78 

 
5.79 

 
15.02 

 
26.55 

 
27.04 

 
27.10 
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5.2.5. Characterization 

The chemical composition of P3MTh-TMP cation exchange nanocomposite (PTTMP-4) 

was determined by using elemental analyzer (Elementary Vario EL III Carlo-Elba, model 

1108) for Carbon, Hydrogen, Nitrogen, Sulphur, Oxygen and inductively coupled Plasma mass 

spectrophotometer for Titanium, Molybdenum and Phosphorous respectively. 

The Fourier transform infra-red spectroscopy (FTIR) spectra were recorded using 

Perkin Elmer 1725 instrument. To study the surface morphology, scanning electron microscopy 

(SEM) was done by LEO 435–VF. Transmission electron microscopy (TEM) were observed by 

JEOL TEM (JEM 2100F) instrument. X–ray diffraction (XRD) data were recorded by PHILIPS 

PW1710 diffractometer with Cu Kα radiation at 1.540 Ǻ in the range of 5o ≤ 2θ ≤ 70o at 40 kV. 

The thermal stability was investigated by thermogravimetic analysis (TGA) using thermal 

analyzer-V2.2A DuPont 9900. The samples [PMTh(2.180 mg and P3MTh-TMP (2.210 mg)] 

were heated in alumina crucible from 30oC to 1000oC at the rate of 10oC/min in the nitrogen 

atmosphere at the flow rate of 200 mL/min. 

5. 2.5.1. Electrical conductivity 

For electrical conductivity measurements and sensing experiments, 0.1 g material from 

each sample was pelletized at room temperature with the help of a hydraulic pressure 

instrument at 25 kN pressure for 10 min. The details of measurement of DC electrical 

conductivity and isothermal studies of P3MTh-TMP cation exchange nanocomposite can be 

seen elsewhere [32]. 

5.2.6. Sensor testing measurements 

Ammonia sensing measurements were done by monitoring the resistivity of the 

nanocomposite using 4-in-line probe in a glass chamber. The sensing material was gently 

pressed by 4-in-line probe and placed into the glass chamber containing ammonia solution. The 

distance between sensing material and solvent was kept 3-4 cm at the time of exposure of 

different concentrations of ammonia on the sensing material at room temperature. The vapour 

sensitivities were recorded by their electrical responses, the current voltage characteristics gave 

the resistivity of the samples [35]. The required concentration of aqueous ammonia was poured 

into the glass chamber through the funnel. The sensing material was exposed to the ammonia 

for appropriate time and return the sensor in air and then glass chamber was washed with 
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double distilled water to completely remove the analyte. The Laboratory made set-up for 

ammonia sensing based on four-in-line probe electrical conductivity measuring instrument is 

shown in Fig. 5.1. 

 

Fig. 5.1 The Laboratory made set-up for ammonia sensing based on four-in-line probe 
electrical conductivity measuring instrument (4-in-line probe and sensing material is shown in 
the inset). 

5.3. Results and discussion  

Various samples of P3MTh-TMP cation exchange nanocomposite were prepared by in-

situ chemical oxidative polymerization of 3-methyl thiophene in the presence of TMP under 

different conditions (see Table-5.2). The ion-exchanger (sample PTTMP-4) possessed better 

Na+ ion exchange capacity (2.39 meq/g) as compared to the inorganic particles (sample TMP-2, 

Table 5.1) of TMP (1.32 meq/g). Due to the better ion exchange capacity and electrical 

conductivity, sample PTTMP-4 (Table 5.2) was selected for ammonia sensing.  
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   Table 5.2 shows the variation in conductivity with the loading of P3MTh, The 

percolation threshold was observed to be around 7.5% loading of 3-methyl thiophene 

monomer. There was high improvement in electrical conductivity and ion exchange capacity at 

this concentration. The conductivity did not change significantly with further increase of the 

concentration of 3-methyl thiophene monomer but ion exchange capacity decreased. The 

increase in conductivity can be well understood from the percolative path in which the 

concentration of conducting particles increases, thus the conductivity depends significantly on 

the carrier transport through the conducting fillers. 

 

Fig .5.2 Temperature dependence electrical conductivity of P3MTh-TMP nanocomposite.   

The electrical conductivity of the nanocomposite was measured with increasing 

temperatures from 30oC to 130oC as shown in Fig. 5.2. It was observed that the electrical 

conductivity of the nanocomposite increases with the rise in temperature, which is the 

characteristics of “thermal activated behavior” [36]. To explain the conduction mechanism in 

the conducting polymers, the concept of polaron and bipolaron was introduced. Low level of 

oxidation of the polymer gives polaron and higher level of oxidation gives bipolaron. Both 

polarons and bipolarons are mobile and could move along the polymer chain by the 

rearrangement of double and single bonds in the conjugated system. Conduction by polarons 

and bipolarons is supposed to be the dominant factors which determine the mechanism of 

charge transport in polymer with non-degenerate ground states. The magnitude of the 
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conductivity is dependent on the number of charge carriers available and their mobility. With 

the increase in temperature, the mobility of charge carriers increases, hence a rise in 

conductivity. Another factor which also affects the electrical conductivity is the molecular 

alignment of the chains within the entire system. Parvatikar et al [36,37] have explained the rise 

in electrical conductivity in their PANI/WO3 and PANI/CeO2 nanocomposites on the basis that 

thermal curing leading to a better alignment of the polymer chains, which increases the 

conjugation length, and hence an increase in electrical conductivity. Also molecular 

rearrangement takes place during heating, which makes the molecular conformation favorable 

for electron delocalization [38]. 

In order to study the effect of heating on the ion-exchange capacity, the nanocomposite 

was heated at rising temperature, in between the ion-exchange capacity was calculated at 

different temperatures. The detail of weight loss and ion-exchange capacity is given in Table 

5.3, where it can be seen that the nanocomposite showed steady weight loss, which started from 

50oC and till 1000oC almost ~47% degradation took place. The initial weight loss may be due 

to the loss of water vapor and volatile impurities and after which degradation of polymer chains 

may have taken place. It can be interpreted that the cation exchange nanocomposite is fairly 

stable upto 300oC as it retained ~67.78% of its ion-exchange capacity and ~75% of its initial 

mass. 

Table 5.3 Effect of heating on P3MTh-TMP (sample PTTMP-4) cation exchange nanocomposite 
at different temperatures for 1 h.  

Temperature (0C) Weight loss (%) Ion-exchange 
capacity (meq/g) 

% Retention           
of IEC 

50 
100 
200 
300 
400 
500 
600 
700 
800 
900 
1000 

7.05 
14.02 
22.12 
25.00 
35.50 
42.20 
43.50 
45.20 
46.70 
46.88 
47.40 

2.39 
2.39 
2.37 
1.62 
0.78 
0.45 
0.32 
0.18 
0.05 
0.00 
0.00 

100.00 
100.00 
99.16 
67.78 
32.63 
18.82 
13.38 
7.53 
2.09 
0.00 
0.0 
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The percent composition of Ti, Mo, P, C, H, S, N and O in the P3MTh-TMP cation 

exchange nanocomposite (PTTMP-4) was found to be 20.12%, 17.20%, 13.18%, 15.31%, 

4.12%, 3.56%, 0.00% and 26.51% respectively. 

              
Fig. 5.3 FTIR spectra of (a) P3MTh (b) P3MTh-TMP cation exchange nanocomposite. 

The FT-IR spectra of P3MTh and P3MTh-TMP nanocomposite are shown in Fig. 5.3. The FT-

IR spectra of P3MTh (Fig. 5.3(a)), in the finger print region of P3MTh shows absorption peak 

at 819 cm−1 which is characteristic of C–H out-of-plane vibration of the 3-substituted thiophene 

ring, confirming the formation of P3MTh by the monomer. The absorption peak at 616 cm−1 is 

due to C–S stretch bond while the peak at 1387 cm−1 can be related to the asymmetrical 

stretching of the –CH3 group attached to the polymer chain. The peak at 1653 cm−1 can be 

assigned to the C=C stretch while at 704 cm−1 is due to the C–H out of plane bending vibration. 

Some other peaks in the fingerprint region (600-1500 cm−1) can be attributed to the ring 

stretching and C–H in plane deformation mode [39]. The P3MTh-TMP nanocomposite (Fig. 
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5.3(b))shows nearly identical values and positions of the main IR bands in the range of 450-

4000 cm−1.The characteristic peak of C–H out of plane bending and C=C characteristic peaks 

was identified almost in the same range at 701 cm−1 and 1652 cm−1 respectively, only the ring 

deformation modes were shifted because of the polaron/π-transition interaction between the 3-

methyl thiophene backbone and the TMP particles surface. Compared with Fig. 5.3(a), a strong 

band at 3363 cm−1 may be attributed to the –OH stretching frequency and the band between 

1200 and 900 cm–1 with a peak of intensity at 1016 cm–1 may be assigned to symmetric and 

antisymentric stretching of the P–O bond in PO3 groups [40]. These results were consistent 

with previous reports in Refs. [29]. 

The XRD patterns of TMP, P3MTh and P3MTh-TMP cation exchange nanocomposites 

are shown in Fig. 5.4. Characteristic peak at 2θ value is ~24 for semi crystalline nature of TMP 

is seen in Fig. 5.4., which is in good agreement to the previously reported XRD spectra of TMP 

by Yavari et. al. [29] in their polyoxometalate-based titanium(IV) molybdophosphate cation 

exchanger. The XRD pattern of pure P3MTh shows the broad diffraction peak attributed to 

amorphous nature of P3MTh at 2θ ~20o-40o. The diffraction peaks of TMP in composite shows 

a decrease in crystallinity which may be attributed to the dominant amorphous nature of 

P3MTh. The average particle size of the TMP was calculated by using the scherrer formula 

[22] and was found to be ~ 12.17 nm. The broadening of peak of TMP in P3MTh-TMP 

nanocomposite suggests successful incorporation of TMP in P3MTh-TMP. The results are also 

in agreement with the FTIR and TEM studies. 

Fig. 5.5 shows the TEM image of P3MTh-TMP nanocomposite with spherical 

morphology having an average particle size of ~20-30 nm. The TMP nanoparticles can be seen 

as dark spots encapsulated in P3MTh matrix. The SEM images of P3MTh, TMP and P3MTh-

TMP are shown in Fig. 5.6(a-c) respectively. Fig. 5.6a and Fig. 5.6b show the granular 

morphology of P3MTh and TMP respectively, however the morphology of the composite (Fig. 

5.6c) quite different from that of the parental components. P3MTh deposits are clearly visible 

at the surface of TMP, which has dense and globular structure. Thus, the results of XRD, FTIR, 

TEM and SEM studied have provided clear evidence that the polymerization of P3MTh has 

been successfully achieved on the TMP particles. A schematic representation of the formation 

of P3MTh-TMP nanocomposite is given in Scheme 5.1(b).  
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Fig. 5.4 XRD pattern of (a) P3MTh (b) TMP and (c) P3MTh-TMP nanocomposite. 

 

 
Fig. 5.5 TEM micrograph of P3MTh-TMP nanocomposite. 
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Fig. 5.6 SEM microgrphs of (a) P3MTh, (b) TMP and (c) P3MTh-TMP nanocomposite. 

The TGA curves of P3MTh and P3MTh-TMP nanocomposite is shown in Fig. 5.7. In 

the case of P3MTh, there are two stages of weight loss, the first weight loss till 300oC, can be 

attributed to the loss of physisorbed water molecules and volatile impurities. The second weight 

loss upto 800oC can be ascribed to the degradation of the polymers unsaturated groups whereas 

from 800oC to 980oC the polymer shows some stability and hardly any weight loss is seen. 

P3MTh-TMP nanocomposite was initially stable upto 400oC (2.5% weight loss); thereafter, 

they decompose gradually at 850oC because of degradation of P3MTh and subsequently remain 

stable upto 980oC. The total mass loss upto 980oC has been estimated to be about 100% and 

51.80% for the P3MTh and P3MTh-TMP nanocomposite respectively. These results confirm 

(b) (a) 

(c) 
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that the presence of TMP in the P3MTh-TMP nanocomposite is responsible for the higher 

thermal stability of the composite material in comparison to pristine P3MTh. 

      

Fig. 5.7 TGA curves of pure P3MTh and P3MTh-TMP nanocomposite. 

5.3.1. Ammonia sensing characteristics of P3MTh-TMP nanocomposite 

The ammonia sensing performance of P3MTh-TMP (PTTMP-4) cation exchange 

nanocomposite was studied by measuring resistivity changes on exposure to ammonia vapours 

using laboratory made assembly using 4-in-line probe electrical conductivity device. The 

remarkable changes in the resistivity of the cation exchange nanocomposite on exposure to 

different concentrations of aqueous ammonia at room temperature as a function of time are 

depicted in Fig. 5.8. It can be seen that the nanocomposite showed a relatively fast response 

towards aqueous ammonia in the range of 0.1M to 1M and the resistivity can be recovered on 

flushing with the ambient air. The response and recovery time of the sensor was around 10 s 

and 30 s respectively for 0.2 to 1 M aqueous ammonia. The reversibility of the nanocomposite 

was also investigated and the response of the nanocomposite towards 0.2 to 0.6 M aqueous 

ammonia was found to be highly reversible during the test of cyclic measurements as depicted 

in Fig. 5.9. 
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Fig. 5.8 Effect on the resistivity of P3MTh-TMP cation exchange nanocomposite on exposure 
to different concentrations of ammonia with respect to time.  

Similarly, the response behavior studies were carried out at higher concentration of (1M) 

aqueous ammonia showed a poor performance and the time taken to regain the resistivity value 

near to the original one was quite large. This poor response in resistivity value may be 

attributed to the complete consumption of reacting sites of polymer or because of the 

insufficient numbers of sites available for ammonia moiety to form the complex structure 

necessary for obtaining the response behavior.  

The extent of reversibility of the sensor was examined by successive several cyclic 

measurements using different concentrations of ammonia (0.2, 0.4, 0.6 and 1 M). The relative 

standard deviation (RSD %) for 0.2, 0.4, 0.6 and 1 M was calculated to be 3.80, 1.48, 1.06 and 

20.60% respectively. From the RSD (%) it can be inferred that the sensor works best from 0.2 

to 0.6 M concentration and at higher concentration slight irreversibility takes place which may 

be due to the electrical compensation of the polymer backbone by ammonia.   
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Fig. 5.9 Reversible resistivity response curves of P3MTh-TMP cation exchange nanocomposite 
towards (a) 1 M (b) 0.6 M (c) 0.4 M and (d) 0.2 M concentrations of aqueous ammonia. 
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On comparison of the response time, recovery time, electrical conductivity and thermal 

stability of the proposed P3MTh-TMP cation exchange nanocomposite based ammonia sensor 

with other reported ammonia sensor [41], the results clearly indicated the superiority of the 

proposed sensor in terms of response of the nanocomposite towards ammonia, electrical 

conductivity and thermal stability. From the present study we pointed out that the composite of 

organic polymer and inorganic ion exchanger was beneficial for the improvement of good heat 

stability, good ion exchange capacity, good electrical conductivity as well as exhibit good 

chemical vapour sensitivity. Therefore, it would be meaningful to obtain a new kind of 

materials with good ammonia sensing via simple preparation method. 

5.3.2. Sensing mechanism  

Interaction of ammonia with P3MTh in the P3MTh-TMP nanocomposite is largely a 

reversible process, however a little bit of irreversibility is also there. With the interaction of 

ammonia with P3MTh the value of resistivity increased and under ambient conditions the 

resistivity was restored. However, the resistivity never came back to the original value and the 

obtained resistivity was always higher than the previous value. Thus it can be concluded that 

there are two process in operation, firstly reversible chemisorption of ammonia with P3MTh 

and secondly compensation or electrical neutralization of the polymer backbone. 

In the light of observation by Ansari et. al. [41] in their nanocomposite of polyaniline 

with TiO2 it can be inferred that the lone pair of ammonia interacts with the positive sulfur, 

which decreases the intensity of positive charge and hence the mobility of charge carriers 

decreases resulting in the increase in resistivity. Since the exposure to ammonia was carried out 

in closed system and chemical linking is much more complicated process, desorption of 

ammonia occurs readily under ambient conditions and the resistivity is restored. 

On exposure to ammonia for long duration complete electrical neutralization of the 

polymer backbone occurred. Similar explanation for electrical neutralization can be proposed 

by Mohammad [42] in his BF4
- doped polythiophene. The mechanistic representation of the 

electrical compensation of FeCl3 doped P3MTh in our case is given in Scheme 2.  
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Scheme 5.2 The mechanistic representation of electrical compensation or neutralization 
reaction of P3MTh backbone on exposure to ammonia for long durations. 
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5.3.2. Stability in terms of DC electrical conductivity retention 

The isothermal stability of the composite material in terms of DC electrical conductivity 

retention was carried out at 50oC, 70oC, 90oC, 110oC and 130oC in an air oven. The electrical 

conductivity measurements were done five times every after an interval of 10 min at a 

particular temperature. The electrical conductivity measured with respect to time is presented in 

Fig.5.10. It was observed that all the composite materials followed Arhenius equation for the 

temperature dependence of the electrical conductivity from 50 to 90oC and after that a deviation 

in electrical conductivity was observed, it may be due to the loss of dopant and degradation of 

materials. The stability of P3MTh-TMP nanocomposite in terms of DC electrical conductivity 

retention was found to be fairly good as studied by isothermal technique. The P3MTh-TMP 

nanocomposite can be used in electrical and electronic applications below 90oC under ambient 

conditions. 

 
Fig. 5.10 Isothermal stability of P3MTh-TMP cation exchange nanocomposite in terms of 
d.c. electrical conductivity retention at 50o, 70o, 90o, 110o, and 130oC. 
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5.4. Conclusion 

In the present work, the P3MTh-TMP cation exchange nanocomposites exhibiting ammonia 

sensing properties have been successfully synthesized by using an in-situ chemical oxidative 

polymerization technique. The results of TEM, SEM, XRD and FTIR studies reveal that the 

polymerization of 3MTh has been successfully achieved on the surface of the TMP particles 

and indicate that there is a strong interaction between P3MTh and TMP particles. The P3MTh-

TMP cation exchange nanocomposites show improved thermogravimetric stability in 

comparison with the pure P3MTh. P3MTh-TMP cation exchange nanocomposite shows an 

increased resistivity on exposure to ammonia. The results are reproducible towards 0.2 to o.6 M 

aqueous ammonia at room temperature.  
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   Chapter 6 
6.1 Introduction 

he attention of researchers engaged in the development of new functional materials for 

current engineering applications has been attracted to hybrid materials based on 

electrically conductive polymers and inorganic compounds [1-4]. These compounds exhibit a 

number of useful physiochemical properties in addition to chemical stability, opening up 

possibilities for their use in energy storage devices [5], electron field emitters [6], chemical 

sensors [7-11], biological sensors [12-13], and actuators [14]. Considerable interest has been 

devoted in recent years to develop suitable conducting composite materials for the possible 

application in gas sensors. Though research over the past two decades identified the polymer 

based conducting composite for gas sensors, there is lot of scope still available in developing 

alternate composite materials for sensor activity. Apart from conjugated polymer, composite 

like carbon composite materials have been used as chemical gas sensors [15-18]. Over the last 

decade, conducting polymer based cation exchange composite materials represents the one of 

the most fascinating developments in the material chemistry for variety of applications [19-25]. 

Conducting ion exchange composites are now considered as advanced class of materials due to 

their excellent ion exchange behaviour as well as their analytical and electroanalytical 

applications. Use of such materials as vapour sensor is the recent achievement in the area of 

chemical sensing materials. These materials are granular having exchangeable sites in the pores 

of the matrix, the gaseous molecules are adsorbed through these pores and the resulting change 

in conductivity attributed to be as gas/vapour sensor. These systems showed better surface 

activity and thermal stability compared to pristine conducting polymer. Recently polyaniline-

titanium(IV)phosphate cation exchange composite was synthesized in our laboratory and their 

ammonia and methanol sensing properties were examined [26, 27]. The sensing behavior of 

polyaniline-titanium(IV)phosphate nanocomposite was found better  than pristine conducting 

polymer. 

In the present research work, PANI-TMP cation exchange nanocomposite was 

synthesized and the material was characterized by different instrumental techniques and used as 

alcohols (methanol, ethanol and 1-propanol) sensing material.  

T 
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6.2 Experimental 

6.2.1 Chemical and reagents 

Aniline (99%) from Qualigens (India Ltd.) was purified by distilling twice before use, 

molybdophosphoric acid (MPA), titanium oxide (TiO2 from CDH India), ammonium 

persulphate (C.D.H. A.R. grade) were used as received. All other reagents and chemicals were 

of analytical grade and were obtained from CDH, Loba Chemie, E-merck or Qualigens (India 

Ltd.). 

 6.2.2 Synthesis of Polyaniline-titanium(IV)molybdophosphate  

            Polyaniline-titanium (IV) molybdophosphate (PANI-TMP) cation exchange 

nanocomposite was prepared by the sol–gel mixing of Polyaniline (PANI) into the inorganic 

precipitate of TMP with a constant stirring under varying conditions given in Table 6.1. The 

resultant mixture was turned slowly into greenish black slurries. The slurries were kept for 24 h 

at room temperature. PANI composite cation-exchanger based gel was filtered off and then 

washed thoroughly with DMW to remove excess acid and any adhering trace of potassium 

persulphate. The washed gel was dried over P4O10 at 40oC in an oven. The dried products were 

immersed in DMW to obtain small granules. They were converted to the H+ form by keeping it 

in 1M HNO3 solution for 24 hours with occasionally shaking intermittently replacing the 

supernatant liquid. The excess acid was removed after several washings. The material was 

dried at 40oC and grinded by pastel mortar to obtain fine powder of composite. The pellets of 

the material were prepared at room temperature with the help of hydraulic pressure instrument 

at 25 kN pressure for 20 min. The conditions of preparation and their ion-exchange capacity of 

the cation exchange nanocomposite samples are given in Table 6.1. 

Ion-exchange capacity (IEC) and thermal effect on IEC of PANI-TMP cation exchange 

nanocomposite was determined by the same method as we have discussed in chapter 5. 

6.2.3 Characterization 
FTIR, SEM, TEM, XRD, TGA, chemical composition and DC electrical conductivity 

studies of PANI-TMP nanocomposite cation exchanger were carried out by using same 

instruments as we have discussed in chapter 5. UV-Vis spectra of the samples, which were 
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dispersed in DMSO (dimethyl sulphoxide) under ultrasonic action, were recorded on a Perkin 

Elmer UV-Vis spectrophotometer. 

Table 6.1 Conditions of preparation and the ion-exchange capacity of PANI-TMP cation 
exchange nanocomposite. 

Sample 

ID. 

Mixing volume ratio (v/v) Appearance of 
the sample 

Na+  IEC 
in 

(meq/g) Titanium 
sulphate 

(stock solution) 

Molybdo- 

phosphoric acid 

K2S2O8 in 1M 

HC1 

10% Aniline 

in (1M) HCl 

PTMP-1 

PTMP-2 

PTMP-3 

PTMP-4 

PTMP-5 

PTMP-6 

PTMP-7 

PTMP-8 

PTMP-9 

TMP-10 

1 

2 

3 

1 

1 

1 

2 

1 

2 

2 

1(0.05 mol L-1) 

1(0.05 mol L-1) 

1(0.05 mol L-1) 

2(0.05 mol L-1) 

3(0.05 mol L-1) 

1(0.1 mol L-1) 

1(0.1 mol L-1) 

1(0.1 mol L-1) 

1(0.1 mol L-1) 

1(0.05 mol L-1) 

1 (0.1 mol L-1) 

1 (0.1 mol L-1) 

1(0.1 mol L-1) 

1(0.1 mol L-1) 

1(0.1 mol L-1) 

1 (0.1 mol L-1) 

1 (0.1 mol L-1) 

1(0.1 mol L-1) 

1(0.1 mol L-1) 

_ 

1 

1 

1 

1 

1 

1 

1 

1 

1 

_ 

Greenish black 

Greenish black 

Greenish black 

Greenish black 

Greenish black 

Greenish black 

Greenish black 

Greenish black 

Greenish black 

White 

1.20 

2.46 

1.15 

1.22 

1.19 

1.56 

1.98 

1.35 

1.56 

1.32 

 

6.2.4 Sensor testing measurements 

The pellet of the PANI-TMP (sample PTMP-2) nanocomposite was dried in air for 45 

min and then placed in an oven at 80oC for 24 h to remove any excess solvent. The vapour 

sensitive characteristic of the composite was investigated by recording their electrical responses 

when exposed alternately to different concentration of alcohol vapours (methanol, ethanol and 

1-propanol) at room temperature (25oC).Different concentration of alcohol vapours were taken 

from different concentration of alcohols in the liquid form. The sensing material was placed 

into the glass chamber and gently pressed by four–probes to record the current–voltage 

characteristics using digital micro voltmeter (DMV 001) and low current sources (LCS 02). 

The distance between sensing material and solvent was kept 3-4 cm at the time of exposure of 

different concentrations of alcohols (methanol, ethanol and 1-propanol) on the sensing material 

at room temperature (25oC). The initial resistivity of sensing material was allowed to stabilize 

prior to the addition of the alcohol vapours. The required concentrations of alcohols were 
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poured into the chamber through the funnel. The sensing material was exposed to the alcohol 

vapours for appropriate time in the glass chamber and after that it was exposed to air before 

taking the next concentration of alcohol in the glass chamber. 

6.3 Results and discussion  

Various samples of organic-inorganic cation exchange nanocomposite material have 

been developed by the incorporation of electrically conducting polyaniline into inorganic 

matrices of titanium(IV)molybdophosphate. Due to better ion exchange capacity, electrical 

conductivity and thermal stability, sample PTMP-2 (Table 6.1) was selected for vapour sensing 

characteristics. The composite ion exchanger possessed a better Na+ ion exchange capacity 

(2.46 meq/g) as compared to the inorganic precipitate of titanium(IV)molybdophosphate (1.32 

meq/g) as shown in Table 6.1 (sample TMP-10) [28].The variation in conductivity with 

addition of PANI is shown in Table 6.2. The percolation threshold was observed to occur 

around 10% loading of aniline monomer with high improvement in conductivity at this 

concentration and no change in conductivity was observed with further increase of the 

concentration of aniline monomer.  

Table 6.2 Values of the DC electrical conductivity for the PANI-TMP cation exchange 
nanocomposite with different aniline monomer concentration. 

Amount of  
Aniline (%) 

Conductivity of PANI-
TMP nanocomposite 

(S/cm) 
 

2.5 1.05 
5.0  2.59 
7.5 3.92 
10  5.88 
15  5.90 
20 5.89 

The percent composition of Ti, Mo, P, C, H, N, and O in the Polyaniline-titanium(IV) 

molybdophosphate (sample PTMP-2) was found to be 19.92%, 18.50%, 15.17%, 18.51%, 

3.165%, 3.80% and 20.935% respectively. The molar ratio of the Ti, Mo, P, C, H, N, and O in 

the nanocomposite estimated as 1.51: 1.62: 1.80: 5.68:11.58:1:9.65. 

Effect of heating at different temperature for 1 h, indicated that on heating at elevated 

temperature the mass and ion-exchange capacity of the dried cation exchange nanocomposite 
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(PTMP-2) was changed as the temperature increased as shown in Table 6.3. It was also 

observed that the cation exchange nanocomposite possessed higher thermal stability as the 

sample maintained about 100.0% of the initial mass by heating up to 200oC. However, in terms 

of ion exchange capacity, this material was found stable up to 200oC and it retained about 

48.88% of the initial ion-exchange capacity by heating up to 1000oC. 

Table 6.3 Thermal stability of PANI-TMP nanocomposite after heating at various temperatures  

for 1 h.  

 Temperature (oC) Weight loss (%) Ion-exchange capacity 
(meq/g) 

% Retention  of  IEC 

50 
100 
200 
300 
400 
500 
600 
700 
800 
900 
1000 

2.00 
7.28 
14.96 
22.90 
29.99 
35.32 
36.96 
37.99 
41.00 
42.60 
48.88 

2.46 
2.46 
2.46 
1.42 
0.55 
0.39 
0.20 
0.05 
0.00 
0.00 
0.00 

 

100.00 
100.00 
100.00 
57.72 
22.35 
15.25 
0.81 
0.20 
0.00 
0.00 
0.00 

 
 

6.3.1 FT-IR studies    

The FTIR spectra of TMP (sample TMP-10), unexposed PANI-TMP (sample PTMP-2), 

and methanol exposed PANI-TMP are shown in Fig. 6.1. In the TMP spectrum, a strong band 

appeared around 3323 cm–1 shows –OH stretching frequency and a sharp peak in the region of 

1500-1700 cm–1 which is maximum at 1633 cm–1 indicate deformation vibration of free water 

molecules. However a peak at 734 cm–1 in TMP spectrum is due to M–O bonding and the band 

between 1200 and 900 cm–1 may be assigned to symmetric and antisymmetric stretching of the 

P–O bond in PO3 groups [29]. The bands in PANI-TMP spectrum may be due to aromatic 

stretching vibrations of C–N appear at ~ 1249 cm–1. The absorption peaks at ~1579 and 1487 

cm–1 represent the quinoid (Q) and benzenoid (B) structures of the polyaniline (these peaks 

correspond to most of the characteristic peaks for PANI, as described in literature [30-31]). A 
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comparison of the FTIR spectra of the methanol exposed to composite (PANI–TMP) reveals 

that the quinoid peak is shifted from 1579 to 1547 cm–1. This can be attributed to the interaction 

of methanol with imine nitrogen, thereby causing the reducing effect. The effective positive 

charge on imine nitrogen is reduced by the methanol molecules.  

 

Fig. 6.1 FTIR spectra of (a)TMP, (b)unexposed PANI-TMP(c)methanol exposed PANI-TMP 
nanocomposite. 

6.3.2 SEM and TEM studies  

Fig. 6.2(a-c) depicts the SEM micrographs of PANI, TMP and PANI-TMP nanocomposite. Fig. 

6.2a shows the SEM image of PANI which reveals granular type structure. Fig. 6.2b shows the 

micrograph of TMP gel which indicates the smooth surface Fig. 6.2c depicts the SEM images 

of PANI-TMP nanocomposite at different magnifications, in which the morphology of the 

composite is quite different from that of the parental component polyaniline. PANI is evenly 

distributed throughout the entire TMP, which has granular and porous structure. 
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Fig. 6.3 shows the TEM image of PANI-TMP nanocomposite with spherical 

morphology having an average particle size of ~ 20-30 nm. The TMP nanoparticles are seen as 

dark spots dispersed in PANI matrix in the TEM image.  

 

Fig.6.2 SEM micrographs of (a) PANI at 2.50 KX (b) TMP at 500 X and (c) PANI-TMP at 500 X. 

      

Fig.6.3 TEM micrograph of PANI-TMP nanocomposite. 

  (a) 

  3m 

(b) 

10m 

10m 

(c) 
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6.3.3 XRD and TGA studies  
Fig. 6.4 shows the XRD pattern of PANI, TMP and PANI-TMP nanocomposite, 

where some characteristics peaks for crystalline structure of TMP are seen. The crystalline 

peaks of TMP were reduced in nanocomposite XRD pattern due to the dominant amorphous 

nature of polyaniline. Fig. 6.5 shows the thermogravimetric stability data of PANI, TMP and 

PANI-TMP nanocomposite. It can be concluded from the figure that the PANI-TMP 

nanocomposite is more thermally stable than polyaniline. At ~1000oC the percentage of 

residual weights of PANI and PANI-TMP nanocomposite are 38.4% and 54.7% respectively. 

Thus addition of TMP cation exchanger improves the thermal stability of PANI-TMP 

nanocomposite. It is clear from the TGA curve of the PANI-TMP nanocomposite that weight 

loss (about 5.9%) up to 100oC which may be due to removal of external water molecules. 

Further weight loss of mass (about 11.3%) from 100oC to 300oC may be due to the loss of 

interstitial water molecules by the condensation of –OH groups. Further weight loss of mass 

(about 27.5%) onward at 984oC predicts complete decomposition of organic part and 

formation of metal oxides of the exchange material. 

 
Fig.6.4 XRD pattern of PANI, TMP and PANI-TMP nanocomposite. 
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Fig. 6.5 TGA curves of PANI, TMP and PANI-TMP nanocomposite. 

             
Fig.6.6 UV-vis absorption spectra of PANI, TMP and PANI-TMP nanocomposite. 
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6.3.4 UV-Visible studies  

Fig.6.6 shows the UV-vis spectra of PANI, TMP and PANI-TMP nanocomposite. The 

two characteristic absorption peaks appeared at ~310 nm and ~600 nm corresponds to π-π* and 

polaron-π* transitions respectively in PANI spectra and two characteristic absorption peaks of 

TMP appeared at ~280 nm and ~410 nm. The peak at 310 nm of PANI is shifted from ~310 nm 

to ~250 nm, at ~410 nm peak of TMP is shifted to ~310 nm in the composite. It indicate that 

insertion of Ti(IV)molybdophosphate (TMP) has the effect on the doping of polyaniline.  

6.3.5 Alcohol vapours sensing study 

The performance of the sensor was determined by measuring its resistivity response to 

different aliphatic alcohols such as methanol, ethanol and 1-propanol. The resistivity response 

of the nanocomposite towards various concentrations of different alcohols is illustrated in 

Fig.6.7. The sensor was more selective and sensitive towards methanol vapours than ethanol 

and 1-propanol vapours (Fig. 6.7a).  

 
Fig.6.7 Resistivity response of PANI-TMP nanocomposite toward (a) methanol (b) ethanol and 
(c) 1-propanol at different concentrations.  
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In Fig.6.8 the reversible resistivity response of PANI-TMP nanocomposite for 

methanol, ethanol and 1-propanol at room temperature (25oC) was studied. It is well known 

that PANI is a p–type semiconductor; therefore the exposure of electron–donating gases to 

PANI causes decrease in conductivity [32]. It was found that the sensor shows good reversible 

response towards methanol vapours compared to ethanol and 1-propanol vapours.  The 

reproducible resistivity of the sensor can be attributed to the adsorption and desorption of the 

analyte vapours. Methanol interaction with imine nitrogen of polyaniline as represented in 

scheme 6.1, the effective positive charge on the imine nitrogen is reduced by converting the 

imine nitrogen to amine i.e. the conversion of benzenoid structure during the positive 

interaction. Thus the charged polymer fragment has to lead to decrease the quantity of mobile 

cations and increase the resistivity. These results are also supported by FTIR studies. In UV-vis 

spectra more clear band at 600 nm (as compare to PANI) may be due to positive holes 

(polarons) in the PANI-TMP composite backbones which are responsible for conduction at 

room temperature under humid/alcoholic environment.   

 
 

 Scheme 6.1 
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Fig.6.8 Response transient curves of PANI-TMP nanocomposite towards concentration of (a) 
ethanol, (b) 1-propanol and (c) methanol.  
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The reversible response of this polymeric sensor for different concentration of methanol (in 

percentage) was also investigated. The resistivity response increases with increasing methanol 

concentration as shown in Fig.6.9. The response time to continuous exposure of the vapor was 

~ 20 s. while the recovery time out of gas chamber was ~ 10 S.  The changes in current-voltage 

data recorder indicates that ethanol and 1-propanol vapours are less sensitive towards the 

PANI-TMP nanocomposite, it may be due to the low polarity nature of ethanol and 1-propanol 

[33]. Since methanol molecules are more polar and smaller in size than ethanol and 1-propanol, 

therefore it would interact more efficiently than other alcohols (ethanol and1-propanol). The 

response at each concentration justifies that methanol molecules are more sensitive and 

selective for PANI-TMP nanocomposite. 

The reproducibility of the sensor was examined by six successive cyclic measurements 

using different concentrations of methanol (10, 30, 50 and 80%) and Relative standard 

deviation (RSD) was calculated. The % RSD was found to be 18.30, 5.787, 6.334 and 19.52% 

for 10, 30, 50 and 80% respectively. The range between 30 to 50% show better reproducibility 

behavior for the results obtained. Precision of the method was tested by performing inter-day 

studies. For inter-day validation, prepared samples of different concentrations were analyzed in 

triplicate using sensor on three separate days. The % RSD values obtained from resistivity 

response of methanol vapours are given in Table 6. 4, a good precision was obtained for 

methanol vapours. 

6.3.6 Conclusion 

In the present research work, Electrically conductive polyaniline-titanium(IV) 

molybdophosphate cation exchange nanocomposite was synthesized and  characterized by 

using different instrumental techniques. On the basis of conductivity behavior the material was 

used as alcohol vapours sensor (ethanol, methanol and 1-propanol) at room temperature (25oC). 

It was observed that the cation exchange nanocomposite is a good sensor for methanol vapours. 

These observations give us a direction for use of cation exchange material as a gas sensor. 
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Fig. 6.9 Response transient curves of PANI-TMP nanocomposite towards different concentrations 
of methanol and ethanol mixture. 
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Table 6.4 Inter-day validation of different concentrations of analyte.  

Analyte Concentration 
(%) 

Inter-day 
Resistivity 

%RSDa 

(n= 6) 
 

Methanol 
 

10 
 

30 
 

50 
 

80 

 
0.195 

 
0.326 

 
0.338 

 
0.434 

 
1.45 

 
1.25 

 
1.26 

 
1.75 
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         Chapter 7 
7.1. Introduction  

lectrically conducting nanocomposites formed by the combination of inorganic materials 

and organic polymers, such as polyaniline (PANI), polypyrrole (PPY) and 

polythiophene (PTh) etc. have received greater attention over the last few years [1-4].The 

interest for investigation of new nanomaterials specially electroconducting organic-inorganic 

nanocomposite due to their extraordinary physical properties and potential applications in a 

various growing new technologies such as energy storage, optoelectronic devices  and chemical 

sensors [5-11] is increased. Electroconducting polymers are of great interest for a large number 

of applications [12-19] due to their easy processing and relatively low cost compared to other 

materials such as inorganic one. 

Among all conducting polymers polyanline (PANI) and its derivatives such as Poly-o-

toluidine and Poly-o-anisidine are the most promising polymeric material which can be 

frequently used because of its easy synthesis, flexibility, high electrical conductivity, 

environmental stability and effective material for sensing applications [20-24]. However a 

major problem with conducting polymers is its poor thermal and chemical stability. There is a 

wide scope for the enhancement of their properties by combining organic materials with 

inorganic counterparts to form organic-inorganic composite/nanocomposite [25-30]. Organic-

inorganic nanocompsites are advanced class of materials due to their extraordinary properties 

within a single molecular composite, organic polymeric part of the composite provide 

mechanical, electrical and chemical stability whereas inorganic part support the thermal 

stability and also increase the electrical conductivity. Various organic-inorganic 

nanocomposites prepared in our laboratory have shown excellent ion exchange behavior, 

electrical conductivity, high stability, reproducibility, selectivity for heavy toxic metal ions and 

sensing material for various organic vapors, hazardous gases and humidity [31-39]. 

Humidity is one of the most common constituents present in the environment. 

Therefore, humidity/relative humidity (RH) detection and its control are important in a wide 

range of applications in various fields such as air conditioning systems, electronic devices, tire 

industries, sugar industries, pharmaceutical and drying processes for ceramics and food [40-

E 
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41]. The electrical response with humidity variations has been attributed to both chemisorption 

and capillary condensation of water molecules. Over the last few years many sensing methods 

have been developed for measuring a variety of humidity-related parameters. The conventional 

materials used for sensing humidity are electrolytic metal oxides, alumina thin films, and 

ceramics [42] However, conducting polymer based organic-inorganic nanocomposites are 

identified as good candidates for practical applications, since they are compatible to oxides and 

ceramics and also they can be used at room temperature [43-44]. Of these, a disc type sensor 

would offer higher sensitivity toward humidity than a thin type film due to larger capacity 

toward water absorption. 

In the present work, Poly-o-toluidine-titanium(IV)phosphate (POT-TiP) cation-

exchange nanocomposite is prepared and the material is characterized by using different 

instrumental techniques. The composite material has been used for studying humidity sensor 

and isothermal stability in terms of DC electrical conductivity retention. To the best of our 

knowledge, this is the first attempt to study such type cation exchange composite for humidity 

sensing applications. 

7.2. Experimental 
7.2.1. Chemical and reagents 

The following reagents were used: 

o-toluidine (99%) was purified by distillation before use, orthophosphoric acid, titanium 

dioxide (TiO2), ammonium sulphate and ammonium persulphate were used as received from 

Qualigens (India Ltd.). All other reagents and chemicals were of analytical grade. 

7.2.2. Synthesis 

7.2.2.1. Poly-o-toluidine  

The organic polymer derivative of polyaniline that is poly-o-toluidine was prepared by 

mixing in similar volume ratios of the solution of 0.4M ammonium persulphate prepared in 4M 

HCl into 20% o-toluidine prepared in 2M HCl with continuous stirring by a magnetic stirrer for 

2 h at 0°C, a green colored gel was obtained [45]. The gel was kept for 24 h at 0°C. 

7.2.2.2. Poly-o-toluidine-titanium(IV)phosphate nanocomposite 

Poly-o-toluidine-titanium(IV)phosphate cation-exchange nanocomposite was prepared 

by the sol-gel mixing of organic polymer poly-o-toluidie, into the inorganic precipitate of 

titanium(IV)phosphate (TiP). In this process when the gel of poly-o-toluidine were added to the 
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white inorganic precipitate of TiP with constant stirring for 1 h, the resultant mixture were kept 

for 24 hours at room temperature (25+2oC). Now the poly-o-toluidine based composite cation-

exchanger gels were filtered off and then washed thoroughly with DMW to remove excess acid 

and any adhering trace of ammonium persulphate. The washed gels were dried over P4O10 at 

45oC in an oven. The dried products were immersed in DMW to obtain small granules. They 

were converted to the H+ form by keeping in 1M HNO3 solution for 24 hours with occasional 

shaking intermittently replacing the supernatant liquid. The excess acid was removed after 

several washing with DMW. The materials were finally dried at 40oC and grinded by pastel 

mortar to obtain fine powder of composite. The conditions of preparation and their ion-

exchange capacity of the cation exchange nanocomposite samples are given in Table 7.1. Ion-

exchange capacity of POT-TiP cation exchange nanocomposite was determined by the same 

method as we have discussed in chapter 5 (Section 5.2.3). 

Table 7.1. Conditions of preparation and the ion-exchange capacity poly-o-toluidine-TiP cation 

exchange nanocomposite. 

Sample 
No. 

Mixing volume ratio (v/v) Appearance 
of 

the sample 
 

Na+ ion 
exchange 
capacity  
(meq/g) 

Titanium 
sulphate 

(stock solution) 

H3PO
4 

(NH4)2S2O8 
in 1M HC1 

10% o-
toluidine  (1M) 

HCl 

PTTP-1 

PTTP-2 

PTTP-3 

PTTP-4 

PTTP-5 

PTTP-6 

PTTP-7 

PTTP-8 

PTTP-9 

TP-10 

POT 

1 

2 

3 

1 

1 

1 

2 

1 

2 

1 

_ 

1(1M) 

1(1M) 

1(1M) 

2(1M) 

3(1M) 

1(2M) 

1(2M) 

1(3M) 

1(3M) 

1(1M) 

_ 

 

1 (0.1M) 

1 (0.1M) 

1(0.1M) 

1(0.1M) 

1(0.1M) 

1 (0.1M) 

1 (0.1M) 

1(0.1M) 

1(0.1M) 

_ 

1(0.1M) 

 

1 

1 

1 

1 

1 

1 

1 

1 

1 

_ 

1 

Greenish black 

Greenish black 

Greenish black 

Greenish black 

Greenish black 

Greenish black 

Greenish black 

Greenish black 

Greenish black 

White 

Greenish 

granular 

1.44 

132 

2.71 

1.26 

1.31 

1.90 

1.52 

1.37 

1.77 

1.22 

0.69 
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7.2.4. Characterization 

The prepared samples were characterized by using FTIR, XRD and TEM techniques. 

For electrical conductivity measurements and sensing experiments, 0.1 g material from each 

sample was pelletized at room temperature with the help of a hydraulic pressure instrument at 

25 kN pressure for 10 min. The details of measurement of DC electrical conductivity and 

isothermal studies of POT-TiP cation exchange nanocomposite are given in chapter 4 (Section 

4.2.5.1). 

7.2.5. Humidity Measurements 

The humidity sensing response of Poly-o-toluidine-TiP cation-exchange nanocomposite 

was carried out at two temperatures by laboratory made set-up shown in Fig. 7.1.  

 

    Fig.7.1 Schematic diagram of two-temperature method setup for the measurement of %RH. 

 

      It consists of a closed glass chamber of total volume 1000 ml with two thermometers. 

The glass chamber was partially filled with water and kept in thermocole container having ice 

and ordinary salt for adjusting the temperature (T1) inside the glass chamber. The assembly of 

four-in-line probe has gently contact with sensing material and placed inside the glass chamber 
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at the height of 4cm from the surface of the water at temperature (T2). It is to be noted that the 

temperature of the sensor material changes by 3–6oC during the experiment. The relative 

humidity (%RH) inside the glass chamber was calculated by using the relation [46]: 

x 100
(T2)

(T1)

Ew

Ew
% RH = 

 
Where Ew(T1) and Ew(T2)are the saturated water vapour pressure at the temperature of 

water (T1) and that of the composite film (T2) respectively. The values of the saturated vapor 

pressure were obtained from the CRC handbook of chemistry and physics [47]. Different %RH 

values were obtained by adjusting the temperature of the water inside the chamber with ice and 

salt mixture from room temperature to 0oC. 

7.3. Results and discussion  

7.3.1 Ion-exchange and electrical conductivity measurement  

Various samples of cation exchange nanocomposite material have been developed by 

the incorporation of electrically conducting polymer Poly-o-toluidine into inorganic matrices of 

titanium(IV)phosphate under different conditions (see Table. 7.1). The ion-exchanger (sample 

PTTP-3) possessed a better Na+ ion exchange capacity (2.71 meq/g) as compared to the 

inorganic precipitate (sample TP-10) of titanium(IV)phosphate (1.22 meq/g). Due to better ion 

exchange capacity and electrical conductivity, sample PTTP-3 (Table. 7.1) was selected for 

vapor sensing characteristics. It may be due to the more exchangeable sites available in the 

inorganic groups present in the matrices of the composite.  

Table. 7.2 shows the variation in conductivity with loading of Poly-o-toluidine. The 

percolation threshold was observed to occur around 10% loading of o-toluidine monomer. 

There was high improvement in conductivity at this concentration as well as ion exchange 

capacity. The conductivity did not change significantly with further increase of the 

concentration of o-toluidine monomer but decreased in ion exchange capacity. The increase in 

conductivity can be well understood from the percolative path in which the concentration of 

conducting particles increases, thus the conductivity depends significantly on the carrier 

transport through the conducting fillers. 

  

 

 

(5.1) 
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Table 7.2. Values of the DC electrical conductivity for the Poly-o-toluidine-TiP nanocomposite 

with different o-toluidine monomer concentration. 

Samples ID Amount of 
o-toluidine  (%) 

Conductivity of 
Poly-o-toluidine-TiP 

nanocomposite 
(S/cm-1) 

Ion exchange 
capacity 
(meq/g) 

sample-1 2.5 0.54 2.82 

sample-2 5.0 0.86 2.65 

sample-3 7.5 0.98 2.53 

sample-4 10 1.23 2.71 

sample-5 15 1.27 2.45 

sample-6 20 1.29 1.75 

 

The electrical conductivity of the nanocomposite was observed with increasing 

temperatures from 30oC to 130oC as shown in Fig. 7.2. On examination, it was observed that 

the electrical conductivity of the nanocomposite increases with the increase in temperature. 

This increase in conductivity with increase in temperature is the characteristics of “thermal 

activated behavior” [30]. To explain the conduction mechanism in the conducting polymers, the 

concept of polaron and bipolaron was introduced. Low level of oxidation of the polymer gives 

polaron and higher level of oxidation gives bipolaron. Both polarons and bipolarons were 

mobile and could move along the polymer chain by the rearrangement of double and single 

bonds in the conjugated system. Conduction by polarons and bipolarons was supposed to be the 

dominant factors which determine the mechanism of charge transport in polymer with non-

degenerate ground states. The magnitude of the conductivity was determined by the number of 

charge carriers available for conduction and the rate at which they move i.e., mobility. In 

conducting polymers which could be considered as semiconductor the charge carrier 

concentration increased with increasing temperature. Since the charge carrier concentration was 

much more temperature dependent than the mobility, therefore it was the dominant factor and 

conductivity increased with increase in temperature. It is also possible that the thermal curing 

affects of the chain alignment of the polymeric inorganic composite, which leads to the 

increase of conjugation length and that brings about the increase of conductivity. 
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Fig.7.2 Temperature dependent electrical conductivity of poly-o-toluidine-TiP cation 
exchange nanocomposite.   

7.3.2 Transmittion electron microscopy (TEM) studies  

Fig. 7.3 shows the TEM image of Poly-o-toluidine-TiP nanocomposite with spherical 

morphology having an average particle size of ~25-30 nm. The TiP nanoparticles are seen as 

dark spots dispersed in Poly-o-toludine matrix can be observed in the TEM image.  

 
Fig.7.3 TEM Micrograph of poly-o-toluidine-TiP cation exchange nanocomposite.   
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7.3.3 FTIR spectroscopic analysis 

The FTIR spectrum of TiP and Poly-o-toluidine–TiP is shown in Fig. 7.4. In the 

spectrum of TiP a strong band appeared around 3400 cm–1 show –OH stretching frequency and 

a sharper peak in the region 1500-1700 cm–1 with the maximum at 1630 cm–1 is a 

characterization for the deformation of the free water molecules. The band between 1200-900 

cm–1 may be assigned to symmetric and antisymmetric stretching of the P–O bond in PO3 

group in the spectra of TiP [48]. In the spectra of Poly-o-toluidine-TiP, the peak at~ 3350 cm–1 

is due to N–H stretching mode, the peak at ~ 1591 and ~ 1486 cm–1 is due to C=N stretching 

mode of quinoid (Q) rings and C=C stretching mode of benzenoid (B) rings respectively and 

the peak at 800 cm–1 is usually assigned to an out of plane bending vibration of C–H, indicates 

the ortho-substituted benzene ring. 

 

Fig.7.4 FTIR spectra of TiP (a) and poly-o-toluidine-TiP phosphate cation exchange 
nanocomposite (b). 
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7.3.4 X-ray diffraction studies 

The XRD patterns of TiP and Poly-o-toluidine–TiP cation exchnge nanocomposite are 

shown in Fig. 7.5 Characteristics peaks for crystalline nature of TiP are seen in Fig. 7.5a.   The 

XRD pattern of Poly-o-toluidine–TiP nanocomposite (Fig. 7.5b) indicates the broad diffraction 

peak at 2θ values of 19o, which are attributed to amorphous nature of Poly-o-toluidine.  

 

 

Fig.7.5 XRD patterns of TiP (a) poly-o-toluidine-TiP cation exchange nanocomposite. 

The appearance of the sharp peak in the composite (Fig. 7.5b) indicates the semi 

crystalline nature of the composite material. The crystalline peaks of TiP were reduced in 

composite XRD pattern due to the dominant amorphous nature of Poly-o-toluidine. This 

suggests that the changes in the overall crystallinity of composite are due to blending of 
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inorganic precipitate TiP into polymer matrix. The suppositions of peaks confirm the nature 

and formation of the synthesized composite material. The average particle size of the 

nanocomposite estimated by using the scherrer formula : 

)2.5(
cos


B
kt   

where t is the average size of the crystallite, assuming that the grains are spherical, k is 0.9, λ is 

the wavelength of X-ray radiation, B is the peak full width at half maximum (FWHM) and θ is 

the angle of diffraction. The crystalline size of the Poly-o-toluidine–TiP nanocomposite is 

found to be ~ 27.20 nm. 

7.3.5 Humidity sensing response  

Fig. 7.6 shows the characteristics response of Poly-o-toluidine-TiP nanocomposite as a 

function of relative humidity (%). The resistivity of the nanocomposite was seen to decrease as 

level of relative humidity (%) was increased. The decrease in the resistivity or increase in the 

conductivity with increasing humidity can be attributed to the mobility of the dopant ion in the 

polymer [29] which is loosely attached to the polymer chain by weak Van der walls forces of 

attraction. At low humidity, the mobility of the dopant ion is restricted because under dry 

conditions, the polymer chain would tend to curl up into compact coil form. On the contrary, at 

high humidity, the polymer chain take place, followed by the uncurling of the compact coil for 

into straight chains that are aligned with respect to each other. Also, it has been reported that 

conductivity of conducting polymer increases when the sample absorb moisture. Decrease of 

resistivity with increase in the humidity proves the adsorption of the water molecules, which 

makes the polymer more p-type nature i.e. the hole concentration is increased by the lone pair 

from the conducting complex towards the TiP water molecules. Thus, the partial charge 

transfers process of conducting species with that of water molecules results into decrease in the 

composite resistivity. In the Fig. 7.6, it is clearly seen that Poly-o-toluidine-TiP nanocomposite 

shows a linear response from 20 to 90% RH  

 In our previous reported work [39,40], we pointed out, the composite of organic and 

inorganic ion-exchanger was beneficial for the improvement of good heat stability, good ion-

exchange capacity, good electrical conductivity as well as exhibit good chemical vapour 

sensitivity. The purpose of ion-exchanger (TiP) existing in the composite was controlled by 

morphology and improved the water vapour sensitivity. In the composite, TiP ion-exchanger 
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have more exchangeable sites and provide large electrically active surface area, therefore are 

able to adsorb more water molecules. Therefore, it would be meaningful to obtain a new kind 

of materials with good humidity sensing via simple preparation method.  

               

Fig.7.6 Humidity response of poly-o-toluidine-TiP cation exchange nanocomposite for 20 to 
90 %RH. 

7.3.6 Stability in terms of DC electrical conductivity retention 

The isothermal stability of the composite material in term of DC electrical conductivity 

retention was carried out at 50oC, 70oC, 90oC, 110oC and 130oC in an air oven. The electrical 

conductivity measurements were done five times every after an interval of 10 min at a 

particular temperature. The electrical conductivity measured with respect to time is presented in 

Fig. 7.7. It was observed that all the composite materials followed Arhenius equation for the 

temperature dependence of the electrical conductivity from 50 to 90oC and after that a deviation 

in electrical conductivity was observed, it may be due to the loss of dopant and degradation of 

materials. The stability of Poly-o-toluidine-TiP nanocomposite in terms of DC electrical 

conductivity retention was found to be fairly good as studied by isothermal technique. The 

Poly-o-toluidine-TiP nanocomposite can be used in electrical and electronic applications below 

90oC under ambient conditions. 
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Fig.7.7 Isothermal stability of poly-o-toluidine-TiP cation exchange nanocomposite  in terms of  
D.c. electrical conductivity with respect to time at 50, 70, 90, 110, 130oC. 

7.4 Conclusions 

 A new family of organic-inorganic ion exchange nanocomposites, having potential 

applications useful in as humidity sensitive materials was prepared through the sol-gel reaction 

of poly-o-toluidine and titanium(IV)phosphate cation exchanger. The nanocomposite was 

characterized by using different analytical instrumental techniques. The DC electrical 

conductivity behaviour of the nanocomposite at temperature range from 30 to 130oC was 

recorded and concluded that the material showed ‘thermal activated behaviour’.  The Humidity 

sensor showed the conductivity varied from low humidity to high humidity in the range of 20 to 

90 %RH. It is also concluded that the Poly-o-toluidine-TiP nanocomposite showed nearly 

almost linear response range up to 90 %RH. Therefore it proves that the Poly-o-toluidine-TiP 

nanocomposite has good potential for use as humidity sensing material. 
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Chapter 8 
Electroanalytical Application of 

Polyaniline-titanium(IV)-phosphate 
Cation Exchange Nanocomposite as 
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    Chapter 8 
8.1 Introduction 

rganic-inorganic nanocomposites are an important class of materials in the area of 

nanotechnology. Recently, conductive organic-inorganic nanocomposites with different 

combinations of the two components have received more and more attention, because they have 

interesting physical properties and many potential applications in various areas [1]. Conducting 

polymers are new class of materials with important applications in a various growing new 

technologies, such as energy storage devices and chemical sensors [2-12]. Among all 

conducting polymers, polyaniline has recently achieved widespread importance because of its 

unique conduction mechanism and high environmental stability. Polyaniline is one of the most 

promising conducting polymer due to its easy synthesis and selectivity towards ammonia 

vapors [13-15]. Among the family of intrinsically conducting polymers the polyaniline proved 

to be a much more stable conducting polymer material. The polymer is believed to be 

deprotonated by ammonia, which results a change in conduction [16]. The determination of 

ammonia is important for industrial, agricultural and medical fields as well as environmental 

monitoring areas because ammonia is one of the important industrial exhaust gas with high 

toxicity. In the scientific literature, a number of articles have been published that deal with 

some applications of materials as gas sensor.  Mostly the ammonia sensors reported [17, 18-21] 

based on metal oxide such as SnO2. The gas sensor operate on the principle of resistance 

change due to chemisorptions of gas molecules are now well established.  

Organic–inorganic composites synthesized in our laboratory have shown excellent 

cation exchange behavior, electrical conductivity, high stability, reproducibility, and selectivity 

for heavy toxic metal ions as discussed by Khan et al. [22-28]. The most obvious advantage of 

organic–inorganic hybrid is that dissimilar properties of organic and inorganic components in 

one material can give desirable properties on combination. Hybrid type cation exchange 

material used as gas or ammonia sensor has not been reported in literature till now.  

In this article, a nanocomposite based on polyaniline and titanium(IV)phosphate cation 

exchanger is synthesized. The structure and electrical conductivity have been investigated 

O
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along with its application as ammonia vapor detection at room temperature. The sensitivity of 

the composite towards ammonia vapors resulted due to the change in the electrical resistivity. 

These changes have been explained on the basis of the structural changes that occur in the 

composite material on adsorption of analyte vapors.  

8.2 Experimental details 

8.2.1 Reagents and chemicals 

Aniline was purified by distillation before use, Aniline (99%) from Qualigens (India 

Ltd.) and Titanium dioxide (TiO2) from Qualigens. Ammonium persulphate (CDH A.R. grade), 

p-Toluene sulfonic acid (CDH A.R. grade) were used as received. The main reagents used for 

the synthesis of the material were obtained from CDH, Loba Chemie, E-Merck and Qualigens 

(India Ltd.). All other reagents and chemicals were of analytical grade. 

8.2.2 Synthesis of p-TSA doped PANI–TiP cation exchange nanocompsite  

The polyaniline and titanium(IV)phosphate (TiP) was synthesized by the same 

procedure as we have discussed in chapter 4 (Section 4.2.2).  

p-TSA doped polyaniline-titanium(IV)phosphate (PANI-TiP) nanocomposite cation 

exchanger was prepared by the sol-gel mixing of polyaniline into the inorganic precipitate of 

TiP with a constant stirring. The resultant mixture was turned slowly into greenish black 

colored slurries. The slurries were kept for 24 h at room temperature. Polyaniline composite 

cation-exchanger based gel was filtered off, washed thoroughly with distilled water to remove 

excess acid and any adhering trace of ammonium persulphate. The washed gel was dried over 

P4O10 at 40oC in an oven. The dried products were immersed in double distilled water to obtain 

small granules. The material was protonated by keeping it in 1M HNO3 solution for 24 h with 

occasionally shaking and intermittently replacing the supernatant liquid. The excess acid was 

removed after several washings with distilled water. The material was finally dried at 40oC and 

fine powder of composite was obtained by grinding the material with the help of pestle mortar. 

The powder of PANI-TiP nanocomposite cation exchanger was undoped by 1M ammonia 

solution, later the nanocomposite was doped with 1M p-TSA (in double distilled water) for 24 

h. The PANI-TiP powder was compressed in pellet forms by hydraulic pressure (25 kN) and 

kept in desiccator for further use.  
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8.2.3 Characterizations  

The FTIR spectra were recorded using Perkin Elmer 1725 instrument. DC electrical 

conductivity of conducting nanocomposite was measured by using a four-in-line probe. The 

conductivity () was calculated using the following equations [29]. 

 = o /G7(W/S)                                                                   (8.1)                          

G7(W/S) = (2S/W)ln2                                                           (8.2)   

o = (V/I)2S                                                                        (8.3)     

 = 1/                                                            (8.4)  

Where G7(W/S) is a correction divisor which is a function of thickness of the sample as 

well as probe-spacing where I, V, W and S are current (A), voltage (V), thickness of the film 

(cm) and probe spacing (cm) respectively. 

8.2.4 Sensor testing measurements 

The Laboratory made set-up for ammonia sensing based on four-in-line probe electrical 

conductivity measuring instrument is shown in Fig. 5.1 (Chapter 5, Section 5.2.6). 

8.3 Results and discussion  

8.3.1 Electrical conductivity measurement  

Table 8.1 shows the variation in conductivity with loading of PANI. The percolation 

threshold was observed to occur around 10% loading of aniline monomer. There was high 

improvement in conductivity at this concentration as well as ion exchange capacity. The 

conductivity did not change significantly with further increase of the concentration of aniline 

monomer but decreased in ion exchange capacity. The increase in conductivity can be well 

understood from the percolative path in which the concentration of conducting particles 

increases, thus the conductivity depends significantly on the carrier transport through the 

conducting fillers. 
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Table 8.1 Values of the DC electrical conductivity for the PANI-TiP nanocomposite with 
different aniline monomer concentration. 

Samples ID Amount of Aniline 
(%) 

Conductivity of      p-
TSA doped PANI-
TiP nanocomposite 

(S/cm) 

Ion exchange 
capacity 
(meq/g) 

sample-1 2.5 1.23 2.65 

sample-2 5.0  1.86 2.63 

sample-3 7.5 2.17 2.61 

sample-4 10  4.68 2.59 

sample-5 15  4.74 2.27 

sample-6 20 4.79 1.96 

8.3.2 FTIR spectroscopic analysis 

  Fig. 8.1 depicts the FT-IR spectra of ammonia exposed PANI-TiP/p-TSA and 

unexposed PANI-TiP/p-TSA composite. The strong bands are around ~ 3500-3300 cm−1 could 

be attributed to the –NH and –OH stretching frequency of PANI and TiP. The bands due to 

aromatic stretching vibrations of C–N appear at ~1294 cm−1, while the absorption peaks at 

~1598 and 1490 cm−1 represent the quinoid (Q) and benzenoid (B) structures of the emeraldine 

salt of PANI. The peaks at ~800 cm–1 is due to the presence of M–O bonding.  

 

Fig. 8.1 FTIR spectra of (a) unexposed and (b) ammonia exposed p-TSA /PANI-TiP nanocomposite. 
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In the spectrum of unexposed composite, the characteristic band related to S–O bond 

stretching of SO3
- groups appeared at 1023 cm-1 [30]. However, in the spectra of ammonia 

exposed composite this peak was shifted to 1058 cm-1. It is reasonable to conclude the 

formation of weak charge complex structure of C7H7SO3
-
 NH4

+. 

8.3.3 Vapor sensing characteristics of p-TSA PANI-TiP nanocomposite  

The remarkable changes in the resistivity of p-TSA doped PANI-TiP nanocomposite on 

exposure to different concentrations of aqueous ammonia at room temperature as a function of 

time are depicted in Fig. 8.2, it can be seen that the resistivity increases with increasing 

ammonia concentrations. This can be recovered again with flush of air. The response with good 

recovery can be a great advantage for the potential application of the PANI-TiP nanocomposite. 

The response time of the sensor decreases with increasing ammonia concentrations, however 

on repeating the experiment the recovery time increases when the sensor exposed to air for few 

minutes as shown in Fig. 8.3. The response time of the sensor is around 10 s for 3 to 6%, while 

for 12% it is less than 10 s. The reversibility of the composite was also investigated where the 

response of the composite towards 3 to 6% aqueous ammonia is highly reversible during the 

test of cyclic measurements as depicted in Fig. 8.3(c) and 8.3(b). 

 

  Fig. 8.2 Sensing response of PANI-TiP nanocomposite at various concentrations of ammonia. 
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Similarly, the response behavior studies were carried out in presence of 12% aqueous 

ammonia as shown in Fig. 8.3(a), it was observed that the response cycle showed a poor 

performance and the time taken to regain the sensitivity value near to the original one is quite 

large. This poor response in resistivity value may be attributed to the complete consumption of 

reacting sites of polymer or because of the insufficient numbers of sites available for ammonia 

moiety to form the complex structure necessary for obtaining the response behavior.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8.3 Reversible response of p-TSA doped PANI–TiP nanocomposite towards (a) 12%, (b) 6%, (c) 
3% and (d) HCl doped PANI–TiP nanocomposite towards 3% ammonia. 

The reversible behaviour of the sensor was examined by successive several cyclic 

measurements using different concentrations of ammonia (3, 6 and 12%). The relative standard 

deviation (RSD %) was calculated and it was found to be 4.46, 7.85 and 2.45% respectively. 

The range between 3 to 6% show better reversible response for the results obtained. In contrast, 
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it was found that the reversible response with different doping agents (p-TSA and HCl) had a 

great effect on the sensing characteristics of the nanocomposite. The nanocomposite with p-

TSA doped exhibited as high reversible response towards 3% and 6% aqueous ammonia. While 

the hydrochloric acid doped nanocomposite showed poor reversible response than p-TSA 

doped nanocomposite as illustrated in Fig. 8.3(d). 

8.3.4 Sensing mechanism 

The general sensing mechanism is based on changes in the physical, chemical, or 

mechanical properties of the polymer when exposed to analyte. For example, when a 

conducting composite is exposed to a vapor it permeates into the polymer causing it to expand. 

The vapor-induced expansion of the polymer reduces the number of electrically conducting 

pathways for charge carriers. Polyaniline based composite have been extensively investigated 

as sensitive materials for the detection of various analytes [31, 32, 6]. The vapor sensing 

properties of polyaniline-titanium(IV)phosphate cation exchange nanocomposite have been 

evaluated with respect to ammonia vapor. This study is focused on the influence of the dopant 

on the sensing properties of the material. The nanocomposite with p-TSA doped respond 

rapidly to ammonia vapor. In contrast, the nanocomposite with hydrochloric acid doped has no 

significant effect on changes in the electrical resistivity of the composite. The changes in the 

electrical resistivity of the nanocomposite may be attributed to the dopant p-toluene sulfonates 

consumed by NH4
+ ions and make the weak charge complex structure of p-toluene ammonium 

sulphate (C7H7SO3
-NH4

+), which offer the increase in the resistivity of the composite, due to 

resistance in the mobility of the charge carriers along the chain backbone of the polymer. As 

soon as the sensor is kept in air the weak charge complex starts to dissociate, after certain 

specific period of time the sensor regain its resistivity values but slightly higher than original 

values. Hence, the complex form C7H7SO3
-NH4

+ is neutral in nature and the proposed 

mechanism is shown in scheme 8.1.  

While in case of hydrochloric acid (strong inorganic acid) doped, the ammonia molecule 

strongly interact with chloride ion and forms ammonium salt, which is not neutral in nature 

(mildly acidic) like ammonium chloride [32]. This complex is not easily dissociated when the 

sensor is kept in air. Thus, the nanocomposite with hydrochloric acid doped shows little 

reversible response than that of p-TSA doped nanocomposite.  
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8.4 Conclusion 

It is the first time to report a nanocomposite cation exchanger can be used as aqueous 

ammonia vapor sensor. It is also concluded that the p-TSA doped nanocomposite responded 

good reversible response on exposure of 3 to 6% aqueous ammonia than hydrochloric acid 

doped.  
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a  b  s  t  r  a  c  t

Electrically  conductive  poly(3-methythiophene)-titanium(IV)molybdophosphate  (P3MTh–TMP)  cation
exchange  nanocomposites  have  been  synthesized  for the  first  time  by  in situ chemical  oxidative  polymer-
ization  of 3-methythiophene  (3MTh)  in  the  presence  of titanium(IV)molybdophosphate  (TMP).  Fourier
transform  infrared  (FTIR)  spectroscopy,  scanning  electron  microscopy  (SEM),  transmission  electron
microscopy  (TEM),  X-ray  diffraction  (XRD)  analysis,  thermogravimetric  analysis  (TGA)  and  elemental
analysis  were  used  to characterize  P3MTh–TMP  cation  exchange  nanocomposites.  The  characterization
results  confirmed  that  there  is a  strong  interaction  between  P3MTh  and  TMP  particles  and  the  nanocom-
posites  showed  higher  thermal  stability  than  pure  P3MTh.  The  composite  showed  good  ion-exchange
capacity,  electrical  conductivity  and  isothermal  stability  in terms  of DC  electrical  conductivity  retention
under  ambient  condition  below  100 ◦C.  A cation  exchange  nanocomposite  based  sensor  was  fabricated
for  the  detection  of  aqueous  ammonia,  it was  found  that  the  resistivity  of  the  nanocomposites  increases
on  exposure  to  ammonia  at room  temperature  (25 ◦C)  and  there  showed  a  linear  relationship  between
the  responses  and  the  concentration  of ammonia.

Crown Copyright ©  2012 Published by Elsevier B.V. All rights reserved.

1. Introduction

With the 1997 chemical communication paper by Heeger et al.
[1] the research in the field of conducting polymer have risen by
leaps and bound. The first polymer that was found to be con-
duct electricity was polyacetylene on doping with iodine. Later
many other polymers such as polyaniline, polypyrrole, polythio-
phene and many paraphenylene derivatives were also found to
conduct electricity. Amongst these conducting polymers polythio-
phene (PTh) and their derivatives have attracted much attention
due to their excellent thermal, chemical and environmental sta-
bilities, facile synthesis and high electrical conductivity [2,3]. This
makes them an ideal candidate for potential application in the field
of sensors, biomedical applications, electronics, electrochromic
devices and solar cells [4,5]. Poor mechanical properties are the
major drawback which restricts their use in device fabrication. To
solve this problem, considerable work has been done in recent years
to prepare composites of PTh and its derivatives with other con-
ventional polymers or nanoparticles [6–9]. These composites are
expected to display new properties due to the synergism between

∗ Corresponding author. Tel.: +91 571 272 0323.
E-mail addresses: asifalikhan2008@gmail.com (A.A. Khan),

umair.alig@gmail.com (U. Baig).

the constituents and thus may  find applications in several fields
such as estimation of bacteria [6],  electrode coating material [7],
electrode material for supercapacitors [8–10], photocatalysis [11],
solar cells [12,13], sensor for detection of pH, toxic gases, pesticides
etc. [14–20].

Recently various composites of PTh and its derivatives such as
poly(3-methythiophene), poly(3-butylthiophene) and poly(3-(4-
octylphenyl)thiophene) with inorganic metal oxide particles and
carbon nanotubes (SWCNT/MWCNT) have been synthesized and
used for fabrication of innovative gas and vapor phase chemi-
cal sensor. However there are no reports in the field of PTh and
its derivatives based electrically conductive ion-exchange com-
posite material. Over the last decade, conducting polymer based
ion exchange composite materials represent one of the most fas-
cinating developments in the material chemistry for variety of
applications [21–28].  Conducting ion exchange composites are now
considered an advanced class of materials due to their excellent ion
exchange behaviour as well as their analytical and electroanalytical
applications.

Titanium(IV)molybdophosphate (TMP), an inorganic ion
exchanger generally possess high resistivity and thermal sta-
bility towards strong oxidizing agents and mineral acids [29].
Preparation, characterization and uses of several inorganic ion
exchangers and their potential applications in various fields
have been reported [30]. Gas sensing behaviour of conducting

0925-4005/$ – see front matter. Crown Copyright ©  2012 Published by Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.snb.2012.11.087
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polymer based metal/metal oxide nanocomposites has been widely
explored [31]. However conducting polymer based ion exchangers
with polyvalent sites have been poorly reported in the field of gas
sensing [32,33].  Thus, in this work, we have synthesized a new
conductive nanocomposite of P3MTh and TMP  cation exchanger
by in situ chemical polymerization technique and used it as new
sensing material for aqueous ammonia at room temperature. To
the best of our knowledge, this is the first attempt to synthesize
a new conductive P3MTh–TMP cation exchange nanocomposite
by using in situ chemical polymerization technique and the
investigation of their ammonia sensing characteristics.

2. Experimental

2.1. Chemical and reagents

The following reagents were used as follows:
The 3-methyl thiophene (3-MT) monomer (98%) from Spec-

trochem (India Ltd.), anhydrous iron(III)-chloride (FeCl3), chlo-
roform (maximum water 0.03%), methanol HPLC grade molyb-
dophosphoric acid (MPA), titanium dioxide (TiO2), ammonium
sulphate and ammonium persulphate were used as received from
Qualigens (India Ltd.). All other reagents and chemicals were of
analytical grade.

2.2. Synthesis

2.2.1. Titanium(IV)molybdophosphate
Preparation of TMP  was carried out by taking different ratios

of titanium(IV)sulphate solution and aqueous solution of molyb-
dophosphoric acid (prepared in demineralized water) under
varying conditions given in Table 1. Titanium(IV)sulphate solution
was prepared by dissolving 2 g of titanium dioxide in 62.5 mL  of
hot concentrated sulfuric acid containing 25 g of ammonium sul-
phate with constant stirring [32,34].  While the reaction mixture
was thoroughly stirred with a magnetic stirrer at room tempera-
ture (25 ◦C). Then the solution containing precipitate was stirred
for 1 h and was refluxed at 75–80 ◦C for 24 h. The resulting pre-
cipitate was decanted and washed five times with demineralized
water (DMW), filtered by suction and dried at 50 ± 2 ◦C for 24 h. It
was further treated with excess of 0.1 mol  L−1 nitric acid solutions
for complete replacement of counter ions by H+ ions. The excess
of acid was removed by repeated washing with DMW.  Finally the
material was dried in an oven at 50 ± 2 ◦C for 24 h and grinded by
pastel mortar to obtain fine powder of TMP.

2.2.2. Poly(3-methyl thiophene)–titanium(IV)molybdophosphate
nanocomposite

P3MTh–TMP nanocomposites were prepared by in situ chem-
ical oxidative polymerization of 3-methyl thiophene in presence
of TMP  particles. A schematic representation of the formation
of P3MTh–TMP nanocomposite is shown in Scheme 1. A certain
amount of TMP  nanocomposites (dried at 50 ◦C for 2 h before use)
were dispersed in approximately 100 mL  of chloroform under ultra-
sonic vibrations (SC-I, Chengdu Jiuzhou Ultrasonic Technology Co.)
at room temperature for 1 h. This TMP  dispersed solution was then
diverted into a 500 mL  single-necked, round-bottom flask equipped

with a magnetic, Teflon coated stirrer, and a certain amount of 3-
methyl thiophene was added. The mixture was stirred for 30 min
for the adsorbtion of 3-methyl thiophene on the surface of TMP  par-
ticles. FeCl3 (2 g) in 100 mL  of a chloroform solution was added to
the dispersion and later sonicated for 1 h. This reaction mixture was
stirred for an additional 24 h under the same condition. The resul-
tant P3MT-TMP powder was precipitated in methanol, filtered with
a Buchner funnel, and then washed with methanol (HPLC grade),
hydrochloric acid (0.1 mol  L−1), demineralized water and acetone.
The obtained black powder was dried under a vacuum dryer at
room temperature (25 ◦C) for 24 h. Pure P3MT was  synthesized by a
similar method as the preparation of P3MTh–TMP nanocomposites
without the TMP  nanoparticles. The condition of preparation and
their ion-exchange capacity (IEC), of the cation exchange nanocom-
posite samples are given in Table 2.

2.3. Ion-exchange capacity (IEC)

The column method was used for the determination of the ion-
exchange capacity of each sample (which is generally taken as
a measure of the hydrogen ion liberated by neutral salt to flow
through the composite cation exchanger). For this purpose, 1 g of
dry ion exchanger samples (in H+-form) was loaded into a glass
column having an internal diameter ∼1 cm with a glass wool sup-
ported at the bottom. The bed length was approximately 1.5 cm
long. 1 mol  L−1 sodium nitrate (NaNO3) as eluants were used to
elute the H+ ions completely from the cation–exchange column,
maintaining a very slow flow rate (∼0.5 mL  min−1). The effluent was
titrated against a standard 0.1 mol  L−1 NaOH solution using phe-
nolphthalein indicator. Table 2 shows the ion-exchange capacity
values of the samples.

2.4. Effect of heating on ion-exchange capacity (IEC)

To study the effect of temperature on the IEC, 500 mg samples
of the cation exchange nanocomposite (PTTMP-4) in the H+-form
were heated at various temperatures in a muffle furnace for 1 h and
the Na+ ion-exchange capacity was  determined by column process
after cooling them at room temperature.

2.5. Characterization

The chemical composition of P3MTh–TMP cation exchange
nanocomposite (PTTMP-4) was determined by using elemental
analyzer (Elementary Vario EL III Carlo-Elba, model 1108) for Car-
bon, Hydrogen, Nitrogen, Sulphur, Oxygen and inductively coupled
Plasma mass spectrophotometer for Titanium, Molybdenum and
Phosphorous, respectively.

The Fourier transform infra-red spectroscopy (FTIR) spectra
were recorded using PerkinElmer 1725 instrument. To study the
surface morphology, scanning electron microscopy (SEM) was done
by LEO 435–VF. Transmission electron microscopy (TEM) was
observed by JEOL TEM (JEM 2100F) instrument. X-ray diffraction
(XRD) data were recorded by PHILIPS PW1710 diffractometer with
Cu K� radiation at 1.540 Å in the range of 5◦ ≤ 2� ≤ 70◦ at 40 kV.
The thermal stability was investigated by thermogravimetic analy-
sis (TGA) using thermal analyzer-V2.2A DuPont 9900. The samples

Table 1
Conditions of preparation and the ion-exchange capacity TMP  cation exchanger.

Sample code Mixing volume ratio (v/v) Appearance of the sample Na+ ion exchange capacity in (meq/g)

Titanium sulphate (stock solution) Molybdo- phosphoric acid

TMP-1 1 1 (0.05 mol  L−1) White 0.78
TMP-2 2 1 (0.05 mol  L−1) White 1.32
TMP-3  3 1 (0.05 mol  L−1) White 0.94
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Scheme 1. Schematic diagram of the formation mechanism of (a) P3MTh and (b) P3MTh–TMP nanocomposite.

[PMTh(2.180 mg  and P3MTh–TMP (2.210 mg)] were heated in alu-
mina crucible from 30 ◦C to 1000 ◦C at the rate of 10 ◦C/min in the
nitrogen atmosphere at the flow rate of 200 mL min−1.

2.5.1. Electrical conductivity
For electrical conductivity measurements and sensing exper-

iments, 0.1 g material from each sample was pelletized at room
temperature with the help of a hydraulic pressure instrument
at 25 kN pressure for 10 min. The details of measurement of DC
electrical conductivity and isothermal studies of P3MTh–TMP
cation exchange nanocomposite can be seen elsewhere [32].

2.6. Sensor testing measurements

Ammonia sensing measurements were done by monitoring the
resistivity of the nanocomposite using 4-in-line probe in a glass
chamber. The sensing material was gently pressed by 4-in-line
probe and placed into the glass chamber containing ammonia
solution. The distance between sensing material and solvent was
kept 3–4 cm at the time of exposure of different concentrations
of ammonia on the sensing material at room temperature. The
vapour sensitivities were recorded by their electrical responses, the
current–voltage characteristics gave the resistivity of the samples

Table 2
Conditions of preparation and the ion-exchange capacity P3MTh–TMP cation exchange nanocomposite.

Sample code Titanium(IV) molybdophosphate
(g) (sonicated in 50 mL  CHCl3)

Iron(III)-chloride (g)
(sonicated in 50 mL  CHCl3)

3-Methyl thiophene
monomer (%)

Na+ ion exchange
capacity in (meq/g)

DC electrical
conductivity (S/cm)

PTTMP-1 1.0 2.0 1.0 1.75 2.78
PTTMP-2 1.0 2.0 2.5 1.90 5.79
PTTMP-3 1.0 2.0 5.0 2.06 15.02
PTTMP-4 1.0 2.0 7.5 2.39 26.55
PTTMP-5 1.0 2.0 10.0 1.98 27.04
PTTMP-6 1.0 2.0 12.5 1.66 27.10
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Fig. 1. The laboratory made set-up for ammonia sensing based on four-in-line probe
electrical conductivity measuring instrument (4-in-line probe and sensing material
is  shown in the inset).

[35]. The required concentration of aqueous ammonia was  poured
into the glass chamber through the funnel. The sensing material
was exposed to the ammonia for appropriate time and return the
sensor in air and then glass chamber was washed with double dis-
tilled water to completely remove the analyte. The Laboratory made
set-up for ammonia sensing based on four-in-line probe electrical
conductivity measuring instrument is shown in Fig. 1.

3. Results and discussion

Various samples of P3MTh–TMP cation exchange nanocompos-
ite were prepared by in situ chemical oxidative polymerization of
3-methyl thiophene in the presence of TMP  under different condi-
tions (see Table 1). The ion exchanger (sample PTTMP-4) possessed
better Na+ ion exchange capacity (2.39 meq/g) as compared to the
inorganic particles (sample TMP-2) of TMP  (1.32 meq/g). Due to the
better ion exchange capacity and electrical conductivity, sample
PTTMP-4 (Table 2) was selected for ammonia sensing.

Table 2 shows the variation in conductivity with the loading
of P3MTh. The percolation threshold was observed to be around
7.5% loading of 3-methyl thiophene monomer. There was high
improvement in electrical conductivity and ion exchange capacity
at this concentration. The conductivity did not change significantly
with further increase of the concentration of 3-methyl thiophene
monomer but ion exchange capacity decreased. The increase in
conductivity can be well understood from the percolative path in
which the concentration of conducting particles increases, thus the
conductivity depends significantly on the carrier transport through
the conducting fillers.

The electrical conductivity of the nanocomposite was mea-
sured with increasing temperatures from 30 ◦C to 130 ◦C as shown
in Fig. 2. It was observed that the electrical conductivity of the
nanocomposite increases with the rise in temperature, which is the
characteristic of “thermal activated behavior” [36]. To explain the
conduction mechanism in the conducting polymers, the concept of
polaron and bipolaron was introduced. Low level of oxidation of
the polymer gives polaron and higher level of oxidation gives bipo-
laron. Both polarons and bipolarons are mobile and could move
along the polymer chain by the rearrangement of double and single

20

25

30

35

40

45

0 20 40 60 80 100 120 140 160

E
le

cr
ic

a
l 

C
o
n

d
u

ct
iv

it
y
 (

S
/c

m
)

Temprature (ºC)

Fig. 2. Temperature dependence electrical conductivity of P3MTh–TMP cation
exchange nanocomposite.

bonds in the conjugated system. Conduction by polarons and bipo-
larons is supposed to be the dominant factors which determine the
mechanism of charge transport in polymer with non-degenerate
ground states. The magnitude of the conductivity is dependent on
the number of charge carriers available and their mobility. With the
increase in temperature, the mobility of charge carriers increases,
hence a rise in conductivity. Another factor which also affects the
electrical conductivity is the molecular alignment of the chains
within the entire system. Parvatikar et al. [36,37] have explained
the rise in electrical conductivity in their PANI/WO3 and PANI/CeO2
nanocomposites on the basis that thermal curing leading to a better
alignment of the polymer chains, which increases the conjuga-
tion length, and hence an increase in electrical conductivity. Also,
molecular rearrangement takes place during heating, which makes
the molecular conformation favourable for electron delocalization
[38].

In order to study the effect of heating on the ion-exchange
capacity, the nanocomposite was  heated at rising temperature,
in between the ion-exchange capacity was  calculated at different
temperatures. The detail of weight loss and ion-exchange capacity
is given in Table 3, where it can be seen that the nanocompos-
ite showed steady weight loss, which started from 50 ◦C and till
1000 ◦C almost ∼47% degradation took place. The initial weight loss
may  be due to the loss of water vapor and volatile impurities and
after which degradation of polymer chains may  have taken place.
It can be interpreted that the cation exchange nanocomposite is
fairly stable upto 300 ◦C as it retained ∼67.78% of its ion-exchange
capacity and ∼75% of its initial mass.

The percent composition of Ti, Mo,  P, C, H, S, N and O in
the P3MTh–TMP cation exchange nanocomposite (PTTMP-4) was

Table 3
Effect of heating on P3MTh–TMP (sample PTTMP-4) cation exchange nanocomposite
at  different temperatures for 1 h.

Temperature (◦C) Weight
loss (%)

Ion-exchange
capacity (meq/g)

% Retention
of IEC

50 7.05 2.39 100.00
100 14.02 2.39 100.00
200 22.12 2.37 99.16
300 25.00 1.62 67.78
400 35.50 0.78 32.63
500 42.20 0.45 18.82
600 43.50 0.32 13.38
700 45.20 0.18 7.53
800 46.70 0.05 2.09
900 46.88 0.00 0.00
1000 47.40 0.00 0.00
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Fig. 3. FTIR spectra of (a) P3MTh (b) P3MTh–TMP cation exchange nanocomposite.

found to be 20.12%, 17.20%, 13.18%, 15.31%, 4.12%, 3.56%, 0.00% and
26.51%, respectively.

The FT-IR spectra of P3MTh and P3MTh–TMP nanocomposite
are shown in Fig. 3. The FT-IR spectra of P3MTh (Fig. 3(a)), in the
figure print region of P3MTh shows absorption peak at 819 cm−1

which is the characteristic of C H out of plane vibration of the
3-substituted thiophene ring, confirming the formation of P3MTh
by the monomer. The absorption peak at 616 cm−1 is due to C S
stretch bond while the peak at 1387 cm−1 can be related to the
asymmetrical stretching of the CH3 group attached to the poly-
mer chain. The peak at 1653 cm−1 can be assigned to the C C stretch
while at 704 cm−1 is due to the C H out of plane bending vibra-
tion. Some other peaks in the fingerprint region (600–1500 cm−1)
can be attributed to the ring stretching and C H in plane defor-
mation mode [39]. The P3MTh–TMP nanocomposite shows nearly
identical values and positions of the main IR bands in the range of
450–4000 cm−1.The characteristic peak of C H out of plane bend-
ing and C C characteristic peaks was identified almost in the same
range at 701 cm−1 and 1652 cm−1 respectively, only the ring defor-
mation modes were shifted because of the polaron/�-transition
interaction between the 3-methyl thiophene backbone and the
TMP particles surface. Compared with Fig. 3(a), a strong band at
3363 cm−1 may  be attributed to the OH stretching frequency and
the band between 1200 and 900 cm−1 with a peak of intensity
at 1016 cm−1 may  be assigned to symmetric and antisymmetric
stretching of the P O bond in PO3 groups [40]. These results were
consistent with previous reports in Refs. [29].

The XRD patterns of TMP, P3MTh and P3MTh–TMP cation
exchange nanocomposites are shown in Fig. 4. Characteristic peak
at 2� value is ∼24 for semi crystalline nature of TMP  is seen in
Fig. 4, which is in good agreement to the previously reported XRD
spectra of TMP  by Yavari et al. [29] in their polyoxometalate-based
titanium(IV) molybdophosphate cation exchanger. The XRD pat-
tern of pure P3MTh shows the broad diffraction peak, attributed to
amorphous nature of P3MTh at 2� ∼20–40◦. The diffraction peaks
of TMP  in composite shows a decrease in crystallinity which may
be attributed to the dominant amorphous nature of P3MTh. The
average particle size of the TMP  was calculated by using the Scher-
rer formula [22] and was found to be ∼12.17 nm.  The broadening
of peak of TMP  in P3MTh–TMP nanocomposite suggests success-
ful incorporation of TMP  in P3MTh–TMP. The results are also in
agreement with the FTIR and TEM studies.
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Fig. 4. XRD pattern of (a) P3MTh (b) TMP  and (c) P3MTh–TMP nanocomposite.

Fig. 5 shows the TEM image of P3MTh–TMP nanocompos-
ite with spherical morphology having an average particle size of
∼20–30 nm. The TMP  nanoparticles can be seen as dark spots
encapsulated in P3MTh matrix. The SEM images of P3MTh, TMP
and P3MTh–TMP are shown in Fig. 6(a–c) respectively. Fig. 6a and
b shows the granular morphology of P3MTh and TMP  respectively,
however the morphology of the composite (Fig. 6c) quite differ-
ent from that of the parental components. P3MTh deposits are
clearly visible at the surface of TMP, which has dense and glob-
ular structure. Thus, the results of XRD, FTIR, TEM and SEM studied
have provided clear evidence that the polymerization of P3MTh has
been successfully achieved on the of the TMP  particles. A schematic
representation of the formation of P3MTh–TMP nanocomposite is
given in Scheme 1(b).

The TGA curves of P3MTh and P3MTh–TMP nanocomposite is
shown in Fig. 7. In the case of P3MTh, there are two stages of
weight loss, the first weight loss till 300 ◦C, can be attributed to
the loss of physisorbed water molecules and volatile impurities.
The second weight loss upto 800 ◦C can be ascribed to the degra-
dation of the polymers unsaturated groups whereas from 800 ◦C
to 980 ◦C the polymer shows some stability and hardly any weight
loss is seen. P3MTh–TMP nanocomposite was initially stable upto
400 ◦C (2.5% weight loss); thereafter, they decompose gradually at
850 ◦C because of degradation of P3MTh and subsequently remain
stable upto 980 ◦C. The total mass loss upto 980 ◦C has been esti-
mated to be about 100% and 51.80% for the P3MTh and P3MTh–TMP

Fig. 5. TEM micrograph of P3MTh–TMP nanocomposite.
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Fig. 6. SEM microgrphs of (a) pure P3MTh, (b) TMP  and (c) P3MTh–TMP nanocom-
posite.

nanocomposite respectively. These results confirm that the pres-
ence of TMP  in the P3MTh–TMP nanocomposite is responsible for
the higher thermal stability of the composite material in compari-
son to pristine P3MTh.

Fig. 7. TGA curves of pure P3MTh and P3MTh–TMP nanocomposite.

Fig. 8. Effect on the resistivity of P3MTh–TMP cation exchange nanocomposite on
exposure to different concentrations of ammonia with respect to time.

3.1. Ammonia sensing characteristics of P3MTh–TMP
nanocomposite

The ammonia sensing performance of P3MTh–TMP (PTTMP-4)
cation exchange nanocomposite was studied by measuring resis-
tivity changes on exposure to ammonia vapours using laboratory
made assembly using 4-in-line probe electrical conductivity device.
The remarkable changes in the resistivity of the cation exchange
nanocomposite on exposure to different concentrations of aqueous
ammonia at room temperature as a function of time are depicted in
Fig. 8. It can be seen that the nanocomposite showed a relatively fast
response towards aqueous ammonia in the range of 0.1 M to 1 M
and the resistivity can be recovered on flushing with the ambient
air. The response and recovery time of the sensor was around 10 s
and 30 s respectively for 0.2–1 M aqueous ammonia. The reversibil-
ity of the nanocomposite was  also investigated and the response
of the nanocomposite towards 0.2–0.6 M aqueous ammonia was
found to be highly reversible during the test of cyclic measurements
as depicted in Fig. 9.

Similarly, the response behaviour studies were carried out at
higher concentration of (1 M)  aqueous ammonia showed a poor
performance and the time taken to regain the resistivity value near
to the original one was quite large. This poor response in resis-
tivity value may  be attributed to the complete consumption of
reacting sites of polymer or because of the insufficient numbers of
sites available for ammonia moiety to form the complex structure
necessary for obtaining the response behaviour.

The extent of reversibility of the sensor was  examined by suc-
cessive several cyclic measurements using different concentrations
of ammonia (0.2, 0.4, 0.6 and 1 M).  The relative standard deviation
(RSD %) for 0.2, 0.4, 0.6 and 1 M was  calculated to be 3.80, 1.48, 1.06
and 20.60% respectively. From the RSD (%) it can be inferred that
the sensor works best from 0.2 to 0.6 M concentration and at higher
concentration slight irreversibility takes place which may be due to
the electrical compensation of the polymer backbone by ammonia.

On comparison of the response time, recovery time, electrical
conductivity and thermal stability of the proposed P3MTh–TMP
cation exchange nanocomposite based ammonia sensor with other
reported ammonia sensor [41], the results clearly indicated the
superiority of the proposed sensor in terms of response of the
nanocomposite towards ammonia, electrical conductivity and ther-
mal  stability. From the present study we pointed out that the
composite of organic polymer and inorganic ion exchanger was
beneficial for the improvement of good heat stability, good ion
exchange capacity, good electrical conductivity as well as exhibit
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Fig. 9. Reversible resistivity response curves of P3MTh–TMP cation exchange
nanocomposite towards (a) 1 M (b) 0.6 M (c) 0.4 M and (d) 0.2 M concentrations
of  aqueous ammonia.

good chemical vapour sensitivity. Therefore, it would be meaning-
ful to obtain a new kind of materials with good ammonia sensing
via simple preparation method.

3.2. Sensing mechanism

Interaction of ammonia with P3MTh in the P3MTh–TMP
nanocomposite is largely a reversible process, however a small bit
of irreversibility is also there. With the interaction of ammonia with
P3MTh the value of resistivity increased and under ambient con-
ditions the resistivity was restored. However, the resistivity never
came back to the original value and the obtained resistivity was
always higher than the previous value. Thus it can be concluded that
there are two process in operation, firstly reversible chemisorption
of ammonia with P3MTh and secondly compensation or electrical
neutralization of the polymer backbone.

In the light of observation by Ansari and Mohammad [41] in
their nanocomposite of polyaniline with TiO2 it can be inferred
that the lone pair of ammonia interacts with the positive sulfur,
which decreases the intensity of positive charge and hence the
mobility of charge carriers decreases resulting in the increase in
resistivity. Since the exposure to ammonia was carried out in closed
system and chemical linking is much more complicated process,
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Scheme 2. The mechanistic representation of electrical compensation or neutral-
ization reaction of P3MTh backbone on exposure to ammonia for long durations.

desorbtion of ammonia occurs readily under ambient conditions
and the resistivity is restored.

On exposure to ammonia for long duration complete electrical
neutralization of the polymer backbone occurred. Similar explana-
tion for electrical neutralization can be proposed by Mohammad
[42] in his BF4

− doped polythiophene. The mechanistic represen-
tation of the electrical compensation of FeCl3 doped P3MTh in our
case is given in Scheme 2.
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Scheme 3. The mechanistic representation of formation of P3MTh-TMP nanocomposite showing polymerization of 3-MTh on the surface of TMP particles.

Scheme 3.

3.3. Stability in terms of DC electrical conductivity retention

The isothermal stability of the composite material in term of
DC electrical conductivity retention was carried out at 50 ◦C, 70 ◦C,
90 ◦C, 110 ◦C and 130 ◦C in an air oven. The electrical conductiv-
ity measurements were done five times every after an interval of
10 min  at a particular temperature. The electrical conductivity mea-
sured with respect to time is presented in Fig. 10.  It was  observed
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Fig. 10. Isothermal stability of P3MTh–TMP cation exchange nanocomposite in
terms of d.c. electrical conductivity retention at 50◦ , 70◦ , 90◦ , 110◦ , and 130◦ .

that all the composite materials followed Arhenius equation for
the temperature dependence of the electrical conductivity from 50
to 90 ◦C and after that a deviation in electrical conductivity was
observed, it may  be due to the loss of dopant and degradation of
materials. The stability of P3MTh–TMP nanocomposite in terms of
DC electrical conductivity retention was  found to be fairly good as
studied by isothermal technique. The P3MTh–TMP nanocomposite
can be used in electrical and electronic applications below 90 ◦C
under ambient conditions.

4. Conclusion

In the present work, the P3MTh–TMP cation exchange
nanocomposites exhibiting ammonia sensing properties have been
successfully synthesized by using an in situ chemical oxidative
polymerization technique. The results of TEM, SEM, XRD and FTIR
studies reveal that the polymerization of 3MTh has been success-
fully achieved on the surface of the TMP  particles and indicates
that there is a strong interaction between P3MTh and TMP  par-
ticles. The P3MTh–TMP cation exchange nanocomposites show
improved thermogravimetric stability in comparison with the pure
P3MTh. We  have presented an ammonia sensor using P3MTh–TMP
cation exchange nanocomposite which shows an increase in resis-
tivity on exposure to ammonia. The sensor is found to show good
reproducibility towards 0.2–0.6 M aqueous ammonia at room tem-
perature.
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Electrically conductive membrane of polyaniline–titanium(IV)phosphate
cation exchange nanocomposite: Applicable for detection of Pb(II) using
its ion-selective electrode

Asif Ali Khan *, Umair Baig
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1. Introduction

In the recent years organic–inorganic ion exchange membranes
have attracted considerable attraction with their possible applica-
tions in wide variety of areas such as membrane electrolysis [1],
fuel cell storage batteries (fuel cells) [2], device for drug delivery
[3], separation of heavy toxic metal ions [4] and in making ion
selective membrane electrodes [5–9]. Thus to withstand the
demanding applications of these fields, thermally and mechani-
cally stable ion exchange materials are required. Incorporation of
inorganic part within the polymer matrices has been successfully
employed with the increment of these properties in organic–
inorganic composites. Organic polymeric part of the composite
provides the mechanical strength, whereas inorganic part supports
the thermal stability, ion-exchange behavior and also increases the
electrical conductivity. Varshney et al. [10] prepared polyacrylo-
nitrile thorium(IV) phosphate composite cation exchanger and
found it to be highly selective for Pb(II) ions. Similarly Khan et al.
[11] prepared polyvinyl chloride based carboxymethyl cellulose
Ce(IV) molybdophosphate composite membrane with good
selectivity for cations.

The field becomes more exciting if organic part is replaced by
conducting polymer. In the recent years, electrically conductive
organic–inorganic ion-exchange nanocomposite materials have

emerged as an advanced class of materials as they possess unique
properties due to synergism between the components [12–14].
Such a modified nanocomposite materials can be used in
membrane preparation (PVC supported) and may be applicable
in various membrane processes such as ultra filtration, nanofiltra-
tion, fuel cell applications, separation of heavy toxic metal ions and
in making ion selective membrane electrode. Ion selective
electrodes have been successfully used as electrochemical sensors
and have found vast applications in diverse field of analysis
because of their low cost, good selectivity, sensitive and are
applicable over a wide range of experimental conditions.

Humans are exposed to lead through contaminated drinking
water and food [15,16]. Lead in general is a metabolic poison,
enzyme inhibitor, and causes damage to the nervous systems and
kidneys and is a suspected carcinogen [17–19]. Thus ion selective
electrodes for the detection of Pb2+ ion have received much
attention because of health concerns. Though, there are a number
of methods devised for the determination of Pb2+ ions such as
spectrophotometery, polorography, atomic absorption spectrom-
etry and HPLC. Such methods however require a good infrastruc-
ture development, maintenance, and adequate expertise while ion
selective electrodes provide simple, cheap, and easy to use device
for analysis of heavy metal ions.

In the present research work electrically conductive membrane
of polyaniline–titanium(IV)phosphate (PANI–TiP) cation exchange
nanocomposite was prepared and found highly selective for Pb(II).
The Pb(II) selective electrode was developed by using this
membrane for the determination of lead in solutions. The proposed
sensor exhibits significantly high sensitivity, good stability, and
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selectivity for Pb2+ ions over many common ions and is
successfully used for determining Pb2+ ions in micro level of
various samples.

2. Experimental

2.1. Reagents and chemicals

Aniline (99%) from Qualigens (India Ltd.) was purified by
distilling twice before use, titanium oxide (TiO2 from CDH India)
and ammonium persulfate (C.D.H. A.R. grade) were used as
received. All other reagents and chemicals were of analytical grade
and were obtained from CDH, Loba Chemie, E-merck or Qualigens
(India Ltd.).

2.2. Preparation of polyaniline–titanium(IV)phosphate

nanocomposite

The preparation of titanium(IV)phosphate (TiP) cation exchang-
er was carried out by taking different ratios of titanium(IV)sulfate
stock solution and 1 mol L�1 orthophosphoric acid solution
prepared in demineralized water (DMW). The stock solution of
titanium(IV)sulfate was prepared by dissolving 2 g of titanium
dioxide in 65 mL of hot concentrated sulfuric acid containing 25 g
of ammonium sulfate with constant stirring [20,21].

PANI–TiP nanocomposite cation exchanger was prepared by
sol–gel mixing of PANI into the inorganic precipitate of TiP with
constant stirring. The resultant mixture turned slowly into
greenish black colored slurry. This was kept for 24 h at room
temperature. PANI composite cation exchanger based gel was
filtered off and was washed thoroughly with DMW to remove
excess acid and any adhering trace of ammonium persulfate and
later was dried over P4O10 at 60 8C in an air oven. The dried
nanocomposite exchanger was immersed in DMW to obtain small
granules. They were converted into the H+ form by keeping it in
1 mol L�1 HNO3 solution for 24 h with occasionally shaking
intermittently replacing the supernatant liquid. The excess acid
was removed after several washings with DMW. The nanocompo-
site exchanger was dried at 60 8C and grinded by pestle mortar to
obtain fine powder of nanocomposite. The condition of preparation
and the ion-exchange capacity (IEC) of the cation exchange
nanocomposite samples are given in Table 1.

2.3. Ion-exchange capacity measurements

The IEC, which is generally taken as a measure of the hydrogen ion
liberated by neutral salt to flow through the composite cation
exchanger, was determined by standard column process. 1 g of the
dry cation-exchanger sample in H+-form was taken into a glass

column having an internal diameter �1 cm and fitted with glass wool
support at the bottom. The bed length was approximately 1.5 cm
long. 1 mol L�1 alkali and alkaline earth metal nitrates as eluants
were used to elute the H+ ions completely from the cation-exchange
column, maintaining a very slow flow rate (�0.5 mL min�1). The
effluent was titrated against a standard 0.1 mol L�1 NaOH using
phenolphthalein indicator. The nanocomposite having maximum
Na+ IEC (2.59 mequiv./g) was selected for further studies.

2.4. Selectivity (sorption) studies

The distribution coefficient (Kd values) of various metal ions on
nanocomposite were determined by batch method in various
solvents systems. A number of nanocomposite cation-exchanger
beads (100 mg) in the H+-form were taken in Erlenmeyer flasks
with 20 mL of different metal nitrate solutions in the required
medium and kept for 24 h with continuous shaking for 6 h in a
temperature controlled incubator shaker at 25 � 2 8C to attain
equilibrium. The initial metal ion concentration was so adjusted that
it did not exceed 3% of its total ion-exchange capacity. The metal ions
in the solution before and after equilibrium were determined by
titrating against standard 0.005 mol L�1 solution of EDTA. The alkali
and alkaline earth metal ions [K+, Na+, Ca2+] were determined by
flame photometry and some heavy metal ions such as [Pb2+, Cd2+,
Cu2+, Hg2+, Ni2+, Mn2+, Zn2+] were determined by atomic absorption
spectrophotometry (AAS). The distribution quantity is given by the
ratio of amount of metal ion in the exchanger phase and in the
solution phase. In other words, the distribution coefficient is the
measure of a fractional uptake of metal ions competing for H+ ions
from a solution by an ion-exchange material and hence mathemati-
cally can be calculated by the given formula:

Kd ¼
mmol of metal ions=g of ion-exchanger

mmol of metal ions=ml of solution
ðml g�1Þ (1)

i:e: Kd ¼
I � F

F

� �
� V

M

� �
ðml g�1Þ (2)

where I is the initial amount of metal ion in the aqueous phase, F is
the final amount of metal ion in the aqueous phase, V is the volume
of the solution (mL) and M is the amount of cation-exchanger (g)
(Table 2).

2.5. Preparation of PVC supported polyaniline–

titanium(IV)phosphate nanocomposite membrane

Ion-exchange membrane of PANI–TiP nanocomposite was
prepared by the method reported in our earlier studies [22]. In
order to determine the optimum membrane composition, different
amount of the nanocomposite was grounded to a fine powder and

Table 1
Conditions of preparation and the ion-exchange capacity of PANI–TiP nanocomposite cation exchange material.

Sample no. Mixing volume ratio (v/v) Mixing volume ratio (v/v) Appearance of

the sample

Na+ IEC

(mequiv./g)

Titanium sulfate

(stock solution)

H3PO4 K2S2O8 in

1 mol L�1 HC1

10% aniline in

1 mol L�1 HCl

PTP-1 1 1 (1 mol L�1) 1 (0.1 mol L�1) 1 Greenish black 1.57

PTP-2 2 1 (1 mol L�1) 1 (0.1 mol L�1) 1 Greenish black 1.35

PTP-3 3 1 (1 mol L�1) 1 (0.1 mol L�1) 1 Greenish black 2.59

PTP-4 1 2 (1 mol L�1) 1 (0.1 mol L�1) 1 Greenish black 1.32

PTP-5 1 3 (1 mol L�1) 1 (0.1 mol L�1) 1 Greenish black 1.08

PTP-6 1 1 (2 mol L�1) 1 (0.1 mol L�1) 1 Greenish black 1.69

PTP-7 2 1 (2 mol L�1) 1 (0.1 mol L�1) 1 Greenish black 1.86

PTP-8 1 1 (3 mol L�1) 1 (0.1 mol L�1) 1 Greenish black 1.45

PTP-9 2 1 (3 mol L�1) 1 (0.1 mol L�1) 1 Greenish black 1.65

PTP-10 1 1 (1 mol L�1) _ _ White 1.22
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mixed thoroughly with a fixed amount (200 mg) of PVC dissolved
in 10 mL tetrahydrofuran, and then membrane was casted in glass
tube (length 10 cm and diameter 5 mm) by solvent evaporation
technique, after that nanocomposite was peeled off to give free
standing PANI–TiP nanocomposite membranes. In this way, five
sheets of fixed area and different thicknesses 0.20, 0.32, 0.45, 0.56
and 0.68 mm were obtained (Table 3).

2.6. Characterization of the membrane

2.6.1. Fourier transform infra red (FTIR) studies

The FTIR spectrum of PVC-supported PANI–TiP nanocomposite
membrane was obtained using FTIR spectrophotometer (Perkin-
Elmer, USA, model Spectrum-BX) in the original form by KBr disc
method at room temperature.

2.6.2. Scanning electron microscopy (SEM) studies

Surface morphology of the PANI–TiP nanocomposite and its
PVC-supported membrane were obtained by the scanning electron
microscope (LEO 435-VF) at various magnifications.

2.6.3. Thermal studies

The degradation process and the thermal stability of PVC-
supported PANI–TiP nanocomposite membrane was investigated
by thermogravimetic analysis (TGA) using thermal analyzer-V2.2A
DuPont 9900. The samples were heated from 30 8C to 1000 8C at an
air flow of 200 mL min�1 with 10 8C/min rate of heating.

2.6.4. Electrical conductivity

DC electrical conductivity of nanocomposite membranes was
measured by using a four-in-line probe. The conductivity (s) was
calculated using the relation as per the instruction manual of the
instrument.

s ¼ ln 2ð2S=WÞ
2pSðV=IÞ (3)

where I, V, W and S are current (A), voltage (V), thickness of the film
(cm) and probe spacing (cm), respectively.

2.6.5. Water content (% total wet weight)

In order to obtain the total wet weight firstly the membranes
were soaked in water to elute diffusible salt, blotted quickly with
Whatmann filter paper to remove surface moisture and then were
immediately weighted. The membranes were further dried to a
constant weight in a vacuum over P2O5 for 24 h. The water content
(total wet weight) was calculated as:

%Total wet weight ¼Ww � Wd

Ww
� 100 (4)

where Wd = weight of the soaked/wet membrane and Ww = weight
of the dry membrane.

2.6.6. Porosity

Porosity (e) was determined as the volume of water incorpo-
rated in the cavities per unit membrane volume from the water
content data:

e ¼Ww � Wd

ALrw

(5)

where Ww = weight of the soaked/wet membrane, Wd = weight of
the dry membrane, A = area of the membrane, L = thickness of the
membrane and rw = density of water.

2.6.7. Thickness and swelling

The thickness of the membranes was measured by taking the
average thickness of the membrane by using screw gauze. Swelling
was measured by the difference between the average thicknesses
of the membrane equilibrated with 1 mol L�1 NaCl for 24 h with
the dry membrane.

3. Fabrication of ion-selective membrane electrode

The membrane sheet of 0.20 mm thickness as obtained by the
above procedure was cut in the shape of disc and mounted at the
lower end of a Pyrex glass tube (outer diameter 0.8 cm and internal
diameter 0.6 cm) with araldite. Finally, the assembly was allowed

Table 3
Characterization of PANI–TiP nanocomposite membranes.

Membrane no. Membrane composition Thickness (mm) Total wet weight (%) Porosity Swelling (%) Electrical conductivity (S/cm)

PANI–TiP (%) PVC (%)

M-1 10 10 0.2 1.226 0.00216 0.625 4.96 � 10�2

M-2 20 10 0.32 1.452 0.00342 1.1592 5.10 � 10�2

M-3 30 10 0.45 1.68 0.00419 1.7342 4.99 � 10�2

M-4 40 10 0.56 1.911 0.00527 2.1885 4.89 � 10�2

M-5 50 10 0.68 2.153 0.00698 2.5084 5.26 � 10�2

Table 2
Kd-Values of some metal ions on PANI–TiP nanocomposite cation-exchanger column in different solvent systems.

Solvents Metal ions

Th4+ Cu2+ Cd2+ Mn2+ Ni2+ Co2+ Bi2+ Pb2+ Hg2+

DMW 760 205 50 450 350 285 1050 2400 338

10�1 M HNO3 250 8 7 15 2 85 150 1460 50

10�2 M HNO3 706 10 12 26 8 102 250 1530 95

10�3 M HNO3 1502 15 36 50 10 191 560 906 150

10�1 M HClO4 150 3 5 12 7 71 232 1200 15

10�2 M HClO4 300 9 17 40 15 82 760 1400 35

10�3 M HClO4 – 20 25 52 20 85 1552 1600 45

10�1 M H2SO4 40 8 4 17 15 5 100 500 27

10�2 M H2SO4 60 15 12 30 17 15 160 704 38

10�3 M H2SO4 120 37 19 – 19 20 300 920 44

10% acetic acid 15 200 10 – 85 150 50 190 200

10% acetone 50 160 87 – 95 – – 150 150
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to dry in air for 24 h, after that it was filled with 0.05 mol L�1 lead
nitrate solution.

3.1. Potential measurements

For potential measurement the electrode was then equili-
brated with Pb(NO3)2 solution (0.1 mol L�1) for 5–7 days. The
tube was filled 3/4th of its length with Pb(NO3)2 solution
(0.1 mol L�1) and then immersed in a beaker containing the test
solution of varying concentration of Pb2+ ion, keeping the level
of inner filled solution higher than the level of the test solution
to avoid any reverse diffusion of the electrolyte. A saturated
calomel electrode (SCE) was inserted in the tube for electrical
contact and another SCE was used as external reference
electrode. All the potential measurements were carried out
using the following cell assembly.

SCE SCEj0:1 mol L�1 Pb2þjjMembranejj0:1 mol L�1 Pb2þ

ðtest solutionÞjSCE

Potentiometric measurements were observed for a series of
standard solutions of Pb(NO3)2 (10�12–10�1 mol L�1), prepared by
gradual dilution of the stock solution, as described in the IUPAC
Commission for Analytical Nomenclature [23]. The potential
measurements were made in unbuffered solutions to avoid
interference from any foreign ion. The calibration graphs of
potential vs concentration were plotted. In order to study the
characteristics of the electrode, the following parameters were
evaluated: effect of pH, response time, potentiometric selectivity
coefficient of interfering anions and storage of electrode.

3.1.1. Effect of pH

A series of solutions of varying pH in the range of 1–14 were
prepared, while keeping the concentration of the relevant ion
constant (1 � 10�1 mol L�1 and 1 � 10�3 mol L�1). The pH varia-
tions were brought out by the addition of dilute acid (HCl) or dilute
alkali (NaOH) solutions. The value of the electrode potential at each
pH was recorded, and plotted against the pH.

3.1.2. The response time

The response time is measured by recording the e.m.f. of the
electrode as a function of time when it is immersed in the solution
to be studied. The electrode was usually first dipped in a
1 � 10�2 mol L�1 solution of the ion concerned and immediately
shifted to another solution of 1 � 10�1 mol L�1 ion concentration
of the same ion (10-fold higher concentration). The potential of the
solution was read at zero second, i.e. just after immediate dipping
of the electrode in the second solution and subsequently recorded
at the intervals of 5 s. The potentials were then plotted against the
time. The time during which the potentials attain constant value
represents the response time of the electrode.

3.1.3. Potentiometric selectivity coefficient of interfering anions

One of the most important characteristics of a membrane
sensor is its response for the primary ion in the presence of other
foreign ions, which is measured in terms of the potentiometric
selectivity coefficient (K pot

AB ). In the present work we have used
mixed solution method [24]. The selectivity coefficient was
calculated using the equation given below:

K pot
AB ¼

aA

ðaBÞzA=zB

where aA and aB are the activities of primary and interfering ion
respectively and zA and zB are charges on these ions.

3.1.4. Storage of electrodes

The nanocomposite membrane electrode was stored in distilled
water when not in use for more than one day. It was activated with
(0.1 mol L�1) Pb(NO3)2 solution by keeping it immersed in it for
2 h, before use, to compensate for any loss of metal ions in the
membrane phase that might have taken place due to a long storage
in distilled water. Prior to use the electrode was washed
thoroughly with DMW.

4. Results and discussion

Various samples of organic–inorganic cation exchange nano-
composite material have been prepared by the incorporation of
PANI into inorganic matrices of TiP. The composite ion exchanger
PANI–TiP (PTP-3) possessed a better Na+ ion exchange capacity
(2.59 mequiv./g) as compared to the inorganic precipitate of TiP
(1.22 mequiv./g) as evident from Table 1 (sample TP-10). Due to
better ion exchange capacity sample PTP-3 (Table 1) was selected
for sorption studies and membrane preparation.

The results of sorption studies (Table 2) indicated that Kd values
varied with the nature and composition of contacting solvents. It
was also observed from the distribution studies (Kd values) that the
Pb2+ was highly adsorbed in all solvents, while remaining metal ions
were poorly adsorbed. The high uptake of Pb2+ ions in all solvents
demonstrates not only the ion exchange properties but also the
adsorption and ion-selective characteristics of the cation exchanger.
Thus, we can say that this nanocomposite cation exchanger is highly
selective for Pb(II) ions and can be very well utilized for the
determination and separation of Pb(II) ions from waste effluents.

The method used by Khan et al. [22] was employed in the
preparation of ion exchange membranes of PANI–TiP. A number of
membranes were prepared using fixed amount of PVC (binding
material) mixed with varying amount of PANI–TiP (sample PTP-3).
The results of thickness, swelling, porosity, water content capacity
and electrical conductivity of cation exchange nanocomposite
membranes are summarized in Table 3. Those membranes which
exhibited good surface qualities, including porosity, thickness,
swelling, etc. as described elsewhere [24] were selected for further
investigations. Thus the membrane sample M-1 (Table 3) was
selected for further studies.

The FTIR spectra of PVC supported PANI–TiP nanocomposite
membrane are shown in Fig. 1. In the spectrum of membrane a
strong band appeared at around 3435 cm�1 of –OH stretching
frequency and the peaks in the region of 1095 cm�1 are due to the
presence of phosphate group and peak at 802 cm�1 can be
attributed to M–O bonding. The absorption peaks at �1594 and
1490 cm�1 represent the quinoid (Q) and benzenoid (B) structures
of the PANI (these peaks correspond to most of the characteristic
peaks for PANI, as described in literature [25,26]). The band
assignments for PVC are listed in Table 1 [27] and are consistent
with the previously reported literature [28–30]. These bands
observed for PVC are C–H stretching mode at 2911 cm�1, CH2

deformation mode at 1333 cm�1, CH-rocking mode at 1254 cm�1,
trans CH wagging mode at 959 cm�1, C–Cl stretching mode at
834 cm�1 and cis CH wagging mode at 616 cm�1in the literature.
Complexation may shift the polymer cage peak frequencies. The
characteristic peaks of pure PVC 2911, 1254, 959, 834 cm�1 are
shifted to 2963, 1261, 1021, 863 cm�1 in the PVC supported PANI–
TiP nanocomposite membrane.

Fig. 2(a) and (b) shows the SEM image of PANI–TiP nanocom-
posite and PANI–TiP nanocomposite membrane (M-1), respective-
ly. It has been revealed that after binding of PVC with PANI–TiP
nanocomposite, the morphology has been changed. Indicating the
binding of cation exchanger, i.e. PANI–TiP nanocomposite with
PVC. It is also observed in Fig. 2(b) that the prepared polymeric
nanocomposite membrane is porous and dense.
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Fig. 3 shows the thermogravimetic (TGA) curve of PANI–TiP
nanocomposite membrane. The nanocomposite membrane
showed slow weight loss of mass (�10.86%) up to 299 8C which
may be due to removal of water molecules and volatile compounds
[31]. Thereafter a gradual weight loss of mass (�47.08%) up to
600 8C and initially stable up to 900 8C with 3.62% further mass loss
and 69.39% weight of the nanocomposite membrane was lost at
about 988 8C.

On the basis of distribution studies (Kd values), PANI–TiP has
been used as an electro-active component in the preparation of the
heterogeneous solid-state electrode sensitive to Pb2+ ions. Ion-
selective electrodes work on the principle of measurements at zero
current. The membranes were fixed in the electrode assembly and
all measurements are made in a concentration cell. The concen-
tration of the electrolyte on the inner side of the membrane was
fixed at 0.1 mol L�1 of Pb2+ ions while outer solution varied from

10�12 mol L�1 to 10�1 mol L�1. When ions penetrated the bound-
ary between the two phases leading to the attainment of
electrochemical equilibrium, the potential developed.

4.1. Working concentration range and slope

Using the optimized membrane composition described above,
the potentiometric response of the sensor was studied for Pb2+ in
the concentration range of 10�12 mol L�1 to 10�1 mol L�1 at 25 8C
as shown in Fig. 4. The results showed a Nernstian response of
29.48 mV/decade of Pb2+ concentration, and the wide linear range
within the concentration range from 10�8 mol L�1 to 10�1 mol L�1

of Pb2+ ions. Experiments were conducted a number of times to
check the reproducibility of the results. EMFs were plotted against
log of activities of lead ions and calibration curves were drawn for
five sets of experiments. The standard deviation of �0.3 mV was
observed. The detection limit of sensor was determined according to
IUPAC recommendations from the intersection of two extrapolated
linear portions of the curve [32] and was found to be 1 � 10�9.

4.2. Effect of pH on electrode potential and response time

The influence of pH of the test solution on the potential response
of the membrane sensor was investigated over a pH range of 1–12.
The pH was adjusted with dilute hydrochloric acid and sodium
hydroxide solutions as required. The influence of pH on the response
of the membrane sensor is shown in Fig. 5. The results showed that
the potential was independent of pH in the range of 2.5–6.5, beyond
which the potential changes considerably. The dependency of the
potential to the pH values out of this range can be attributed to the
formation of some hydroxyl complexes of Pb2+ ion [33] at higher pH
values and to the hydrogen ion response at lower pH values. The

Fig. 2. Scanning electron micrographs (SEM) of (a) PANI–TiP nanocomposite and (b)

PVC supported PANI–TiP nanocomposite membrane.

Fig. 1. FTIR spectra of PVC supported PANI–TiP nanocomposite membrane.

Table 4
The selectivity coefficient of various interfering cations for Pb2+ selective PANI–TiP

membrane electrode.

Interfering ion (Mn+) Selectivity coefficients (KMSM)

K+ 1.5 � 10�1

Na+ 1.62 � 10�1

Mg2+ 1.59 � 10�1

Cu2+ 2.1 � 10�2

Ca2+ 2.15 � 10�2

Al2+ 2.20 � 10�2

Sr2+ 2.32 � 10�2

Mn2+ 3.21 � 10�2

Fe2+ 2.98 � 10�2

Ni2+ 4.45 � 10�3

Zn2+ 5.60 � 10�3

Cd2+ 5.87 � 10�3
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response time for the Pb2+-selective electrode to attain a response
that is within �1 mV of steady state potential after successive
immersion of the electrodes in a series of lead solutions, each having a
10-fold difference in concentration from 10�2 mol L�1 to 10�1 mol L�1

was investigated. The electrode showed reasonably fast and stable
potential within 10 s and no change was normally observed up to 20 s
(Fig. 6). The membrane was successfully used for 5 months without any
notable drift in potential during which the potential slope was
reproducible within �1 mV per concentration decade. Whenever a
drift in the potential was observed, the membrane is re-equilibrated
with 0.1 mol L�1 Pb(NO3)2 solutions for 3–4 days.

4.3. Potentiometric selectivity

The selectivity behavior is obviously one of the important
characteristics of the ion-selective electrodes, determining wheth-
er reliable measurement in the target sample is possible or not. The
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Fig. 3. Thermogram of PVC supported PANI–TiP nanocomposite membrane.

Fig. 4. Calibration curve for PANI–TiP membrane (M-1) electrode in aqueous

solution of Pb(NO3)2.

Fig. 5. Effect of pH on electrode potential of membrane (M-1) electrode at (a)

1 � 10�1 mol L�1 and (b) 1 � 10�3 mol L�1 Pb2+ ion.

Fig. 6. Response time of PANI–TiP nanocomposite membrane electrode for Pb2+

ions.
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selectivity preference of the membrane for an interfering ion
relative to Pb2+ was determined by the mixed solution method
(MSM). It is evident from Table 4 that most of the interfering ions
showed low values of selectivity coefficient, indicating no
interference in the performance of the membrane electrode
assembly. Such a remarkable selectivity of the proposed ion-
selective electrode over other ions reflects the high affinity of the
membrane toward the Pb2+ ions.

Membranes of PANI–TiP cation exchange nanocomposite carry
negative charge on TiP which are fixed on the matrix of the
polymer. Therefore they exclude all anions and are permeable to
cations only. Thus the selectivity of cation exchanger membrane
results from the exclusion of anions (counter-ions) from mem-
brane phase and permits transfer of cations (co-ions). The
concentration of mobile cation is higher in the solution than in
ion exchange membrane. Thus the concentration gradients are
established between the membrane and the solution. This gradient
acts as driving force for the mobile anions to move into the solution
and mobile cations to move into the membrane. Because of electro
neutrality conditions, the permeation of anion into the solution
and cations into the ion exchanger membrane leads to a counter-
acting space charge due to uncompensated ions and equilibrium is
established between the attempts of diffusion on one side and the
establishment of an electrical potential difference on the other.
Thus electrical potential difference between an ion exchanger
membrane and adjacent salt solution can be measured.

4.4. Accuracy

The proposed membrane electrode was found to work well
under laboratory conditions. To evaluate the accuracy, a Pb2+ ion
selective electrode was satisfactorily applied for the determination
of Pb2+ ions in various samples of drinking water containing
different amount of Pb2+ spiked with increasing known concen-
tration of Pb2+ ranging from 5 to 20 mg L�1. Each sample was
analyzed in five replicate measurements by membrane electrode

and results were tested by standard addition method. The results
are given in Table 5; it shows that the amount of Pb2+ recovered
with the help of the membrane electrode is in good agreement
with that determined by atomic absorption spectroscopy (AAS),
thereby reflecting the utility of the proposed method.

Table 6 compares the working concentration range, response
time, life time, pH range and detection limit of the proposed electrode
with other reported lead(II) ion-selective electrode [34–39]. The
results clearly indicated the superiority of the proposed electrode in
terms of linear range, pH, response behavior and detection limit.

5. Conclusion

The proposed potentiometric sensor of nano composite cation
exchanger, PANI–TiP showed good operating characteristics includ-
ing Nernstian response, reasonable detection limit, relatively high
selectivity, wide dynamic range and fast response. These character-
istics and the typical applications presented in this paper make this
sensor suitable for measuring Pb(II) content in real samples without a
significant interaction from cationic or anionic species. A comparison
between the response characteristics of the proposed potentiometric
sensor and those of previously reported lead ion-selective electrode
indicated that the present sensor is invariably superior.
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Organic–inorganic composite anion-exchange membranes based on polyacrylonitrile/silica gel were pre-
pared by solution casting method in different stoicheometric ratios of polyacrylonitrile(PAN) and silica gel.
The structure and morphology of the prepared membranes were ascertained by Fourier transform spectros-
copy (FTIR), scanning electron microscopy (SEM), thermogravimetric analysis (TGA) and elemental analysis
(CHNS/O). The membrane having a composition 1:1 (PAN: silica gel) shows best results for ion-exchange ca-
pacity, water content, porosity, thickness and swelling. The As(V) selective electrode was developed by using
this membrane for the determination of arsenate in solutions. The membrane electrode shows the best
results with linear potential response in the concentration range of 1×10−1 mol L−1 to 1×10−6 mol L−1

of As(V) ion with a slope of 29.75 mV/decade. The useful pH of the electrode is 5.0–10.0. The selectivity co-
efficients values for interfering ions indicate good selectivity for As(V) over interfering anions. The accuracy
of the procedure has been tested on arsenic-free drinking water samples spiked with known amount of arse-
nate and results were comparable to these generated by PCA-Arsenomat (Arsenic Analyzer).

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Separation of substances by membranes is one of the most impor-
tant aspects of studies in the area of analytical chemistry. Of the var-
ious separation membranes, the ion exchange membrane is one of the
most advanced and is widely used in various industrial fields: electro
dialysis, diffusion dialysis, separator and solid polymer electrolyte of
various batteries, sensing materials, medical use etc [1–3]. For these
applications thermally and mechanically stable ion exchange material
may be useful. In the recent years organic–inorganic hybrid materials
represents one of the most fascinating developments in the material
chemistry. The most obvious advantage of organic–inorganic hybrids
is that they can favorably combine often the dissimilar properties of
organic and inorganic components in one material. Thus efforts
have been made to synthesize such hybrid ion exchangers with
good ion exchange properties, high thermo-chemical stability, repro-
ducibility and selectivity for heavy toxic metal ions [4–9]. Prepara-
tions and electroanalytical applications of cation exchange
membranes have also been reported [10–12]. But little work has
been cited on preparation and applications of organic–inorganic com-
posite anion exchange membrane. Organic–inorganic anion exchange
Khan), umair.alig@gmail.com

rights reserved.
membranes are highly desirable in some electroanalytical process
[13,14]. A conventional ion-selective electrode is an electrochemical
half cell with a membrane for the analyte recognition process with
an internal filling solution (electrolyte) and an internal inner refer-
ence electrode.

Arsenic is widely distributed in the environment, including plants
and tissues, creating potentially serious environmental problems for
human and other living organisms [15]. Most reported arsenic prob-
lems are found in ground water supply systems and are caused by
the redox changes of geochemical environments [16]. Arsenic is
widely used in pigments, insecticides and herbicides which represent
its major source in drinking water. Contamination of arsenic in water
is also caused by human activities such as mining wastes, petroleum
refining sewage sludge, agricultural chemicals, ceramic manufactur-
ing industries and coal fly ash [17]. Arsenate and many of its compo-
nents are potent poisons. Arsenic disturbs ATP production through
several mechanisms. Permissible limit of Arsenic in drinking water
should not exceed 0.005 mg L−1.

Although, various instrumental and non instrumental techniques
are available to determine As(V) [18–24]. Such methods however re-
quire a good infrastructure development, maintenance, and adequate
expertise while ion selective electrode provide simple, cheap, and
easy to use device for analysis of various ionic species. In the present
research work, the efforts have been done to determine As(V) in trace
amounts with other interfering ions using newly prepared As(V) se-
lective membrane electrode.

http://dx.doi.org/10.1016/j.desal.2011.12.025
mailto:asifalikhan2008@gmail.com
mailto:umair.alig@gmail.com
http://dx.doi.org/10.1016/j.desal.2011.12.025
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2. Experimental

2.1. Reagents and chemicals

For the preparation of anion exchange composite membranes the
main chemicalswere used: silica gel-H (E.Merck, India), polyacrylonitrile
(PAN) from Research, design and standered organization, India and
tetrahydofuran (Qualigens, India). All other reagents and chemicals
were of analytical grade (AR).

2.2. Preparation of PAN–silica gel anion exchange composite membrane

PAN–silica gel anion exchange composite membranes were
prepared in various weight ratio of silica with PAN by solution
casting method. 500 mg PAN was dissolved in tetrahydrofuran
(THF) at room temperature and a controlled amount of silica gel
(100, 200, 300, 400 and 500 mg) were dispersed in to PAN solu-
tion. Mechanical stirring for at least 24 h was applied at room
temperature in order to obtain homogeneous silica gel dispersed
PAN solution. The silica gel dispersed PAN solution was cast onto
clean glass plates and kept for 48 h at room temperature to
allow complete evaporation of THF. The resultant composite mem-
branes were cautiously peeled out of the glass plates and rinsed
with doubly distilled water on both sides and dried at room tem-
perature. PAN membrane was prepared with a similar method.
The dried composite membranes were converted into CI− form
through immersion in 1 mol L−1 NaCl for 2 days with occasional
shaking intermittently replacing the supernatant liquid with
fresh 1 mol L−1 NaCl two to three times. The excess was removed
after several washings with DMW and finally dried at room tem-
perature. The condition of preparation and the ion-exchange
capacity (IEC), of the anion exchange composite membranes are
given in Table 1.

2.3. Ion-exchange capacity measurement (IEC)

Ion exchange capacities (IECs) of the anion exchange composite
membranes were determined using the Mohr method [25]. Accurate-
ly weighed dry composite membranes in CI− form were in 200 ml
0.5 mol L−1 Na2SO4. The amount of CI− was determined using titra-
tion with AgNO3; anion exchange values were expressed in terms of
meq/g of dry exchanger. The anion exchange composite membrane
having maximum ion-exchange capacity (1.42 meq/g) was selected
for further studies.

2.4. Characterization of the membrane

2.4.1. Fourier transform infra red (FTIR) studies
The FTIR spectrum of PAN membrane, silica gel and PAN–silica gel

anion exchange composite membrane were obtained using FTIR spec-
trophotometer (Perkin-Elmer, USA, model Spectrum-BX) in the orig-
inal form by KBr disc method at room temperature.
Table 1
Conditions of preparation and ion-exchange capacity of various PAN–silica gel anion
exchange composite membranes.

Membrane
no.

Amount of
polyacrylonitrile
(PAN) in mg

Amount
of silica
gel (mg)

Amount of
tetrahydofuran
(T.H.F) in ml

Stirring
time (h)

Ion-exchange
capacity
(meq g−1)

AECM-1 500 100 50 12 0.66
AECM-2 500 150 50 12 0.75
AECM-3 500 200 75 24 0.98
AECM-4 500 300 75 24 0.96
AECM-5 500 400 75 24 1.05
AECM-6 500 500 75 24 1.42
2.4.2. Scanning electron microscopy (SEM) studies
Surface morphology of the original form of PAN membrane, silica

gel and PAN–silica gel anion exchange composite membrane were
obtained by the scanning electron microscope (LEO 435–VF) at various
magnifications.

2.4.3. Thermal studies
The thermal stability of PAN membrane and PAN–silica Gel anion

exchange composite membrane were investigated by thermogravi-
metic analysis (TGA) using thermal analyzer-V2.2A DuPont 9900.

2.4.4. Chemical composition
The chemical composition of PAN–silica gel anion exchange com-

posite membrane (sample AECMs-6) was determined by using ele-
mental analyzer (Elementary Vario EL III Carlo-Elba, model 1108)
and AOAC for carbon, hydrogen, nitrogen, and silicon respectively.

2.4.5. Water content (% total wet weight)
First the membranes were soaked in water to elute diffusible salt,

blotted quickly with Whatmann filter paper to remove surface mois-
ture and immediately weighted. These were further dried to a con-
stant weight in a vacuum over P2O5 for 24 h. The water content
(total wet weight) was calculated as:

% Total wet weight ¼ Ww−Wd

Ww
� 100 ð1Þ

where Wd=weight of the soaked/wet membrane andWw=weight of
the dry membrane.

2.4.6. Porosity
Porosity (ε) was determined as the volume of water incorporated

in the cavities per unit membrane volume from the water content
data:

ε ¼ Ww �Wd

ALρw
ð2Þ

where Ww=weight of the soaked/wet membrane, Wd=weight of
the dry membrane, A=area of the membrane, L=thickness of the
membrane and ρw=density of water.

2.4.7. Thickness and swelling
The thickness of the membranes was measured by taking the av-

erage thickness of the membrane by using screw gauze. Swelling is
measured as the difference between the average thicknesses of the
membrane equilibrated with 1 mol L−1 NaCl for 24 h and the dry
membrane.

3. Fabrication of ion-selective membrane electrode

The membrane sheet of 0.15 mm thickness as obtained by the
above procedure was cut in the shape of disc and mounted at the
lower end of a Pyrex glass tube (outer diameter 0.8 cm, internal di-
ameter 0.6 cm) with araldite. Finally, the assembly was allowed to
dry in air for 24 h. The glass tube was filled with 0.05 mol L−1 sodium
arsenate solution.

3.1. Potential measurements

Electrode was then equilibrated with As(V) solution
(0.05 mol L−1) for 5–7 days. The tube was filled 3/4th with sodium
hydrogen arsenate [Na2AsO4.7H2O] solution (0.05 mol L−1) and
then immersed in a beaker containing the test solution of varying
concentration of As(V) ion, keeping the level of inner filling solution
higher than the level of the test solution to avoid any reverse diffusion



Fig. 2. Scanning electron micrographs (SEM) of (a) PAN membrane at 1.00 K X (b) Sil-
ica gel at 5.00 K X magnification.
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of the electrolyte. A saturated calomel electrode (SCE) was inserted in
the tube for electrical contact and another saturated calomel elec-
trode (SCE) was used as external reference electrode. All the potential
measurements were carried out using the following cell assembly:

SCEj0:05molL
−1

AsðVÞjjMembranejj0:05molL
−1

AsðVÞðtest solutionÞjSCE
Potentiometricmeasurementswere observed for a series of standard

solutions of sodium arsenate [Na2AsO4.7H2O] (10− 10–10− 1 mol L−1)
prepared by gradual dilution of the stock solution as described by IUPAC
Commission for Analytical Nomenclature [26]. Potential measurements
were made in unbuffered solutions to avoid interference from any for-
eign ion. The calibration graphs of potential Vs concentration were plot-
ted. In order to study the characteristics of the electrode, the following
parameters were evaluated: effect of pH, response time, potentiometric
selectivity coefficient of interfering anions and storage of electrode.

3.1.1. Effect of pH
A series of sodium arsenate solutions of varying pH in the range of 1

to 13were prepared, while keeping the concentration of the relevant ion
constant (1×10−3 mol L−1 and 1×10−5 mol L−1). The value of the
electrode potential at each pHwas recorded, and plotted against the pH.

3.1.2. The response time
The response time is measured by recording the e.m.f. of the elec-

trode as a function of time when it is immersed in the solution to be
studied. The electrode is usually first dipped in a 1×10−3 mol L−1 so-
lution of the ion concerned and immediately shifted to another solu-
tion of 1×10−2 mol L−1ion concentration of the same ion (10-fold
higher concentration). The potential of the solution was read at zero
second, i.e. just after immediate dipping of the electrode in the second
solution and subsequently recorded at the intervals of 5 s. The poten-
tials were then plotted against the time. The time during which the
potentials attain constant value represents the response time of the
electrode.
Fig. 1. FTIR spectra of PAN membrane (a), silica-gel (b) and PAN–silica gel anion-
exchange composite membrane (c).
3.1.3. Potentiometric selectivity coefficient of interfering anions
The response for the primary ion in the presence of other foreign

ions is measured in terms of the potentiometric selectivity coefficient
Fig. 3. Scanning electron microphotographs (SEM) of prepared (a) PAN/silica gel
anion-exchange composite membrane at 3.00 K X (b) at 5.00 K X (c) at 10.00 KX.

image of Fig.�2
image of Fig.�3
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( KAB
pot ) using mixed solution method [27]. The selectivity coefficient

was calculated using the equation given below:

KAB
pot ¼ aA= aBð ÞzA=zB ð3Þ

where aA and aB are activities of primary and interfering ion or vary-
ing concentration of primary ions and fixed concentration of interfer-
ing ions and zA and zB are charges on the ions.

3.1.4. Storage of electrodes
The polyacrylonitrile-based composite membrane electrode was

stored in distilled water when not in use for more than one day. It
was activated with (0.1 mol L−1) As(V) solution by keeping im-
mersed in it for 2 h before use to compensate for any loss of metal
ions in the membrane phase that might have taken place due to a
long storage in distilled water. Electrode was then washed thoroughly
with DMW before use.

4. Results and discussion

Various samples of organic–inorganic Polyacrylonitrile-based
anion exchange composite membranes were prepared by solution
casting method under different stoicheometrric ratios. Although we
have prepared a variety of anion exchange composite membranes
by varying the stoicheometry between PAN and silica gel but highest
anion exchange capacity was observed in 1:1 stoicheometry
(Table 1). Due to higher ion exchange capacity, and thermal stabili-
ties, sample AECM-6 (Table 1) was selected for further studies. All
PAN–silica gel anion exchange composite membranes samples were
in white color, light weight and suitable for use in the ion-exchange
process. The Polyacrylonitrile-based anion-exchange membranes
possess better Cl- ion exchange capacity than granular silica gel
based anion exchanger [28].

The FTIR spectra of the PAN membrane, silica gel and PAN–silica
gel anion exchange composite membrane are shown in Fig. 1.In the
spectra of PAN membrane a band appearing at 2243 cm−1 shows
C≡N stretching frequency while in the PAN–silica gel composite
membrane the C≡N frequency (2361 cm−1) peak will be shifted to
Fig. 4. TGA curve of PAN–silica gel anio
higher energy side due to field effect. This effect may be due to com-
plexation of PAN and silica gel leading the shift of electron density
from N atom towards the silicon. The presence of silica gel in the com-
posite membrane is further strengthen from the presence of broad
band at 3433 cm−1 which may be due to the vibration of hydroxyl
groups, which are bonded to Si. Rodriguez et al [29] also reported
the silanol group (Si–OH) at 3450 cm−1. The broadness of this
hump may also be due to the presence of occluded water molecule.
Further some peaks are shifted in the composite fibers from
1070 cm−1, 799 cm−1 to 1090 cm−1, 801 cm−1 respectively. This is
the characteristic Si–O–Si vibrational mode peaks and characteristic
bending mode peaks, respectively, indicating the formation of PAN–
silica gel anion exchange composite membrane.

The percent composition of Si, C, H, N, and O in the composite
membrane (AECM-6) was found to be 43.97%, 30.15%, 4.96%,
7.018%, and 13.90% respectively. The molar ratio of the Si, C, H, N,
and O in the composite membrane was estimated as 3: 5.01: 9.83:
1: 1.73.

Fig. 2 shows the SEM images of pure PANmembrane and silica gel.
Fig. 3(a–c) shows the scanning electron micrographs of PAN–silica gel
composite membrane (AECM-6) at different magnifications, indicat-
ing the binding of inorganic material i.e. silica gel with organic poly-
mer (PAN). It has been revealed that after binding of PAN with silica
gel the morphology has been changed. It is also observed in
Fig. 3(a–c) that the prepared polymeric composite membrane is po-
rous in nature and forms a dense membrane.

Fig. 4 shows the thermogravimetic (TGA) curve of PAN–silica gel
anion-exchange composite membrane (AECM-6). The TGA curve
shows slow weight loss of mass (~5.40%) up to 299 °C which may
be due to removal of water molecules [30]. Thereafter a gradual
weight loss of mass (~48.71%) up to 450 °C and after that stable up
to 600 °C with 1.65% further mass loss. The total mass loss suffered
by silica gel was 44.23%, while over the same temperature range
(600 °C) PAN was initially stable up to 299 °C and decomposed
completely at 450 °C.

The thickness, swelling, porosity, water content capacity etc. of the
PAN–silica gel anion exchange composite membranes were investi-
gated and the results are summarized in Table 2. The low orders of
n-exchange composite membrane.

image of Fig.�4


Table 2
Characterization of polyacrylonitrile-based organic–inorganic anion-exchange membranes.

Membrane
number

Mixing weight ratios (w/w) Thickness
(mm)

Total wet
weight (%)

Porosity
(−)

Swelling
(%)

I.E.C
meq g−1

(Cl− form)
PAN : silica gel

AECM-1 5:1 0.16 2.558 0.0026 No swelling 0.66
AECM-2 5:1.5 0.17 2.412 0.0023 No swelling 0.75
AECM-3 5:2 0.19 2.628 0.0020 0.5521 0.98
AECM-4 5:3 0.19 2.145 0.0019 0.7032 0.96
AECM-5 5:4 0.20 1.605 0.0021 0.6518 1.05
AECM-6 5:5 0.20 1.515 0.00165 0.0821 1.42
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water content, swelling and porosity with less thickness of this mem-
brane suggest that the interstices are negligible and diffusion across
the membrane would occur mainly through the exchange sites.
Hence, membrane sample AECM-6 (thickness 0.15 mm) was selected
for the preparation of an ion-selective electrode for further studies.
However, other characteristics were also considered to make ion-
selective membrane electrode for quantative measurement of ions.
4.1. Potentiometric selectivity

The selectivity behavior is obviously one of the important charac-
teristics of the ion-selective electrodes, determining whether reliable
measurement in the target sample is possible or not. It was
Table 3
Potentiometric selectivity coefficient values of interfering ions.

Interfering ions (B) KpotH2AsO4
−,B

SO4
2− 4.2×10−2

SCN− 4.1×10−1

NO3
− 2.8×10−1

Cl− 1.9×10−1

AsO4
− 1
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Fig. 5. (a) Calibration curve for PAN/silica gel membrane (M-6) electrode in aqueous
solution of Na2AsO4.7H2O (b) Nerstian value of linear working range of calibration plot.
determined by the mixed solution method (MSM). It is evident
from Table 3, most of the interfering ions showed low values of selec-
tivity coefficient, indicating no interference in the performance of the
membrane electrode assembly. Such remarkable selectivity for As(V)
over other ions reflects the high affinity of the membrane toward the
As(V) ions.

4.2. Performance of As(V) selective electrode

4.2.1. Working concentration range and slope
The PAN–silica gel As(V) ion-selective membrane electrode gives

a linear relationship between electrode potential and the negative
logarithm As(V) concentration ranging from 1×10−1 mol L−1 to
1×10−6 mol L−1 (Fig. 5). The lower detection limit determined
from the intersection of the two extrapolated segments of the calibra-
tion graph [31] was found to be 1×10−6 mol L−1, and thus the work-
ing concentration range can be considered from 1×10−1 mol L−1 to
1×10−6 mol L−1 for As(V) ions with a slope of 29.75 mV/decade,
which is very close to Nernstian value.

4.2.2. Effect of pH on electrode potential and response time
The pH effect on the potential response of the electrode was mea-

sured for 1×10−5 M and 1×10−3 mol L−1 As(V) ion concentration at
different pH values. The pH was adjusted with hydrochloric acid and
sodium hydroxide. Fig. 6 depicts that the pH dependence of the po-
tential is insignificant in the pH range 5.0–10.0 which can be taken
as working pH range for the electrode. Another important factor is
the promptness of the response of the ion-selective electrode. The av-
erage response time is defined as the time required for the electrode
to reach a stable potential. It is clear from (Fig. 7) that the response
time of the membrane sensor is found to be ~15 s.

The membrane could be successfully used up to 3 months without
any notable drift in potential during which the potential slope is
reproducible within ±1 mV per concentration decade. Whenever a
drift in the potential is observed, the membrane is re-equilibrated
with 0.1 mol L−1 sodium arsenate solutions for 3–4 days.
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Fig. 6. Effect of pHon electrode potential of membrane electrode at (a) 1×10−3 and (b)
1×10−5 M As(V) ion.
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Fig. 7. Time response curve of PAN–silica gel membrane electrode.

Table 4
Determination of As(v) added to a drinking water samplea containing different con-
centrations of As.

As(v) added
(mg L−1)

As(V) found
(mg L−1)

Recovery
(%)

PCA-Arsenomat
(mg L−1)

10.0 8.99 89.9 9.05
12.5 11.66 93.28 12.01
15.0 14.26 95.06 14.51
17.5 16.05 91.71 16.76
20.0 18.85 94.25 19.17

a The values based on five replicate measurements.
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4.2.3. Accuracy
The proposed membrane electrode was found to work well under

laboratory conditions.
To evaluate the accuracy, an As(V) selective electrode was satis-

factorily applied for the determination of As(V) in various samples
of water containing different amounts of As(V) spiked with increas-
ing known concentration of As(V) ranging from 10 to 20 mg L−1,
Each sample were analyzed in triplicate by membrane electrode and
results was tested by standard addition method. The results are
given in Table 4, shows that the amount of As(V) recovered with
the help of the membrane electrode is in good agreement with that
determined by portable coulometeric analyzer (PAC-Arsenaomat),
thereby reflecting the utility of the proposed method.

5. Conclusion

Thermally stable PAN–silica gel anion exchange composite mem-
branes were prepared by solution casting method and characterized
by using different instrumental techniques such as FTIR, SEM, TGA
and elemental analysis (CHNS/O). The membranes were successfully
been used in making anion selective electrode for measuring As(V)
content in real samples without a significant interaction `from cation-
ic or anionic species.
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a b s t r a c t

In this study, the electrically conducting polyaniline–titanium(IV)phosphate (PANI–TiP) cation exchange
nanocomposite was synthesized by sol–gel method. The cation exchange nanocomposite based sensor
for detection of ammonia vapors was developed at room temperature. It was revealed that the sensor
showed good reversible response towards ammonia vapors ranging from 3 to 6%. It was found that the
sensor with p-toluene sulphonic acid (p-TSA) doped exhibited higher sensing response than hydrochloric
acid doped. This sensor has detection limit ≤1% ammonia. The response of resistivity changes of the cation
exchange nanocomposite on exposure to different concentrations of ammonia vapors shows its utility
as a sensing material. These studies suggest that the cation exchange nanocomposite could be a good
material for ammonia sensor at room temperature.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Organic–inorganic nanocomposites are an important class of
materials in the area of nanotechnology. Recently, conductive
organic–inorganic nanocomposites with different combinations
of the two components have received more and more attention,
because they have interesting physical properties and many poten-
tial applications in various areas [1]. Conducting polymers are new
class of materials with important applications in a various grow-
ing new technologies, such as energy storage devices and chemical
sensors [2–11]. Among all conducting polymers, polyaniline has
recently achieved widespread importance because of its unique
conduction mechanism and high environmental stability. Polyani-
line is one of the most promising conducting polymer due to its
easy synthesis and selectivity towards ammonia vapors [12–14].
Among the family of intrinsically conducting polymers the polyani-
line proved to be a much more stable conducting polymer material.
The polymer is believed to be deprotonated by ammonia, which
results a change in conduction [15]. The determination of ammo-
nia is important for industrial, agricultural and medical fields as
well as environmental monitoring areas because ammonia is one
of the important industrial exhaust gas with high toxicity. In the
scientific literature, a number of articles have been published that

∗ Corresponding author. Tel.: +91 0571 2700920; fax: +91 0571 2700930.
E-mail addresses: asifalikhan2008@gmail.com (A.A. Khan),

umair.alig@gmail.com (U. Baig), mkansarister@gmail.com (Mohd. Khalid).

deal with some applications of materials as gas sensor. Mostly the
ammonia sensors reported [16–20] based on metal oxide such as
SnO2. The gas sensors operate on the principle of resistance change
due to chemisorptions of gas molecules are now well established.

Organic–inorganic composites synthesized in our laboratory
have shown excellent cation exchange behavior, electrical conduc-
tivity, high stability, reproducibility, and selectivity for heavy toxic
metal ions as discussed by Khan et al. [21–27]. The most obvious
advantage of organic–inorganic hybrid is that dissimilar proper-
ties of organic and inorganic components in one material can give
desirable properties on combination. Hybrid type cation exchange
material used as gas or ammonia sensor has not been reported in
literature till now.

In this article, a nanocomposite based on polyaniline and tita-
nium(IV)phosphate cation exchanger is synthesized. The structure
and electrical conductivity have been investigated along with its
application as ammonia vapor detection at room temperature. The
sensitivity of the composite towards ammonia vapors resulted due
to the change in the electrical resistivity. These changes have been
explained on the basis of the structural changes that occur in the
composite material on adsorption of analyte vapors.

2. Experimental details

2.1. Reagents and chemicals

Aniline was purified by distillation before use, aniline (99%) from
Qualigens (India Ltd.) and titanium dioxide (TiO2) from Qualigens.

0304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.jhazmat.2010.12.107
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Ammonium persulphate (CDH A.R. grade), p-toluene sulphonic acid
(CDH A.R. grade) were used as received. The main reagents used
for the synthesis of the material were obtained from CDH, Loba
Chemie, E-Merck and Qualigens (India Ltd.). All other reagents and
chemicals were of analytical grade.

2.2. Synthesis of p-TSA doped PANI–TiP cation exchange
nanocompsite

Polyaniline gel was synthesized by oxidative polymerization of
aniline in the presence of hydrochloric acid using ammonium per-
sulphate (acts as an oxidizing agent). For the synthesis, 10% aniline
with 100 ml of 1 M HCl in double distilled water was taken and
stirred in a double wall flask at temperature 0 ± 1 ◦C. The solu-
tion (150 ml) of ammonium persulphate (0.1 M in double distilled
water) was added drop by drop in the double wall flask with contin-
uous stirring. After 6 h, stirring was stopped and the solution was
filtered in Buchner funnel and the residue was washed 3–4 times
with distilled water and finally with methanol. The gel was kept in
oven at 50 ◦C for 24 h to dry.

The preparation of titanium(IV)phosphate (TiP) cation
exchanger was carried out by taking different ratios of tita-
nium(IV)sulphate stock solution and 1 M orthophosphoric acid
solution prepared in deionized water. The stock solution of
titanium(IV)sulphate was prepared by dissolving 2 g of titanium
dioxide in 65 ml of hot concentrated sulphuric acid containing 25 g
of ammonium sulphate with constant stirring [28].

PANI–TiP nanocomposite cation exchanger was prepared by the
sol–gel mixing of polyaniline into the inorganic precipitate of TiP
with a constant stirring. The resultant mixture was turned slowly
into greenish black colored slurries. The slurries were kept for
24 h at room temperature. Polyaniline composite cation-exchanger
based gel was filtered off, washed thoroughly with distilled water to
remove excess acid and any adhering trace of ammonium persul-
phate. The washed gel was dried over P4O10 at 40 ◦C in an oven.
The dried products were immersed in double distilled water to
obtain small granules. The material was protonated by keeping it
in 1 M HNO3 solution for 24 h with occasionally shaking and inter-
mittently replacing the supernatant liquid. The excess acid was
removed after several washings with distilled water. The mate-
rial was finally dried at 40 ◦C and fine powder of composite was
obtained by grinding the material with the help of pestle mor-
tar. The powder of PANI–TiP nanocomposite cation exchanger was
undoped by 1 M ammonia solution, later the nanocomposite was
doped with 1 M p-TSA (in double distilled water) for 24 h. The
PANI–TiP powder was compressed in pellet forms by hydraulic
pressure (25 kN) and kept in desiccator for further use.

2.3. Characterizations

The FT-IR spectra were recorded using Perkin-Elmer 1725
instrument. The surface morphology was analyzed with the help
of A LEO 435-VF SEM and TEM was used to obtain the micrograph
of the samples. The thermo-gravimetric analysis were performed
on the selected sample of the composite and polyaniline by using
a Perkin-Elmer (Pyris Dimond) instrument heating from ∼10 ◦C to
600 ◦C at the rate of 10 ◦C min−1 in nitrogen atmosphere with the
flow rate of 30 ml min−1. DC electrical conductivity of conducting
nanocomposite was measured by using a four-in-line probe. The
conductivity (�) was calculated using the following equations [29].

� = �0

G7(W/S)
(1)

G7

(
W

S

)
= 2S

W
ln 2 (2)

�0 = V

I
2�S (3)

� = 1
�

(4)

where G7(W/S) is a correction divisor which is a function of thick-
ness of the sample as well as probe-spacing where I, V, W and S
are current (A), voltage (V), thickness of the film (cm) and probe
spacing (cm), respectively.

2.4. Sensor testing measurements

The gas sensitive characteristic of the composite was inves-
tigated by recording its electrical responses when exposed to
alternately different concentration of aqueous ammonia vapors
at room temperature. The sensing material was gently pressed
by four-probe and placed into the glass chamber to record the
current–voltage characteristics using digital microvoltmeter (DMV
001) and low current sources (LCS 02). The distance between sens-
ing material and solvent was kept 3–4 cm at the time of exposure
of different concentrations of ammonia on the sensing material at
room temperature. The initial resistivity of sensing material was
allowed to stabilize prior to the exposure of ammonia. The required
concentration of aqueous ammonia was poured into the glass
chamber through the funnel. The sensing material was exposed
to the ammonia for appropriate time and return the sensor in air
and then glass chamber was washed with double distilled water to
completely remove the analyte.

3. Results and discussion

Various samples of cation exchange nanocomposite mate-
rial have been developed by the incorporation of electrically
conducting polymer polyaniline into inorganic matrices of tita-
nium(IV)phosphate under different conditions (see Table 1). The
ion-exchanger (sample PTP-3) possessed a better Na+ ion exchange
capacity (2.59 mequiv./g) as compared to the inorganic precipi-
tate (sample TP-10) of titanium(IV)phosphate (1.22 mequiv./g), and
PANI (0.34 mequiv./g). Due to better ion exchange capacity and
electrical conductivity, sample PTP-3 (Table 1) was selected for
vapor sensing characteristics. It may be due to the more exchange-
able sites available in the inorganic groups present in the matrices
of the composite.

Table 2 shows the variation in conductivity with loading of
PANI. The percolation threshold was observed to occur around 10%
loading of aniline monomer. There was high improvement in con-
ductivity at this concentration as well as ion exchange capacity.
The conductivity did not change significantly with further increase
of the concentration of aniline monomer but decreased in ion
exchange capacity. The increase in conductivity can be well under-
stood from the percolative path in which the concentration of
conducting particles increases, thus the conductivity depends sig-
nificantly on the carrier transport through the conducting fillers.
Fig. 1 shows the TEM image of PANI–TiP nanocomposite with spher-
ical morphology having an average particle size of ∼25–45 nm. The
TiP nanoparticles are seen as dark spots dispersed in PANI matrix
can be observed in the TEM image. Fig. 2(a)–(c) depicts the SEM
micrographs of TiP, PANI and PANI–TiP. Fig. 2(a) shows the micro-
graph of TiP gel which indicates the smooth surface. In Fig. 2(b)
the micrograph of PANI reveals granular type structure. Fig. 2(c)
depicts the micrograph of composite, in which the morphology
of the composite is quite different from that of the parental com-
ponents. Polyaniline evenly distributed throughout the entire TiP,
which has dense and globular structure. Fig. 3 shows the thermo-
gravimetric stability data of PANI and PANI–TiP nanocomposite.
It can be concluded from this figure that the thermal stability
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Table 1
Conditions of preparation and the ion-exchange capacity of PANI–TiP nanocomposite cation exchange materials.

Sample no. Mixing volume ratio (v/v) Mixing volume ratio (v/v) Appearance of
the sample

Na+ ion exchange
capacity in (mequiv./g)

Titanium sulphate
(stock solution)

H3PO4 (NH4)2S2O8 in
1 M HC1

10% Aniline
in (1 M) HCl

PTP-1 1 1(1 M) 1 (0.1 M) 1 Greenish black 1.57
PTP-2 2 1(1 M) 1 (0.1 M) 1 Greenish black 1.35
PTP-3 3 1(1 M) 1(0.1 M) 1 Greenish black 2.59
PTP-4 1 2(1 M) 1(0.1 M) 1 Greenish black 1.32
PTP-5 1 3(1 M) 1(0.1 M) 1 Greenish black 1.08
PTP-6 1 1(2 M) 1 (0.1 M) 1 Greenish black 1.69
PTP-7 2 1(2 M) 1 (0.1 M) 1 Greenish black 1.86
PTP-8 1 1(3 M) 1(0.1 M) 1 Greenish black 1.45
PTP-9 2 1(3 M) 1(0.1 M) 1 Greenish black 1.65
TP-10 1 1(1 M) – – White 1.22
PANI – – 1 (0.1 M) 1 Green 0.34

Table 2
Values of the DC electrical conductivity for the PANI–TiP nanocomposite with different aniline monomer concentration.

Samples ID Amount of
aniline (%)

Conductivity of p-TSA doped
PANI–TiP nanocomposite
(S/cm)

Ion exchange capacity
(mequiv./g)

Sample-1 2.5 1.23 2.65
Sample-2 5.0 1.86 2.63
Sample-3 7.5 2.17 2.61
Sample-4 10 4.68 2.59
Sample-5 15 4.74 2.27
Sample-6 20 4.79 1.96

of PANI–TiP nanocomposite is higher than that of blank polyani-
line. At ∼1000 ◦C the percentage of residual weight of PANI and
PANI–TiP nanocomposite is 38.4% and 60.2%, respectively. There-
fore the addition of TiP cation exchanger improves the thermal
stability of PANI.

Fig. 4 depicts the FT-IR spectra of ammonia exposed PANI–TiP/p-
TSA and unexposed PANI–TiP/p-TSA composite. The strong bands
are around ∼3500–3300 cm−1 could be attributed to the–NH
and–OH stretching frequency of PANI and TiP. The bands due to aro-
matic stretching vibrations of C–N appear at ∼1294 cm−1, while the
absorption peaks at ∼1598 and 1490 cm−1 represent the quinoid
(Q) and benzenoid (B) structures of the emeraldine salt of PANI. The
peaks at ∼800 cm−1 is due to the presence of M–O bonding. In the
spectrum of unexposed composite, the characteristic band related
to S–O bond stretching of SO3

− groups appeared at 1023 cm−1 [30].
However, in the spectra of ammonia exposed composite this peak

Fig. 1. TEM micrograph of PANI–TiP nanocomposite.

was shifted to 1058 cm−1. It is reasonable to conclude the formation
of weak charge complex structure of C7H7SO3

− NH4
+.

3.1. Vapor sensing characteristics of PANI–TiP nanocomposite

The remarkable changes in the resistivity on exposure of dif-
ferent concentrations of aqueous ammonia at room temperature
as a function of time depicted in Fig. 5, it can be seen that the
resistivity increases with increasing ammonia concentrations. This
can be recovered again with flush of air. The response with good
recovery can be a great advantage for the potential application
of the PANI–TiP nanocomposite. The response time of the sen-
sor decreases with increasing ammonia concentrations, however
on repeating the experiment the recovery time increases when
the sensor exposed to air for few minutes as shown in Fig. 6. The
response time of the sensor is around 10 s for 3–6%, while for 12% it
is less than 10 s. The reversibility of the composite was also investi-
gated where the response of the composite towards 3–6% aqueous
ammonia is highly reversible during the test of cyclic measure-
ments as depicted in Fig. 6(c) and (b).

Similarly, the response behavior studies were carried out in
presence of 12% aqueous ammonia as shown in Fig. 6(a), it was
observed that the response cycle showed a poor performance and
the time taken to regain the sensitivity value near to the original
one is quite large. This poor response in resistivity value may be
attributed to the complete consumption of reacting sites of polymer
or because of the insufficient numbers of sites available for ammo-
nia moiety to form the complex structure necessary for obtaining
the response behavior.

The reversible behavior of the sensor was examined by succes-
sive several cyclic measurements using different concentrations of
ammonia (3, 6 and 12%). The relative standard deviation (RSD%)
was calculated and it was found to be 4.46, 7.85 and 2.45%,
respectively. The range between 3 and 6% show better reversible
response for the results obtained. In contrast, it was found that
the reversible response with different doping agents (p-TSA and
HCl) had a great effect on the sensing characteristics of the
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Fig. 2. SEM micrographs of (a) TiP gel, (b) PANI and (c) PANI–TiP nanocomposite.

nanocomposite. The nanocomposite with p-TSA doped exhibited
as high reversible response towards 3% and 6% aqueous ammonia.
While the hydrochloric acid doped nanocomposite showed poor
reversible response than p-TSA doped nanocomposite as illustrated
in Fig. 6(d).

3.2. Sensing mechanism

The general sensing mechanism is based on changes in the
physical, chemical, or mechanical properties of the polymer
when exposed to analyte. For example, when a conducting
composite is exposed to a vapor it permeates into the poly-
mer causing it to expand. The vapor-induced expansion of the
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Fig. 3. TGA curves of (a) blank PANI and (b) PANI–TiP nanocomposite.

Fig. 4. FT-IR spectra of (a) unexposed and (b) ammonia exposed p-TSA/PANI–TiP
nanocomposite.

Fig. 5. Sensing response of PANI–TiP nanocomposite at various concentrations of
ammonia.
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Fig. 6. Reversible response of p-TSA doped PANI–TiP nanocomposite towards (a) 12%, (b) 6%, (c) 3% and (d) HCl doped PANI–TiP nanocomposite towards 3% ammonia.

polymer reduces the number of electrically conducting path-
ways for charge carriers. Polyaniline based composite have been
extensively investigated as sensitive materials for the detection
of various analytes [31,32,6]. The vapor sensing properties of
polyaniline–titanium(IV)phosphate cation exchange nanocompos-
ite have been evaluated with respect to ammonia vapor. This study
focused on the influence of the dopant on the sensing properties
of the material. The nanocomposite with p-TSA doped respond
rapidly to ammonia vapor. In contrast, the nanocomposite with
hydrochloric acid doped has no significant effect on changes in
the electrical resistivity of the composite. The changes in the elec-
trical resistivity of the nanocomposite may be attributed to the
dopant p-toluene sulphonates consumed by NH4

+ ions and make
the weak charge complex structure of p-toluene ammonium sul-
phate (C7H7SO3

−NH4
+), which offer the increase in the resistivity

of the composite, due to resistance in the mobility of the charge
carriers along the chain backbone of the polymer. As soon as the
sensor is kept in air the weak charge complex starts to dissociate,
after certain specific period of time the sensor regain its resistivity

N N N N

H H H

n

H

O TiO(H3PO4)3 H2O. n  n .OH2 (H3PO4)3OTi O

SO3 NH4

CH3CH3

NH4O3S

Scheme 1.

values but slightly higher than original values. Hence, the com-
plex form C7H7SO3

−NH4
+ is neutral in nature and the proposed

mechanism as shown in Scheme 1. While in case of hydrochloric
acid (strong inorganic acid) doped, the ammonia molecule strongly
interact with chloride ion and forms ammonium salt, which is not
neutral in nature (mildly acidic) like ammonium chloride [32]. This
complex is not easily dissociated when the sensor is kept in air.
Thus, the nanocomposite with hydrochloric acid doped shows little
reversible response than that of p-TSA doped nanocomposite.

4. Conclusion

It is the first time to report a nanocomposite cation exchanger
can be used as aqueous ammonia vapor sensor. It is also concluded
that the p-TSA doped nanocomposite responded good reversible
response on exposure of 3–6% aqueous ammonia than hydrochloric
acid doped.
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a b s t r a c t

Electrically conductive Poly-o-toluidineetitanium(IV)phosphate (POTeTiP) cation exchange nano-
composite was synthesized by solegel mixing of organic polymer (Poly-o-toluidine) into inorganic
precipitate of titanium(IV)phosphate (TiP). The material was characterized by using transmission elec-
tron microscopy (TEM), X-ray diffraction analysis (XRD), scanning electron microscopy (SEM) and Fourier
transform infrared spectroscopy (FTIR). The humidity sensing response of the nanocomposite was
examined. It was found that the conductivity varied according to low humidity to high humidity. The
composite showed good humidity response, ion-exchange capacity and electrical conductivity. Poly-o-
toludineeTiP nanocomposite was also used to study electrical conductivity under isothermal condi-
tions in the temperature range 50e130 �C. The composite was found stable under ambient conditions
below 90 �C in terms of DC electrical conductivity retention. These studies suggest that the cation
exchange nanocomposite could be a good sensing material for humidity.

Crown Copyright � 2012 Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

Electrically conducting nanocomposites formed by the combi-
nation of inorganic materials and organic polymers, such as poly-
aniline (PANI), polypyrrole (PPY) and polythiophene (PTh), etc.
have received greater attention over the last few years [1e4]. The
increased interest in nanomaterials specially electroconducting
organiceiniorganic nanocomposite due to their extraordinary
physical properties and potential applications in various new
growing technologies such as energy storage, optoelectronic
devices and chemical sensors [5e11]. Electroconducting polymers
are of great interest for a large number of applications [12e19] due
to their easy processing and relatively low cost compared to other
materials such as the inorganic one.

Among all conducting polymers polyanline (PANI) and its
derivatives such as Poly-o-toluidine and Poly-o-anisidine are the
most promising polymeric material which can be frequently used
because of its easy synthesis, flexibility, high electrical conductivity,
environmental stability and effective material for sensing applica-
tions [10,20e23]. However, a major problem with conducting

polymers is its poor mechanical strength and chemical stability.
There is a wide scope for the enhancement by combining organic
materials with inorganic counterparts to form organiceinorganic
composite/nanocomposite [24e29]. Organiceinorganic nano-
composites are advanced class of materials due to their extraordi-
nary properties within a single molecular composite; organic
polymeric part of the composite provides mechanical, electrical
and chemical stabilities whereas inorganic part supports the
thermal stability and also increases the electrical conductivity.
Various organiceinorganic nanocomposites prepared in our labo-
ratory have shown excellent ion exchange behavior, electrical
conductivity, high stability, reproducibility, selectivity for heavy
toxic metal ions and sensing material for various organic vapors,
hazardous gases and humidity [30e38].

Humidity is one of the most common constituents present in
the environment. Therefore, humidity/relative humidity (RH)
detection and its control are important in a wide range of appli-
cations in various fields such as air conditioning systems, electronic
devices, tire industries, sugar industries, pharmaceutical and
drying processes for ceramics and food [39,40]. The electrical
response with humidity variations has been attributed to both
chemisorption and capillary condensation of watermolecules. Over
the last few years many sensing methods have been developed for
measuring a variety of humidity-related parameters. The
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conventional materials used for sensing humidity are electrolytic
metal oxides, alumina thin films, and ceramics [41] However,
conducting polymer based organiceinorganic nanocomposites are
identified as good candidates for practical applications, since they
are compatible to oxides and ceramics and also they can be used at
room temperature [42,43]. Of these, a disc type sensor would offer
higher sensitivity toward humidity than a thin type film due to
larger capacity toward water absorption.

In the present work, Poly-o-toluidineetitanium(IV)
phosphate(POTeTiP) cation exchange nanocomposite is prepared
and the material is characterized by using different instrumental
techniques. The composite material has been used for studying
humidity sensor and isothermal stability in terms of DC electrical
conductivity retention. To the best of our knowledge, this is the first
attempt to study such type of cation exchange composite for
humidity sensing applications.

2. Experimental

2.1. Chemical and reagents

The following reagents were used as follows.
o-Toluidine (99%) was purified by distillation before use,

orthophosphoric acid , titanium dioxide (TiO2), ammonium sulfate
and ammonium persulphate were used as received from Qualigens
(India Ltd.). All other reagents and chemicals were of analytical
grade.

2.2. Synthesis

2.2.1. Poly-o-toluidine
The organic polymer derivative of polyaniline that is Poly-o-

toluidine was prepared by mixing in similar volume ratios of the
solution of 0.4 M ammonium persulphate prepared in 4 M HCl into
20% o-toluidine prepared in 2 M HCl with continuous stirring by
a magnetic stirrer for 2 h at 0 �C, a green colored gel was obtained
[44]. The gel was kept for 24 h at 0 �C.

2.2.2. Titanium(IV)phosphate
Preparation of titanium(IV)phosphate (TiP) cation exchanger

was carried out by taking different ratios of titanium(IV) sulfate
stock solution and 1 M orthophosphoric acid solution prepared in
dematerialized water. Titanium(IV) sulfate stock solution was
prepared by dissolving 2 g of titaniumdioxide in 62.5 mL of hot
concentrated sulfuric acid containing 25 g of ammonium sulfate
with constant stirring [45].

2.2.3. Poly-o-toluidineetitanium(IV)phosphate nanocomposite
Poly-o-toluidineetitanium(IV)phosphate cation exchange

nanocomposite was prepared by the solegel mixing of organic
polymer Poly-o-toluidine, into the inorganic precipitate of TiP. In
this process, when the gel of Poly-o-toluidine was added to the
white inorganic precipitate of TiP with constant stirring for 1 h, the
resultant mixture was kept for 24 h at room temperature
(25þ 2 �C). Now the Poly-o-toluidine based composite cation
exchanger gels were filtered off and washed thoroughly with DMW
to remove excess acid and any adhering trace of ammonium per-
sulphate. The washed gels were dried over P4O10 at 45 �C in an
oven. The dried products were immersed in DMW to obtain small
granules. They were converted to the Hþ form by keeping in 1 M
HNO3 solution for 24 h with occasional shaking intermittently
replacing the supernatant liquid. The excess acid was removed after
several washing with DMW. The materials were finally dried at
40 �C and grinded by pestle mortar to obtain fine powder of
composite.

2.3. Ion-exchange capacity measurements

The ion-exchange capacity, which is generally taken as
a measure of the hydrogen ion liberated by neutral salt to flow
through the composite cation exchanger was determined by stan-
dard column process. One gram of the dry cation exchanger sample
in Hþ-form was taken into a glass column having an internal
diameter w1 cm and fitted with glass wool support at the bottom.
The bed length was approximately 1.5 cm long. One mole of alkali
and alkaline earth metal nitrates as eluants were used to elute the
Hþ ions completely from the cation exchange column, maintaining
a very slow flow rate (w0.5 mlmin�1). The effluent was titrated
against a standard 0.1 M NaOH using phenolphthalein indicator.

2.4. Characterization

2.4.1. Fourier transform infra red (FTIR) studies
The FTIR spectrum of TiP and Poly-o-toluidineeTiP nano-

composite were obtained using FTIR spectrophotometer (Perkine
Elmer, USA, model Spectrum-BX) in the original form dried at
40 �C were taken by KBr disc method at room temperature.

2.4.2. X-ray analysis
X-ray diffraction patterns (XRD) of TiP and Poly-o-toluidineeTiP

nanocomposite synthesized and described in this work were ob-
tained at PHILIPS PW1710 instrument equipped with a Cu anode,
automatic divergence slit and a graphite monochromator, under
the following experimental conditions: CuKa radiation, 1.54�A;
generator tension, 45 kV; generator current, 40 mA; intensity ratio
(a2/a1), 0.500.

2.4.3. Transmission electron microscopy (TEM) studies
Micrograph of the ‘organiceinorganic’ nanocomposite material

Poly-o-toluidineeTiP was obtained by transmission electron
microscopy to determine the particle size of composite.

2.5. Electrical conductivity

The selected sample of composite was dried at 40e50 �C in an
oven up to 24 h. The pellets of the composite material (200 mg)
were made at room temperature with the help of a hydraulic
pressure at 25 kN for 10 min. The optimum thickness of pellets was
obtained w0.2 mm. DC electrical conductivity of conducting
composite was measured by using a four-in-line probe. The
conductivity (s) was calculated using the following equations [3]:

r ¼ r0=G7 ðW=SÞ (1)

G7ðW=SÞ ¼ ð2S=WÞln 2 (2)

r0 ¼ ðV=IÞ2pS (3)

s ¼ 1=r (4)

where G7(W/S) is a correction divisor which is a function of thick-
ness of the sample as well as probe spacing where I, V, W and S are
current (A), voltage (V), thickness of the film (cm) and probe
spacing (cm), respectively. The isothermal stability of pellet in
terms of DC electrical conductivity retentionwas carried out on the
selected samples at 50 �C, 70 �C, 90 �C, 110 �C and 130 �C in an air
oven. The electrical conductivity measurements were carried out at
an interval of 10 min.

A.A. Khan, U. Baig / Solid State Sciences 15 (2013) 47e5248
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2.6. Humidity measurements

The humidity sensing response of Poly-o-toluidineeTiP cation
exchange nanocomposite was carried out at two temperatures by
laboratory made setup shown in Fig. 1. It consists of a closed glass
chamber of total volume 1000 ml with two thermometers. The
glass chamber partially filled with water and kept in thermocole
container having ice and ordinary salt for adjusting the tempera-
ture (T1) inside the glass chamber. The assembly of four-in-line
probe has a gentle contact with film and placed mounted inside
the glass chamber at the height of 4 cm from the surface of the
water at temperature (T2). It is to be noted that the temperature of
the sensor material changes by 3e6 �C during the experiment. The
relative humidity (%RH) inside the glass chamber was calculated by
using the relation [46]:

%RH ¼ EwðT1Þ
EwðT2Þ

� 100 (5)

where Ew(T1) and Ew(T2) are the saturated water vapor pressure at
the temperature of water (T1) and that of the composite film (T2),
respectively. The values of the saturated vapor pressure were ob-
tained from the CRC handbook of chemistry and physics [47].
Different %RH values were obtained by adjusting the temperature
of the water in side the chamber with ice and salt mixture from
room temperature to 0 �C.

3. Results and discussion

Various samples of cation exchange nanocomposite material
have been developed by the incorporation of electrically conduct-
ing polymer Poly-o-toluidine into inorganic matrices of titaniu-
m(IV)phosphate under different conditions (see Table 1). The ion
exchanger (sample PTTP-3) possessed a better Naþ ion exchange
capacity (2.71 meq/g) as compared to the inorganic precipitate
(sample TP-10) of titanium(IV)phosphate (1.22 meq/g). Due to
better ion exchange capacity and electrical conductivity, sample
PTTP-3 (Table 1) was selected for vapor sensing characteristics. It
may be due to the more exchangeable sites available in the inor-
ganic groups present in the matrices of the composite.

Table 2 shows the variation in conductivity with loading of Poly-
o-toluidine. The percolation threshold was observed to occur
around 10% loading of o-toluidine monomer. There was high
improvement in conductivity at this concentration as well as ion
exchange capacity. The conductivity did not change significantly

with further increase of the concentration of o-toluidine monomer
but decreased in ion exchange capacity. The increase in conduc-
tivity can be well understood from the percolative path in which
the concentration of conducting particles increases, thus the
conductivity depends significantly on the carrier transport through
the conducting fillers.

The electrical conductivity of the nanocomposite was observed
with increasing temperatures from 30 �C to 130 �C as shown in
Fig. 2. On examination, it was observed that the electrical
conductivity of the nanocomposite increases with the increase in
temperature. This increase in conductivity with increase in
temperature is the characteristics of “thermal activated behavior”
[29]. To explain the conduction mechanism in the conducting
polymers, the concept of polaron and bipolaron was introduced.
Low level of oxidation of the polymer gives polaron and higher level
of oxidation gives bipolaron. Both polarons and bipolarons were
mobile and could move along the polymer chain by the rear-
rangement of double and single bonds in the conjugated system.
Conduction by polarons and bipolarons was supposed to be the
dominant factors which determine the mechanism of charge
transport in polymer with non-degenerate ground states. The
magnitude of the conductivity was determined by the number of
charge carriers available for conduction and the rate at which they
move, i.e., mobility. In conducting polymers which could be
considered as semiconductor the charge carrier concentration
increased with increasing temperature. Since the charge carrier
concentration was much more temperature dependent than the
mobility, therefore it was the dominant factor and conductivity
increased with increase in temperature. It is also possible that the
thermal curing affects the chain alignment of the polymeric inor-
ganic composite, which leads to the increase of conjugation length
and that brings about the increase of conductivity.

Fig. 3 shows the TEM image of Poly-o-toluidineeTiP nano-
composite with spherical morphology having an average particle
size of w25 to 30 nm. The TiP nanoparticles are seen as dark spots
dispersed in poly-o-toluidine matrix in the TEM image.

The FTIR spectrum of TiP and Poly-o-toluidineeTiP is shown in
Fig. 4. In the spectrum of TiP a strong band, appeared around
3400 cm�1 show eOH stretching frequency and a sharper peak in
the region 1500e1700 cm�1 with the maximum at 1630 cm�1 is
a characterization for the deformation of the free water molecules.
The band between 1200 and 900 cm�1 may be assigned to
symmetric and antisymmetric stretching of the PeO bond in PO3
group in the spectra of TiP [48]. In the spectra of Poly-o-toluidinee
TiP, the peak at w3350 cm�1 is due to NeH stretching mode, the
peak atw1591 andw1486 cm�1 is due to C]N stretching mode of
quinoid (Q) rings and C]C stretching mode of benzenoid (B)rings,
respectively, and the peak at 800 cm�1 is usually assigned to an out
of plane bending vibration of CeH, indicates the ortho-substituted
benzene ring.

The XRD patterns of TiP and Poly-o-toluidineeTiP cation
exchange nanocomposite are shown in Fig. 5. Characteristics peaks
for crystalline nature of TiP are seen in Fig. 5a. The XRD pattern of
Poly-o-toluidineeTiP nanocomposite (Fig. 5b) indicates the broad
diffraction peak at 2q values of 19�, which are attributed to amor-
phous nature of Poly-o-toluidine. The appearance of the sharp peak
in the composite (Fig. 5b) indicates the semi-crystalline nature of
the composite material. The crystalline peaks of TiP were reduced
in composite XRD pattern due to the dominant amorphous nature
of Poly-o-toluidine. This suggests that the changes in the overall
crystallinity of composite are due to blending of inorganic precip-
itate TiP into polymer matrix. The suppositions of peaks confirm
the nature and formation of the synthesized composite material.
The average particle size of the nanocomposite estimated by using
the Scherrer formula:

Fig. 1. Schematic diagram of two-temperature method setup for the measurement
of %RH.

A.A. Khan, U. Baig / Solid State Sciences 15 (2013) 47e52 49



Author's personal copy

t ¼ Kl
Bcos q

where t is the average size of the crystallite, assuming that the
grains are spherical, k is 0.9, l is thewavelength of X-ray radiation, B
is the peak full width at half maximum (FWHM) and q is the angle
of diffraction. The crystalline size of the Poly-o-toluidineeTiP
nanocomposite is found to be w27.20 nm.

3.1. Humidity sensing response

Fig. 6 shows the characteristics response of Poly-o-toluidinee
TiP nanocomposite as a function of relative humidity (%). The
resistivity of the nanocomposite was seen to decrease as level of
relative humidity (%) was increased. The decrease in the resistivity
or increase in the conductivity with increasing humidity can be
attributed to the mobility of the dopant ion in the polymer [28]
which is loosely attached to the polymer chain by weak Van der
walls forces of attraction. At low humidity, the mobility of the
dopant ion is restricted because under dry conditions, the polymer
chainwould tend to curl up into compact coil form. On the contrary,
at high humidity, the polymer chain take place, followed by the
uncurling of the compact coil for into straight chains that are
aligned with respect to each other. Also, it has been reported that
conductivity of conducting polymer increases when the sample
absorb moisture. Decrease of resistivity with increase in the
humidity proves the adsorption of the water molecules, which
makes the polymer more p-type nature, i.e. the hole concentration
is increased by the lone pair from the conducting complex toward
the TiP water molecules. Thus, the partial charge transfer process of
conducting species with that of water molecules results into
decrease in the composite resistivity. In the Fig. 6, it is clearly seen

that Poly-o-toluidineeTiP nanocomposite shows a linear response
from 20 to 90% RH.

In our previous reported work [37,38], we pointed out, the
composite of organic and inorganic ion exchanger was beneficial
for the improvement of good heat stability, good ion exchange
capacity, good electrical conductivity as well as exhibit good
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Fig. 2. Temperature dependence electrical conductivity of Poly-o-toluidineeTiP cation
exchange nanocomposite.

Table 1
Conditions of preparation and the ion-exchange capacity Poly-o-toluidineeTiP cation exchange nanocomposite.

Sample No. Mixing volume ratio (v/v) Mixing volume ratio (v/v) Appearance
of the sample

Naþ ion exchange
capacity (meq/g)

Titanium sulfate
(stock solution)

H3PO4 (NH4)2S2O8

in 1 M HC1
10% o-toluidine
(1M) HCl

PTTP-1 1 1 (1 M) 1 (0.1 M) 1 Greenish black 1.44
PTTP-2 2 1 (1 M) 1 (0.1 M) 1 Greenish black 1.32
PTTP-3 3 1 (1 M) 1 (0.1 M) 1 Greenish black 2.71
PTTP-4 1 2 (1 M) 1 (0.1 M) 1 Greenish black 1.26
PTTP-5 1 3 (1 M) 1 (0.1 M) 1 Greenish black 1.31
PTTP-6 1 1 (2 M) 1 (0.1 M) 1 Greenish black 1.90
PTTP-7 2 1 (2 M) 1 (0.1 M) 1 Greenish black 1.52
PTTP-8 1 1 (3 M) 1 (0.1 M) 1 Greenish black 1.37
PTTP-9 2 1 (3 M) 1 (0.1 M) 1 Greenish black 1.77
TP-10 1 1 (1 M) _ _ White 1.22
POT _ _ 1 (0.1 M) 1 Greenish granular 0.69

Table 2
Values of the DC electrical conductivity for the Poly-o-toluidineeTiP nanocomposite
with different o-toluidine monomer concentration.

Samples ID Amount
of o-toluidine (%)

Conductivity of
Poly-o-toluidine
eTiP nanocomposite
(S/cm�1)

Ion exchange
capacity
(meq/g)

Sample-1 2.5 0.54 2.82
Sample-2 5.0 0.86 2.65
Sample-3 7.5 0.98 2.53
Sample-4 10 1.23 2.71
Sample-5 15 1.27 2.45
Sample-6 20 1.29 1.75

Fig. 3. TEM micrograph of Poly-o-toluidineeTiP cation exchange nanocomposite.
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chemical vapor sensitivity. The purpose of ion exchanger (TiP)
existing in the composite was controlled by morphology and
improved the water vapor sensitivity. In the composite, TiP ion
exchanger has more exchangeable sites and provides large elec-
trically active surface area, therefore is able to adsorb more water

molecules. Therefore, it would be meaningful to obtain a new kind
of material with good humidity sensing via simple preparation
method.

3.2. Stability in terms of DC electrical conductivity retention

The isothermal stability of the compositematerial in terms of DC
electrical conductivity retention was carried out at 50 �C, 70 �C,
90 �C, 110 �C and 130 �C in an air oven. The electrical conductivity
measurements were done five times after an interval of 10 min at
a particular temperature. The electrical conductivity measured
with respect to time is presented in Fig. 7. It was observed that all
the composite materials followed Arrhenius equation for the
temperature dependence of the electrical conductivity from 50 to
90 �C and after that a deviation in electrical conductivity was
observed, it may be due to the loss of dopant and degradation of
materials. The stability of Poly-o-toluidineeTiP nanocomposite in
terms of DC electrical conductivity retention was found to be fairly
good as studied by isothermal technique. The Poly-o-toluidineeTiP
nanocomposite can be used in electrical and electronic applications
below 90 �C under ambient conditions.

4. Conclusions

A new family of organiceinorganic ion exchange nano-
composites, having potential applications useful as humidity
sensitive materials, was prepared through the solegel reaction of
Poly-o-toluidine and titanium(IV)phosphate cation exchanger. The

Fig. 5. XRD patterns of (a) TiP and (b) Poly-o-toluidineeTiP cation exchange
nanocomposite.
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Fig. 6. Humidity response of Poly-o-toluidineeTiP cation exchange nanocomposite for
20e90%RH.
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Fig. 4. FTIR spectra of (a) TiP and (b) Poly-o-toluidineeTiP phosphate cation exchange
nanocomposite.
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nanocomposite was characterized by using different analytical
instrumental techniques. The DC electrical conductivity behavior of
the nanocomposite at temperature range from 30 to 130 �C was
recorded and concluded that the material showed ‘thermal acti-
vated behaviour’. The humidity sensor showed that the conduc-
tivity varied from low humidity to high humidity in the range of
20e90%RH. It is also concluded that the Poly-o-toluidineeTiP
nanocomposite showed nearly almost linear response range up to
90%RH. Therefore it proves that the Poly-o-toluidineeTiP nano-
composite has good potential for use as humidity sensing material.
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Electrically conductive polyaniline-titanium(IV)molybdophosphate cation
exchange nanocomposite: Synthesis, characterization and alcohol vapour sensing
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1. Introduction

The attention of researchers engaged in the development of
new functional materials for current engineering applications has
been attracted to hybrid materials based on electrically conductive
polymers and inorganic compounds [1–4]. These compounds
exhibit a number of useful physiochemical properties in addition
to chemical stability, opening up possibilities for their use in
energy storage devices [5], electron field emitters [6], chemical
sensors [7–10], biological sensors [11,12], actuators [13]. Consid-
erable interest has been devoted in recent years to develop suitable
conducting composite materials for the possible application in gas
sensors. Though research over the past two decades identified the
polymer based conducting composite for gas sensors, there is lot of
scope still available in developing alternate composite materials
for sensor activity. Apart from conjugated polymer, composite
like carbon composite materials have been used as chemical
gas sensors [14–17]. Over the last decade, conducting polymer
based cation exchange composite materials represents the one
of the most fascinating developments in the material chemistry
for variety of applications [18–24]. Conducting ion exchange

composites are now considered as advanced class of materials due
to their excellent ion exchange behaviour as well as their analytical
and electroanalytical applications. Use of such materials as vapour
sensor is the recent achievement in the area of chemical sensing
materials. These materials are granular having exchangeable sites
in the pores of the matrix, the gaseous molecules are adsorbed
through these pores and the resulting change in conductivity
attributed to be as gas/vapour sensor. These systems showed
better surface activity and thermal stability compared to pristine
conducting polymer. Recently polyaniline-titanium(IV)phosphate
cation exchange composite was synthesized in our laboratory and
their ammonia and methanol sensing properties were examined
[25,26]. The sensing behaviour of polyaniline-titanium(IV)pho-
sphate nanocomposite was found better than pristine conducting
polymer.

In the present research work, PANI-TMP cation exchange
nanocomposite was synthesized and the material was character-
ized using different instrumental techniques and used as alcohols
(methanol, ethanol and 1-propanol) sensing material.

2. Experimental

2.1. Chemical and reagents

Aniline (99%) from Qualigens (India Ltd.) was purified by
distilling twice before use, molybdophosphoric acid (MPA),
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titanium oxide (TiO2 from CDH India), ammonium persulphate
(C.D.H. A.R. grade) was used as received. All other reagents and
chemicals were of analytical grade and obtained from CDH, Loba
Chemie, E-merck or Qualigens (India Ltd.).

2.2. Synthesis

2.2.1. Polyaniline

Polyaniline gel was synthesized by polymerization of aniline in
the presence of hydrochloric acid using ammonium persulphate
(an oxidizing agent) by chemical polymerization method. Ten
percent aniline with 100 mL of 1 M HCl in double distilled water
was taken in a double wall flask at temperature �4 8C with
continuous stirring. 150 mL of ammonium persulphate solution
(0.1 M in double distilled water) was added drop by drop in the
double wall flask with continuous stirring. After 6 h, stirring was
stopped and the solution was filtered in Buchner funnel and the
residue was washed 3–4 times with distilled water. The resultant
residue was kept in desiccator for further use.

2.2.2. Titanium(IV)molybdophosphate

Preparation of titanium(IV)molybdophosphate (TMP) was
carried out by taking different ratios of titanium(IV)sulphate
solution and aqueous solution of molybdophosphoric acid
prepared in demineralized water (DMW). Titanium(IV)sulphate
solution was prepared by dissolving 2 g of titaniumdioxide in
62.5 mL of hot concentrated sulphuric acid containing 25 g of
ammonium sulphate with constant stirring [27].

2.2.3. Polyaniline-titanium(IV)molybdophosphate nanocomposite

Polyaniline-titanium(IV)molybdophosphate(PANI-TMP) cat-
ion exchange nanocomposite was prepared by the sol–gel mixing
of PANI into the inorganic precipitate of TMP with a constant
stirring under varying conditions given in Table 1. The resultant
mixture was turned slowly into greenish black slurries. The
slurries were kept for 24 h at room temperature. Polyaniline
composite cation-exchanger based gel was filtered off washed
thoroughly with DMW to remove excess acid and any adhering
trace of potassium persulphate. The washed gel was dried over
P4O10 at 40 8C in an oven. The dried products were immersed in
DMW to obtain small granules. They were converted to the H+

form by keeping it in 1 M HNO3 solution for 24 h with occasionally
shaking intermittently replacing the supernatant liquid. The
excess acid was removed after several washings. The material was
dried at 40 8C and grinded by pastel mortar to obtain fine powder
of composite. The pellets of the material were prepared at room
temperature with the help of hydraulic pressure instrument at
25 kN pressure for 20 min.

2.3. Ion-exchange capacity (IEC)

The column method was used for the determination of the ion–
exchange capacity of each sample (which is generally taken as a
measure of the hydrogen ion liberated by neutral salt to flow
through the composite cation-exchanger). For this purpose, 1 g of
dry ion-exchanger samples (in H+-form) was loaded into a glass
column having an internal diameter �1 cm with a glass wool
supported at the bottom. The bed length was approximately 1.5 cm
long. 1 mol L�1 sodium nitrate as eluants were used to elute the H+

ions completely from the cation-exchange column, maintaining a
very slow flow rate (�0.5 mL min�1). The effluent was titrated
against a standard 0.1 mol L�1 NaOH solution using phenolphtha-
lein indicator. Table 1 shows the ion-exchange capacity values of
the samples.

2.4. Thermal effect on ion-exchange capacity (IEC)

To study the effect of temperature on the IEC, 500 mg samples
of the cation exchange nanocomposite (PTMP-2) in the H+-form
were heated at various temperatures in a muffle furnace for 1 h and
the Na+ ion-exchange capacity was determined by column process
after cooling them at room temperature.

2.5. Characterization

The chemical composition of PANI-TMP (sample PTMP-2)
nanocomposite cation exchanger was determined by using
elemental analyzer (Elementary Vario EL III Carlo-Elba, model
1108) for carbon, hydrogen, nitrogen, oxygen and inductively
coupled Plasma mass spectrophotometer (ICP-MS) for determina-
tion of titanium and molybdenum respectively.

The Fourier transform infra-red spectroscopy (FTIR) spectra
were recorded using PerkinElmer 1725 instrument. To study the
surface morphology, scanning electron microscopy (SEM) was
done by LEO 435–VF. Transmission electron microscopy (TEM)
were observed by JEOL TEM (JEM 2100F) instrument. X-ray
diffraction (XRD) data were recorded by PHILIPS PW1710
diffractometer with Cu Ka radiation at 1.540 Å in the range of
58 � 2u � 708 at 40 kV. The thermal stability was investigated by
thermogravimetic analysis (TGA) using thermal analyzer-V2.2A
DuPont 9900. The samples were heated in alumina crucible from
30 8C to 1000 8C at the rate of 10 8C/min in the nitrogen
atmosphere at the flow rate of 200 mL min�1. UV-vis spectra of
the samples, which were dispersed in DMSO (dimethyl sulph-
oxide) under ultrasonic action, were recorded on a PerkinElmer
UV-vis spectrophotometer. DC electrical conductivity of the
nanocomposite was measured by using a four-in-line probe. The

Table 1
Conditions of preparation and the ion-exchange capacity of polyaniline-titanium((IV)molybdophosphate nanocomposite cation exchange material.

Sample No. Mixing volume ratio (v/v) Mixing volume ratio (v/v) Appearance

of the sample

Na+ ion exchange

capacity in (meq/g)

Titanium sulphate

(stock solution)

Molybdo-

phosphoric acid

K2S2O8 in 1M HC1 10% Aniline

in (1M) HCl

PTMP-1 1 1 (0.05 mol L�1) 1 (0.1 mol L�1) 1 Greenish black 1.20

PTMP-2 2 1 (0.05 mol L�1) 1 (0.1 mol L�1) 1 Greenish black 2.46

PTMP-3 3 1 (0.05 mol L�1) 1 (0.1 mol L�1) 1 Greenish black 1.15

PTMP-4 1 2 (0.05 mol L�1) 1 (0.1 mol L�1) 1 Greenish black 1.22

PTMP-5 1 3 (0.05 mol L�1) 1 (0.1 mol L�1) 1 Greenish black 1.19

PTMP-6 1 1 (0.1 mol L�1) 1 (0.1 mol L�1) 1 Greenish black 1.56

PTMP-7 2 1 (0.1 mol L�1) 1 (0.1 mol L�1) 1 Greenish black 1.98

PTMP-8 1 1 (0.1 mol L�1) 1 (0.1 mol L�1) 1 Greenish black 1.35

PTMP-9 2 1 (0.1 mol L�1) 1 (0.1 mol L�1) 1 Greenish black 1.56

TMP-10 2 1 (0.05 mol L�1) _ _ White 1.32
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conductivity (s) was calculated using the following equations [28].

r ¼ ro

G7

W

S

� �
(1)

G7
W

S

� �
¼ 2S

W

� �
ln 2 (2)

ro ¼
V

I

� �
2pS (3)

s ¼ 1

r
(4)

where G7(W/S) is a correction divisor which is a function of
thickness of the sample as well as probe-spacing where I, V, W and
S are current (A), voltage (V), thickness of the film (cm) and probe
spacing (cm) respectively.

2.6. Sensor testing measurements

The pellet of the PANI-TMP (sample PTMP-2) nanocomposite
was dried in air for 45 min and then placed in an oven at 80 8C for
24 h to remove any excess solvent. Alcohols vapour sensing
response for polyaniline-titanium(IV)molybdophosphate nano-
composite was carried out by laboratory made setup shown in
Fig. 1. The vapour sensitive characteristic of the composite was
investigated by recording their electrical responses when exposed
alternately to different concentration of alcohol vapours (metha-
nol, ethanol and 1-propanol) at room temperature (25 8C).

Different concentrations of alcohol vapours were taken from
different concentrations of alcohols in the liquid form. The
concentration of saturated vapour of methanol, ethanol and 1-
propanol at 25 8C were taken 217.60, 145.78 and 65.82 mg/l
respectively [29]. The sensing material was placed into the glass
chamber and gently pressed by four-probes to record the current–
voltage characteristics using digital microvoltmeter (DMV 001)
and low current sources (LCS 02). The distance between sensing
material and solvent was kept 3–4 cm at the time of exposure of
different concentrations of alcohols (methanol, ethanol and 1-
propanol) on the sensing material at room temperature (25 8C).
The initial resistivity of sensing material was allowed to stabilize
prior to the addition of the alcohol vapours. The required
concentrations of alcohols were poured into the chamber through
the funnel. The sensing material was exposed to the alcohol
vapours for appropriate time in the glass chamber and after that it
was exposed to air before taking the next concentration of alcohol
in the glass chamber.

3. Results and discussion

Various samples of organic–inorganic cation exchange nano-
composite material have been developed by incorporation of
electrically conducting polyaniline into inorganic matrices of
titanium(IV)molybdophosphate. Due to better ion exchange
capacity, electrical conductivity and thermal stability, sample
PTMP-2 (Table 1) was selected for vapour sensing characteristics.
The composite ion exchanger possessed a better Na+ ion exchange
capacity (2.46 meq/g) as compared to the inorganic precipitate of

Fig. 1. Laboratory made set-up for alcohols vapour sensing based on four-in-line probe electrical conductivity measuring instrument (4-in-line probe and sensing material is

shown in the inset).
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titanium(IV)molybdophosphate (1.32 meq/g) shown in Table 1
(sample TMP-10) [30].The variation in conductivity with addition
of PANI shown in Table 2. The percolation threshold was observed
to occur around 10% loading of aniline monomer with high
improvement in conductivity at this concentration and no change
in conductivity was observed with further increase of the
concentration of aniline monomer.

The percent composition of Ti, Mo, P, C, H, N, and O in the
polyaniline-titanium(IV)molybdophosphate (sample PTMP-2) was
found to be 19.92%, 18.50%, 15.17%, 18.51%, 3.165%, 3.80% and
20.935% respectively. The molar ratio of the Ti, Mo, P, C, H, N, and
O in the nanocomposite estimated as 1.51:1.62:1.80:5.68:
11.58:1:9.65.

Effect of heating at different temperature for 1 h, indicated that
on heating at elevated temperature the mass and ion-exchange
capacity of the dried cation exchange nanocomposite (PTMP-2)
was changed as the temperature increased as shown in Table 3. It
was also observed that the cation exchange nanocomposite
possessed higher thermal stability as the sample maintained
about 100.0% of the initial mass by heating up to 200 8C. However,
in terms of ion exchange capacity, this material was found stable
up to 2008 and it retained about 48.88% of the initial ion-exchange
capacity by heating up to 1000 8C.

The FTIR spectra of TMP (sample TMP-10), unexposed PANI-
TMP (sample PTMP-2), and methanol exposed PANI-TMP are
shown in Fig. 2. In the TMP spectrum, a strong band appeared
around 3323 cm�1 shows –OH stretching frequency and a sharper
peak in the region of 1500–1700 cm–1 which is maximum at

1633 cm–1 indicate deformation vibration of free water molecules.
However a peak at 734 cm–1 in TMP spectrum is due to M–O
bonding and the band between 1200 and 900 cm–1 may be
assigned to symmetric and antisymmetric stretching of the P–O
bond in PO3 groups [31]. The bands in PANI-TMP spectrum may be
due to, the bands due to aromatic stretching vibrations of C–N
appear at �1249 cm–1. The absorption peaks at �1579 and
1487 cm–1 represent the quinoid (Q) and benzenoid (B) structures
of the polyaniline (these peaks correspond to most of the
characteristic peaks for PANI, as described in literature [21,32]).
A comparison of the FTIR spectra of the methanol exposed to
composite (PANI-TMP) reveals that the quinoid peak is shifted
from 1579 to 1547 cm–1. This can be attributed to the interaction of
methanol with imine nitrogens, thereby causing the reducing
effect. The effective positive charge on imine nitrogen is reduced by
the methanol molecules.

Fig. 3(a–c) depicts the SEM micrographs of PANI, TMP and PANI-
TMP nanocomposite. Fig. 3a shows the SEM image of PANI which
reveals granular type structure. Fig. 3b shows the micrograph of
TMP gel which indicates the smooth surface Fig. 3c depicts the SEM
images of PANI-TMP nanocomposite at different magnifications, in
which the morphology of the composite is quite different from that
of the parental component polyaniline. PANI evenly distributed
throughout the entire TMP, which has granular and porous
structure.

Fig. 4 shows the TEM image of PANI-TMP nanocomposite with
spherical morphology having an average particle size of �20–
30 nm. The TMP nanoparticles are seen as dark spots dispersed in
PANI matrix in the TEM image.

Fig. 5 shows the XRD pattern of PANI, TMP and PANI-TMP
nanocomposite, where some characteristics peaks for crystalline
structure of TMP are seen. The crystalline peaks of TMP were
reduced in nanocomposite XRD pattern due to the dominant
amorphous nature of polyaniline. Fig. 6 shows the thermogravi-
metric stability data of PANI, TMP and PANI-TMP nanocomposite.
It can be concluded from the figure that the PANI-TMP
nanocomposite is more thermally stable than polyaniline. At
�1000 8C the percentage of residual weights of PANI and PANI-
TMP nanocomposite are 38.4% and 54.7% respectively. Thus
addition of TMP cation exchanger improves the thermal stability
of PANI-TMP nanocomposite. It is clear from the TGA curve
(Fig. 6b) of the nanocomposite that weight loss (about 5.9%) up to
100 8C which may be due to removal of external water molecules.
Further weight loss of mass (about 11.3%) from 100 8C to 300 8C
may be due to the loss of interstitial water molecules by the
condensation of –OH groups. Further weight loss of mass (about
27.5%) onward at 984 8C predicts complete decomposition of
organic part and formation of metal oxides of the exchange
material.

Table 2
Values of the DC electrical conductivity for the polyaniline-titanium(IV)molybdo-

phosphate nanocomposite with different aniline monomer concentration.

Amount of aniline (%) Conductivity of PANI-TMP

nanocomposite (S/cm)

2.5 1.05

5.0 2.59

7.5 3.92

10 5.88

15 5.90

20 5.89

Fig. 2. FTIR spectra of (a) TMP, (b) unexposed PANI-TMP (c) methanol exposed

PANI-TMP nanocomposite.

Table 3
Thermal stability of polyaniline-titanium(IV)molybdophosphate nanocomposite

after heating at various temperatures for 1 h.

Temperature

(8C)

Weight

loss (%)

Ion-exchange

capacity (meq/g)

% Retention

of IEC

50 2.00 2.46 100.00

100 7.28 2.46 100.00

200 14.96 2.46 100.00

300 22.90 1.42 57.72

400 29.99 0.55 22.35

500 35.32 0.39 15.25

600 36.96 0.20 0.81

700 37.99 0.05 0.20

800 41.00 0.00 0.00

900 42.60 0.00 0.00

1000 48.88 0.00 0.00
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Fig. 3. SEM micrographs of (a) PANI at 2.50k� (b) TMP at 500� and (c) PANI-TMP at 500�.

Fig. 4. TEM micrograph of PANI-TMP nanocomposite.
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Fig. 5. XRD pattern of PANI, TMP and PANI-TMP nanocomposite.
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Fig. 7 shows the UV-vis spectra of PANI, TMP and PANI-TMP
nanocomposite. The two characteristic absorption peaks appeared
at �310 nm and �600 nm corresponds to p–p* and polaron-p*
transitions respectively in PANI spectra and two characteristic
absorption peaks of TMP appeared at �280 nm and �410 nm. The
peak at 310 nm of PANI is shifted from �310 nm to �250 nm, at
�410 nm peak of TMP is shifted to �310 nm in the composite. It
indicate that insertion of Ti(IV)molybdophosphate (TMP) has the
effect on the doping of polyaniline.

3.1. Alcohol vapours sensing study

The performance of the sensor was determined by measuring
its resistivity response to different aliphatic alcohols such as
methanol, ethanol and 1-propanol. The resistivity response of the
nanocomposite towards various concentrations of different
alcohols is illustrated in Fig. 8. The sensor was more selective
and sensitive towards methanol vapours than ethanol and 1-
propanol vapours (Fig. 8a).

In Fig. 9 the reversible resistivity response of PANI-TMP
nanocomposite for methanol, ethanol and 1-propanol at room
temperature (25 8C) was studied. It is well known that PANI is a p-
type semiconductor; therefore the exposure of electron-donating
gases to PANI causes decrease in conductivity [33]. It was found
that the sensor shows good reversible response towards methanol
vapours compared to ethanol and 1-propanol vapours. The

reproducible resistivity of the sensor can be attributed to the
adsorption and desorption of the analyte vapours. Methanol
interaction with imine nitrogen of polyaniline as represented in
Scheme 1, the effective positive charge on the imine nitrogen is
reduced by converting the imine nitrogen to amine i.e. the

Fig. 6. TGA curves of PANI, TMP and PANI-TMP nanocomposite.
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Fig. 7. UV-vis absorption spectra of PANI, TMP and PANI-TMP nanocomposite.

Fig. 8. Resistivity response of PANI-TMP nanocomposite towards (a) methanol (b)

ethanol and (c) 1-propanol at different concentrations.

Fig. 9. Response transient curves of PANI-TMP nanocomposite towards

concentration of (a) ethanol, (b) 1-propanol and (c) methanol.

A.A. Khan et al. / Journal of Industrial and Engineering Chemistry 19 (2013) 1226–1233 1231



Author's personal copy

conversion of benzenoid structure during the positive interaction.
Thus the charged polymer fragment has to lead to decrease the
quantity of mobile cations and increase the resistivity. These
results are also supported by FTIR studies. In UV-vis spectra more
clear band at 600 nm (as compare to PANI) may be due to positive

holes (polarons) in the PANI-TMP composite backbones which are
responsible for conduction at room temperature under humid/
alcoholic environment.

The reversible response of this polymeric sensor for different
concentration of methanol (in percentage) was also investigated.
The resistivity response increases with increasing methanol
concentration as shown in Fig. 10. The response time to continuous
exposure of the vapour was �20 s. While the recovery time out of
gas chamber was �10 s. The changes in current–voltage data
recorder indicates that ethanol and 1-propanol vapours are less
sensitive towards the PANI-TMP nanocomposite, it may be due to
the low polarity nature of ethanol and 1-propanol [34]. Since
methanol molecules are more polar and smaller in size than
ethanol and 1-propanol, therefore it would interact more
efficiently than other alcohols (ethanol and 1-propanol). The
response at each concentration justifies that methanol molecules
are more sensitive and selective for PANI-TMP nanocomposite.

The reproducibility of the sensor was examined by six
successive cyclic measurements using different concentrations
of methanol (10, 30, 50 and 80%) and relative standard deviation
(RSD) was calculated. The % RSD was found to be 18.30, 5.787,
6.334 and 19.52% for 10, 30, 50 and 80% respectively. The range
between 30 and 50% shows better reproducibility behaviour for the
results obtained. Precision of the method was tested by performing
inter-day studies. For inter-day validation, prepared samples of
different concentrations were analyzed in triplicate using sensor
on three separate days. The % RSD values obtained from resistivity
response of methanol vapours are given in Table 4, a good precision
was obtained for methanol vapours.

4. Conclusion

In the present research work, electrically conductive polyani-
line-titanium(IV)molybdophosphate cation exchange nanocom-
posite was synthesized and characterized by using different
instrumental techniques. On the basis of conductivity behaviour
the material was used as alcohol vapours sensor (ethanol,
methanol and 1-propanol) at room temperature (25 8C). It was
observed that the cation exchange nanocomposite is a good sensor
for methanol vapours. These observations give us a direction for
use of cation exchange material as a gas sensor.
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Preparation, Characterization, and Properties
of Polyacrylonitrile–Silica Gel Anion Exchange
Composite Fibers

Asif Ali Khan, Umair BaigAQ1
Analytical and Polymer Research Laboratory, Department of Applied Chemistry, Faculty of Engineering and
Technology, Aligarh Muslim University, Aligarh 202002, Uttar Pradesh, India

This article reports the preparation of new anion
exchange composite fibers (AECFs). These AECFs
were prepared by simple stirring of polyacrylonitrile
(PAN) and silica gel in different stoichiometric ratios.
The physicochemical characterization of the prepared
AECFs was characterized by Fourier transform infrared
spectroscopy, scanning electron microscopy, X-ray
diffraction analysis, thermogravimetric analysis (TGA,
differential thermal analysis, and differential thermal
gravimetry), and elemental analysis (CHNS/O). Ion-
exchange behavior was also observed. The results
indicate that addition of silica gel affects the structure
and properties of the composite fibers. The addition of
silica gel also changes the thermal stability of PAN–
silica gel AECFs. The ion-exchange capacity of the
resulting AECFs was found to be 1.98 mequiv/
g. POLYM. ENG. SCI., 00:000–000, 2012. ª 2012 Society of
Plastics Engineers

INTRODUCTIONAQ2

Organic–inorganic ion-exchange composite materials

have the advantages of light weight, flexibility, and me-

chanical stability because of organic polymer, whereas

inorganic part provides thermal stability and inorganic mat-

rices of co-ions for exchangeable counter ions. Such com-

posite materials have excellent ion-exchange behavior and

also can be used in separation of toxic metal ions and in

electroanalytical applications [1–7]. Electrical conducting

behavior was an additional advantage of such materials;

thus, electrically conducting composite cation exchangers

were developed as new class of advance materials [8–10].

A large number of cation exchange materials are

reported in the literature, but very few anion exchange

materials have been studied so far. The anion exchanger

has its own significance in the field of ion-exchange

chromatography, because separation and identification of

anions are also important from environmental as well as

industrial point of view.

Some fibrous anion exchangers were synthesized on

the basis of industrially produced PAN fiber [11–18].

These materials are industrially produced under trade

mark FIBAN [13], VION [12, 18], and NITRON [19].

There are numerous reports on polymeric organic–

inorganic fibrous cation exchange composite materials

[20–22], but little work has been done on the synthesis

and applications of polymeric organic–inorganic fibrous

anion exchange composite material. Extremely fast rate of

sorption, easy permeability of filtering layers for liquids,

and high adsorption capacity are the main advantages of

fibrous ion exchanger compared with granular resin.

Literature survey reveals that the silica gel modified with

polymers was proposed to be used in chromatographic

ion-exchange separations and can be exploited for the

preparation of anion exchange materials [23–27].

It is interesting to prepare a new type of organic–

inorganic anion exchange composite fibers (AECFs) based

on PAN and silica gel by an ecofriendly route. The fol-

lowing pages summarize the preparation, characterization,

and anion exchange behavior of new polyacrylonitrile

(PAN)–silica gel composite fibers.

EXPERIMENTAL

Reagents and Chemicals

Following chemicals were used in the preparation of

composite fibers. Silica gel-H (E. Merck, India), PAN

from Research, Design and Standards Organization, India,

and tetrahydrofuran (THF; Qualigens, India). All other

reagents and chemicals were of analytical grade (AR).

Preparation of PAN–Silica Gel AECFs

PAN–silica gel AECFs were prepared in various

weight ratios of silica with PAN by stirring with magnetic

bar [28, 29]. A total of 500 mg of PAN was dissolved in

J_ID: PEN Customer A_ID: PES-12-0373.R2 Cadmus Art: PEN23442 Date: 3-DECEMBER-12 Stage: I Page: 1

ID: bharathi.s Date: 3/12/12 Time: 11:55 Path: N:/3b2/PEN#/Vol00000/120385/APPFile/JW-PEN#120385

NOTE TO AUTHORS: This will be your only chance to review this proof.
Once an article appears online, even as an EarlyView article, no additional corrections will be made.

Correspondence to: A.A. Khan; e-mail: asifalikhan2008@gmail.com

Contract grant sponsor: Ministry of Environment and Forest; contract

grant number: 19-36/2007-RE; contract grant sponsor: University Grants

Commission.

DOI 10.1002/pen.23442

Published online in Wiley Online Library (wileyonlinelibrary.com).

VVC 2012 Society of Plastics Engineers

POLYMER ENGINEERING AND SCIENCE—-2012



THF at room temperature. A controlled amount of silica

gel (100, 200, 300, 400, and 500 mg) was dispersed into

PAN solution in THF. Mechanical stirring was applied

for at least 24 h at room temperature to obtain homogene-

ous silica gel-dispersed PAN solution. The silica gel-dis-

persed PAN solution was dropped in vigorously stirring

water (demineralized water, DMW) to prepare the fibers

using magnetic stirrer. Composite fibers accumulated on

the surface of the water. After that the fibers were filtered

off, washed with doubly distilled water, and then dried at

room temperature. The dried fibers were converted into

Cl2 form by treating with 1 M NaCl for 2 days at room

temperature (258C) with occasional shaking intermittently

replacing the supernatant liquid with 1 M NaCl two to

three times. The excess was removed after several wash-

ings with DMW and finally dried at room temperature

(258C).The condition of preparation and the ion-exchange

capacity (IEC) of the AECFs are given in TableT1 1.

Chemical Composition

The chemical composition of PAN–silica gel AECFs

(sample AECFs-6) was determined by using elemental an-

alyzer (Elementary Vario EL III Carlo-Elba, model 1108)

and AOAC 18th Edition for carbon, hydrogen, nitrogen,

oxygen, and silicon, respectively. The percentage compo-

sitions of the material are presented in TableT2 2.

Fourier Transform Infrared Studies

The Fourier transform infrared (FTIR) spectrum of

PAN, silica gel, and PAN–silica gel AECFs were

obtained using FTIR spectrophotometer (Perkin-Elmer,

USA, model Spectrum-BX) in the original form by KBr

disc method at room temperature.

X-Ray Analysis

X-ray diffraction (XRD) patterns of PAN, silica gel,

and new PAN–silica gel AECFs prepared and described

in this work were obtained at a PHILIPS PW1710 instru-

ment equipped with a Cu anode, automatic divergence

slit, and a graphite monochromator, under the following

experimental conditions: CuKa radiation, 1.54 Å; genera-

tor tension, 45 kV; generator current, 40 mA; intensity

ratio (a2/a1), 0.500; and 2y range between 58 and 708.

Scanning Electron Microscopy Studies

Surface morphology of the original form of PAN,

silica gel, and PAN–silica gel AECFs was studied using

scanning electron microscopy (SEM; LEO 435–VF) at

various magnifications.

Thermal Studies

The degradation process and the thermal stability of

PAN, silica gel, and PAN–silica gel AECFs were investi-

gated by thermogravimetric analysis (TGA), differential

thermal analysis (DTA), and differential thermal gravimetry

(DTG) using thermal analyzer-V2.2A DuPont 9900, heating

sample from �24 to �10008C at the rate of 108C/min in the

nitrogen atmosphere at the flow rate of 200 ml/min.

Ion-Exchange Behavior of PAN–Silica Gel AECFs

Ion-Exchange Capacity Measurements. In the Cl2

Form. IECs of the AECFs samples were determined

using the Mohr method [30]. Accurately weighed dry

AECFs were converted to Cl2 ionic form through immer-

sion in 1 M NaCl for 2 days. Excess NaCl was washed

off and then the AECFs were immersed in 200 ml of 0.5

M Na2SO4. The amount of Cl2 was determined using

titration with AgNO3; anion exchange values were

obtained and expressed as mequiv/g of dry exchanger (In

Cl2 form).

XCl� þ Na2SO4 �!ion�exchange
2NaClþ XSO4

2� (1)

where X is the exchanger phase.
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TABLE 2. Percent composition of PAN–silica gel anion exchange

composite fibers.

Element Weight (%)

Si 30.97

C 35.19

H 5.42

N 7.62

O 19.81

TABLE 1. Conditions of preparation and ion-exchange capacity of various PAN–silica gel anion exchange composite fibers.

Membrane

no.

Amount of

polyacrylonitrile

(mg)

Amount of

silica gel (mg)

Amount of

tetrahydofuran

(ml)

Stirring

time (h)

Appearance

of the sample

Agitation

speed (rpm)

Ion-exchange

capacity

(mequiv/g)

AECFs-1 500 100 50 6 Hard and white 300 0.80

AECFs-2 500 150 50 12 Hard and white 300 1.25

AECFs-3 500 200 50 12 Hard and white 300 1.39

AECFs-4 500 300 75 24 Soft and white 300 1.40

AECFs-5 500 400 75 24 Soft and milky white 300 1.45

AECFs-6 500 500 75 24 Soft and milky white 300 1.98
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In the Arsenate Form by Indirect Determination. To

evaluate the IEC of selected sample (AECFs-6) by indi-

rect determination, accurately weighed dry AECFs were

converted to arsenate form through immersion in 0.1 M

sodium hydrogen arsenate (Na2HAsO4�7H2O) for 2 days.

Excess sodium hydrogen arsenate was washed off and

then the AECFs were immersed in 200 ml of 0.5 M

Na2SO4.

XAsðVÞ þ Na2SO4 �!ion�exchange
2NaþHAsO4

3� þ XSO4
3� (2)

where X is the exchanger phase.

The amount of arsenic was determined using titrimetric

determination of arsenate after precipitation as silver arse-

nate. An indirect determination of arsenic, based on precipi-

tation, filtration, and washing of silver arsenate, was carried

out by dissolving the precipitation in nitric acid and titrating

the silver by Volhard’s thiocyanate method [31]. The anion

exchange values were obtained and expressed as mequiv/g

of dry exchanger (in arsenate form).

In the Arsenate Form by Direct Determination. Accur-

ately weighed dry AECFs (AECFs-6) were converted to

arsenate form through immersion in 0.1 M sodium hydro-

gen arsenate (Na2HAsO4�7H2O) for 2 days. Excess sodium

hydrogen arsenate was washed off and then the AECFs

were immersed in 200 ml of 0.5 M Na2SO4. The amount

of arsenic was determined using portable coulometric ana-

lyzer (Arsenomate, Estran). The anion exchange values

were obtained and expressed in mequiv/g of dry exchanger

(in arsenate form).

Effect of Eluant Concentration. To find out the opti-

mum concentration of the eluant for complete elution of

Cl2 ions, a fixed volume (250 ml) of sodium sulfate

(Na2SO4) solutions of varying concentration was passed

through a column containing 500 mg of the exchanger in

the Cl2 form with a flow rate of �0.5 ml/min. The efflu-

ent was titrated with AgNO3 for the eluted Cl2 ions.

Elution Behavior. A column containing 500 mg of the

exchanger (AECFs-6) in Cl2 form was eluted with

Na2SO4 solution of this concentration in different 20 ml

fractions with minimum flow rate as described above, and

each fraction of 20 ml effluent was titrated with AgNO3

for the Cl2 ions eluted out.

RESULTS AND DISCUSSION

Various samples of organic–inorganic PAN and silica

gel-based AECFs were prepared by stirring with magnetic

bar [28, 29] under different stoichiometric ratios. A vari-

ety of AECFs by varying the stoicheometry between PAN

and silica gel were prepared and highest anion-exchange

capacity was observed in 1:1 stoichiometry (Table 1).

Because of higher IEC and reproducible behavior, sample

AECFs-6 (Table 1) was selected for further studies. All

PAN–silica gel AECFs samples were in white color

fibers, light weight, and suitable for use in the ion-

exchange process. The ion-exchange fibers possessed bet-

ter Cl2 IEC than granular silica gel-based anion

exchanger [32]. It may be due to more sites available for

exchange in fibrous material. The IEC of the selected

sample AECFs-6 (Table 1) in the arsenate form by indi-

rect determination was found to be 1.16 mequiv/g and by

direct determination using portable coulometric analyzer

was found to be 1.56 mequiv/g.

The column elution experiments indicated that the con-

centration of the eluants depends on the rate of elution. It

is evident from Fig. F11 that a minimum molar concentra-

tion of Na2SO4 was found to be 1.50 M for the AECFs-6

sample for the maximum elution of the Cl2 ions from

500 mg of the anion exchanger. The elution behavior

indicates that the exchange was quite fast as only 200 ml

of the Na2SO4 solution (1.50 M) was enough to release

all the exchangeable Cl2 from 500 mg of the PAN–silica

gel sample (Fig. F22).

The FTIR spectra of the AQ3PAN, silica gel, and PAN–

silica gel AECFs are shown in Fig. F33. In the spectra of

PAN, a band appears at 2243 cm21 shows CBN stretch-

ing frequency, whereas in the PAN–silica gel composite

fibers the CBN frequency (2361 cm21) peak is shifted to

higher energy side because of field effect. This effect may

be attributed to the complexation of PAN and silica gel

leading the shift of electron density from N atom toward

the silicon. The presence of silica gel in the composite

fibers is further strengthened because of the presence of

broad band at 3433 cm21, which may be assigned to the

vibration of hydroxyl groups which in turn is bonded to

Si. Rodriguez et al. [33] have also reported the silanol

group (Si��OH) at 3450 cm21. The broadness of this
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FIG. 1. Effect of eluant concentration on the ion-exchange capacity of

the PAN–silica gel anion exchanger composite fibers (AECFs-6).
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hump may also be due to the presence of occluded water

molecule. Further, some peaks are shifted in the compos-

ite fibers from 1070 cm21, 799 cm21 to 1090 cm21, 801

cm21, respectively, indicating the formation of PAN–

silica gel AECFs.

The percent composition of Si, C, H, N, and O in the

composite fibers was found to be 30.97, 35.19, 5.42, 7.62,

and 19.81%, respectively. The molar ratio of the Si, C, H,

N, and O in the composite fibers estimated as

2:5.27:9.77:1:2. A tentative formula of AECFs can be

proposed as: (CH2CHCN)2SiO2�H2O.

Figure F44a–d shows the SEM image of pure PAN, silica

gel, and PAN–silica gel composite fibers at different mag-

nifications, indicating the binding of inorganic material,

i.e., silica gel with organic polymer, i.e., PAN. The differ-

ence in surface morphology of organic polymer, inorganic

material, and composite fibers can be seen clearly. It has

been revealed that after binding of PAN with silica gel,

the morphology has been changed. Figure 4c and d shows

that the composite fibers were randomly distributed in the

form of fibrous web. The PAN–silica gel AECFs were

observed soft and flexible.

Figure F55 illustrates the diffractograms of pure PAN,

silica gel, and PAN–silica gel composite fibers in the 2y
range between 58 and 708. In the diffractogram of pure

PAN, there is no sharp diffraction peak, confirming their

noncrystalline nature. However, in the case of silica gel

some small peaks can be observed at 388, 41.58, and 658.
On the addition of silica gel in the PAN matrix, in the

diffractogram at 2y values 41.788, 43.388, 48.848, and
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FIG. 2. Elution behavior of PAN–silica gel anion exchange composite fibers (AECFs-6).

FIG. 3. FTIR spectra of PAN (a), silica gel (b), and PAN–silica gel

anion exchange composite fibers sample AECFs-6 (c).
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50.698 (d-spacing around 2.165, 2.08, 1.86, and 1.79 Å),

some sharp peaks can be observed, indicating the forma-

tion of PAN–silica gel composite fibers.

FigureF6 6 shows the TGA curves of silica gel, pure

PAN, and PAN–silica gel composite fibers. Silica gel is

stable up to 8008C, whereas PAN was initially stable up

to �1508C (2.73% mass loss, probably because of physi-

sorbed water molecules evaporated at this temperature).

The gradually weight loss with the same rate up to about

4158C can be ascribed to the degradation of the polymers

unsaturated groups, whereas beyond 4158C pure PAN is

stable up to 8008C with 2% further mass loss. The PAN–

silica gel composite fibers (Fig. 6) were found stable up

to 4508C and gradually decomposed at 5808C because of

degradation of PAN and subsequently remain stable up to

8008C with 2.8% further mass loss. The total mass loss

up to 8008C has been estimated to be about 19.90, 73.05,

and 39.89% for silica gel, PAN, and PAN–silica gel com-

posite fibers, respectively, and at 8008C, the percentage of

residual weight of silica gel, PAN, and PAN–silica gel

composite fibers is 80.10, 37.95, and 60.11%. As a result,

these data confirm that the presence of silica gel in the

PAN–silica gel composite fibers is responsible for the

higher thermal stability of the composite fibers in compar-

ison with pure PAN.

Figure F77 shows the DTA curve of pure PAN, silica

gel, and PAN–silica gel composite fibers. DTA of PAN

was found to exhibit two exothermic peaks at 3588C
(56.08 lV) and 4148C (51.25 lV). The exothermic peaks

at 3588C correspond to decomposition stage of PAN

between 150 and 3958C as shown in TGA, whereas the

exothermic peak at 4148C corresponds to second decom-

position stage of PAN from 395 to 5008as indicated in

TGA (Fig. 6). However, PAN–silica gel composite fibers
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FIG. 4. Scanning electron microphotographs (SEM) of (a) silica gel at the magnification of 35.00k, (b)

PAN at the magnification of 35.00k, and (c) PAN–silica gel composite fibers (AECFs-6) at the magnification

of 3588 and (d) at the magnification of 36.00k. AQ5
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exhibited exothermic peaks at 3328C (32.98 lV) and

4478C (43.01 lV), which correspond to decomposition

stage between (300–3958C) and (395–5508C), respec-

tively, in TGA (Fig. 6).

DTG analysis of pure PAN, silica gel, and PAN–silica

gel composite fibers was studied as a function of rate of

weight loss (lg/min) versus temperature (Fig.F8 8). In case

of pure PAN, decomposition at 175 and 3598C was found

with 25.12 and 451.53 lg/min weight loss, respectively.

However, in the case of PAN–silica gel composite fibers,

the decomposition was observed at 3718C with 525.04

lg/min weight loss. Thus, it could be concluded from the

DTG studies that the rate of thermal decomposition was

higher in the case of pure PAN–silica gel composite

fibers, whereas in the case of pure PAN, the rate of ther-

mal decomposition is lower. Better thermal resistance of

pure PAN–silica gel composite fibers was due to incorpo-

ration of silica gel in the PAN matrix.

CONCLUSION

In this article, PAN–silica gel AECFs containing dif-

ferent amount of silica gel were prepared by stirring with

magnetic bar. IEC, effect of eluant concentration, and

analysis of elution behavior were also carried out to

understand the IECs of the AECFs. SEM results showed

the change in the morphology of the composite fibers,

when silica gel was added in PAN. Composite fibers were
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FIG. 5. X-ray diffraction pattern of (a) PAN, (b) silica gel, and (c)

PAN–silica gel composite fibers (AECFs-6).

FIG. 6. TGA of PAN, silica gel, and PAN–silica gel anion exchange

composite fibers (AECFs-6).

FIG. 7. DTA of PAN, silica gel, and PAN–silica gel anion exchange

composite fibers (AECFs-6).

FIG. 8. DTG of PAN, silica gel, and PAN–silica gel anion exchange

composite fibers (AECFs-6).
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randomly distributed in the form of fibrous web. FTIR

spectra and XRD results confirm the formation of PAN–

silica gel composite fibers. The addition of silica gel also

changes the thermal properties of PAN–silica gel compos-

ite fibers.
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a b s t r a c t

Electrically conductive composite of polyaniline–titanium(IV)phosphate (PANI–TiP) was synthesized by
sol–gel method. The obtained composite was characterized by using Fourier transform infra red spectros-
copy (FTIR), X-ray diffraction (XRD), scanning electron microscopy (SEM) and thermogravimetric analysis
(TGA). The composite showed good ion-exchange capacity and isothermal stability in terms of DC elec-
trical conductivity retention at an ambient conditions below 100 �C. The composite material was inves-
tigated as alcohol vapors sensor and compared with blank polyaniline. The results showed that the
composite was more selective and sensitive towards methanol vapors.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Composite materials formed by the combination of inorganic
materials and organic polymers are attractive for the purpose of
creating high-performance or high-functional polymeric materials.
The molecular level combination of two different components that
may lead to new composite materials termed ‘organic–inorganic
hybrid materials’. Recently, new methods for preparing these hy-
brid materials have been reported. Some improvements of the
properties or modifications of these materials have also been ex-
plored from the viewpoint of industrial applications. Because of
their interesting possibilities for structural modifications and
promising potential applications in chemistry, biology, and materi-
als sciences, organic–inorganic nanocomposites have received
greater attention over the last few years. A wide range of organic
and inorganic materials can be combined to form nanocomposites
with unique electrical, catalytic, and optical properties. Conducting
polymers such as polythiophene, polypyrrole and polyaniline have
been recognized to be the most important and has exhibited great
potential for commercial applications due to its unique electrical,
optical and photoelectrical properties, as well as its ease of prepa-
ration and excellent environment stability [1–7].

The detection of polluted gases, especially toxic gases are
important to get clean indoor environment. The sensing materials

including inorganic or organic have been studied widely [8–19],
and chemical sensors have attracted a lot of attention in recent
years with perceived commercial markets ranging from quality
control to biomedical applications. Conducting polymer based
composites in recent times have gained popularity as competent
sensing materials for various organic vapors [20], hazardous gases
[21], humidity [22,23]. Few reports are available that account for
the use of polyaniline as a sensor for alcohol vapors, especially
methanol, ethanol and propanol [23–29]. The most obvious advan-
tage of organic and inorganic hybrids is that they can favorably
combine the often dissimilar properties of organic and inorganic
components in one material. Hybrid materials represent one of
the most fascinating developments in material chemistry in recent
years. Thus efforts have been made to synthesize such hybrid ion
exchangers with good ion exchange properties, high stability,
reproducibility, and selectivity for heavy toxic metal ions as dis-
cussed by Khan et al. [30–36]. To the best of our knowledge, this
is the first attempt to study such type cation exchange composite
for gas sensing applications.

In the present work, PANI–TiP cation exchange composite was
prepared and the material was characterized by chemical analysis
and using different instrumental techniques. The composite mate-
rial has been used for studying methanol vapor sensor and isother-
mal stability in terms of DC electrical conductivity retention. The
sensitivity of the composite to alcohol vapors resulted due to a
change in the resistivity. These changes have been explained on
the basis of the structural changes that occur in the polymers on
adsorption of alcohol vapors.

1381-5148/$ - see front matter � 2010 Elsevier Ltd. All rights reserved.
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2. Experimental

2.1. Chemical and reagents

Aniline was purified by distillation before use, Aaniline (99%)
from Qualigens (India Ltd.) and titanium dioxide (TiO2) from
Qualigens; ammonium persulphate (C.D.H. A.R. grade) was used
as received. The main reagents used for the synthesis of the mate-
rial were obtained from CDH, Loba Chemie, E-merck and Qualigens
(India Ltd.). All other reagents and chemicals were of analytical
grade.

2.2. Synthesis

2.2.1. Polyaniline
Polyaniline gel was synthesized by polymerization of aniline in

the presence of hydrochloric acid using ammonium persulphate
(acts as an oxidizing agent) by chemical oxidative polymerization
method. For the synthesis, we took 10% aniline with 100 ml of
1 M HCl in double distilled water (DMW) was taken in a double
wall flask at temperature 0 ± 1 �C with continuous stirring. The
solution (150 ml) of ammonium persulphate (0.1 M in double dis-
tilled water) was added drop by drop in the double wall flask with
continuous stirring. After 6 h, stirring was stopped and the solution
was filtered in Butchner funnel and the residual was washed 3–4
times with distilled water. The resultant residual was kept in des-
iccator for further use.

2.2.2. Titanium(IV)phosphate
Preparation of titanium(IV)phosphate (TiP) cation exchanger

was carried out by taking different ratios of titanium(IV)sulphate
stock solution and 1 M orthophosphoric acid solution prepared in
dematerialized water. Titanium(IV)sulphate stock solution was
prepared by dissolving 2 g of titanium dioxide in 62.5 ml of hot
concentrated sulfuric acid containing 25 g of ammonium sulphate
with constant stirring [37].

2.2.3. Polyaniline–titanium(IV)phosphate composite
PANI–TiP composite cation exchanger was prepared by the sol–

gel mixing of polyaniline into the inorganic precipitate of TiP with
a constant stirring. The resultant mixture was turned slowly into
greenish black colored slurries. The slurries were kept for 24 h at
room temperature. Polyaniline composite cation-exchanger based
gel was filtered off washed thoroughly with DMW to remove ex-
cess acid and any adhering trace of ammonium persulphate. The
washed gel was dried over P4O10 at 40 �C in an oven. The dried
products were immersed in DMW to obtain small granules. They
were converted to the H+ form by keeping it in 1 M HNO3 solution
for 24 h with occasionally shaking intermittently replacing the

supernatant liquid. The excess acid was removed after several
washings. The material was dried at 40 �C and grinded by pastel
mortar to obtain fine powder of composite.

2.3. Ion-exchange capacity

The ion-exchange capacity which is generally taken as a mea-
sure of the hydrogen ion liberated by neutral salt to flow through
the composite cation-exchanger was determined by standard col-
umn process. One gram of the dry cation-exchanger sample in
H+-form was taken into a glass column having an internal diameter
�1 cm and fitted with glass wool support at the bottom. The bed
length was approximately 1.5 cm long. One M alkali and alkaline
earth metal nitrates as eluants were used to elute the H+ ions com-
pletely from the cation-exchange column, maintaining a very slow
flow rate (�0.5 ml min�1). The effluent was titrated against a stan-
dard 0.1 M NaOH using phenolphthalein indicator.

2.4. Characterization

The FTIR spectra of TiP and PANI–TiP composites were recorded
by a Perkin Elmer 1725 instrument. XRD data were recorded by
Bruker D8 diffractometer with CuKa radiation at 1.540 ÅA

0

in the
range of 20�6 2h 6 80� at 40 keV. A LEO 435-VF scanning electron
microscopy was used to obtain the micrograph of the samples. The
thermo-gravimetric analysis were performed on the selected sam-
ple of the composite and polyaniline by using a Perkin Elmer (Pyris
Dimond) instrument heating from �10 �C to 600 �C at the rate of
10 �C min�1 in nitrogen atmosphere with the flow rate of
30 ml min�1. The chemical analysis of the composite was carried
for Ti(IV), P, C, H, N by using ICP-MS, AOAC and Vari-OEL CHNS.

2.5. Electrical conductivity

The selected sample of composite was dried at 40–50 �C in an
oven up to 24 h. The pellets of the composite material (200 mg)
were made at room temperature with the help of a hydraulic
pressure at 25 kN for 10 min. The optimum thickness of pellets
was obtained �0.2 mm. DC electrical conductivity of conducting
composite was measured by using a four-in-line probe. The con-
ductivity (r) was calculated using the following equations:

q ¼ qo=G7ðW=SÞ ð1Þ
G7ðW=SÞ ¼ ð2S=WÞln2 ð2Þ
qo ¼ ðV=IÞ2pS ð3Þ
r ¼ 1=q ð4Þ

where G7(W/S) is a correction divisor which is a function of thick-
ness of the sample as well as probe-spacing where I, V, W and S

Table 1
Conditions of preparation and the ion-exchange capacity of polyaniline–Ti(IV)phosphate composite cation exchange material.

Sample no. Mixing volume ratio (v/v) Mixing volume ratio (v/v) Appearance of
the sample

Na+ ion exchange
capacity in (meq g�1)

Titanium sulphate
(stock solution)

H3PO4 K2S2O8 in
1 M HC1

10% aniline in
(1 M) HCl

PTP-1 1 1 (1 M) 1 (0.1 M) 1 Greenish black 1.57
PTP-2 2 1 (1 M) 1 (0.1 M) 1 Greenish black 1.35
PTP-3 3 1 (1 M) 1 (0.1 M) 1 Greenish black 2.59
PTP-4 1 2 (1 M) 1 (0.1 M) 1 Greenish black 1.32
PTP-5 1 3 (1 M) 1 (0.1 M) 1 Greenish black 1.08
PTP-6 1 1 (2 M) 1 (0.1 M) 1 Greenish black 1.69
PTP-7 2 1 (2 M) 1 (0.1 M) 1 Greenish black 1.86
PTP-8 1 1 (3 M) 1 (0.1 M) 1 Greenish black 1.45
PTP-9 2 1 (3 M) 1 (0.1 M) 1 Greenish black 1.65
PTP-10 1 1 (1 M) _ _ Greenish black 1.22
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are current (A), voltage (V), thickness of the film (cm) and probe
spacing (cm) respectively. The isothermal stability of pellet in terms

of DC electrical conductivity retention was carried out on the
selected samples at 50 �C, 70 �C, 90 �C, 110 �C and 130 �C in an air
oven. The electrical conductivity measurements were carried out
at an interval of 10 min.

2.6. Sensor testing measurements

The pellet of the material (PANI–TiP) was dried in air for 45 min
and then placed in an oven at 80 �C for 24 h to remove any excess
solvent. The gas sensitive characteristic of the composite was
investigated by recording their electrical responses when exposed
alternately to different concentration of alcohol vapor at room
temperature. The sensing material was placed into the glass cham-
ber and gently pressed by four-probe to record the current–voltage
characteristics using digital microvoltmeter (DMV 001) and low
current sources (LCS 02). The vapor sensitivities were recorded
by their electrical responses. The distance between sensing mate-
rial and solvent was kept 3–4 cm at the time of exposure of
different concentration of methanol on the sensing material at
room temperature. The initial resistivity of sensing material was
allowed to stabilize prior to the exposure of the alcohol vapors.
The required concentration of methanol was poured into the
chamber through the funnel. The sensing material was exposed
to the solvent for appropriate time and then glass chamber was
washed with double distilled water to remove the solvent.

3. Results and discussion

Among the various sample prepared the composite cation
exchanger PANI–TiP (PTP-3) possessed a better Na+ exchange
capacity (2.59 meq g�1) as compared to the inorganic ion exchanger
TiP (1.22 meq g�1) as evident from Table 1. The electrical conductivity
variation with content of aniline concentration in the composite is
shown Table 2. Ten percent aniline monomer composite was
selected for further study.

Table 2
Values of the DC electrical conductivity for the polyaniline–Ti(IV)phosphate compos-
ite with different aniline monomer concentration.

Samples ID Amount of
aniline (%)

Conductivity of PANI–Ti(IV)phosphate
composite (S/cm)

Sample-1 2.5 0.64
Sample-2 5.0 1.97
Sample-3 7.5 2.08
Sample-4 10 3.34
Sample-5 15 3.37
Sample-6 20 3.39
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Fig. 1. Temperature dependence of electrical conductivity of PANI–TiP composite.

Fig. 2. FTIR spectra of (a) TiP, (b) unexposed PANI–TiP and (c) methanol exposed
PANI–TiP composite. Fig. 3. TGA of PANI and PANI–TiP composite.
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The PANI–TiP composite was observed to show the enhance
electrical conductivity on increasing temperature. The electrical
conductivity of the composite was increased up to �100 �C after
that a deviation was observed as shown in Fig. 1. It may be due
to the loss of weight which started from 100 �C as shown in Fig. 3.

The FTIR spectra of TiP, unexposed PANI–TiP, and methanol ex-
posed PANI–TiP is shown in Fig. 2. In the spectrum of TiP a strong
band appeared around 3400 cm�1 show –OH stretching frequency
and the peaks in the region of 1100 cm�1 is due to the presence of
phosphate group and peaks at 800 cm�1 attributed to M–O bond-
ing. The bands due to aromatic stretching vibrations of C–N appear
at �1294 cm�1. The absorption peaks at �1594 and 1490 cm�1

represent the quinoid (Q) and benzenoid (B) structures of the poly-
aniline (these peaks correspond to most of the characteristic peaks
for PANI, as described in literature [38,39]) in unexposed PANI–TiP
composite). A comparison of the FTIR spectra of the methanol ex-
posed 10% amount of aniline composite (PANI–TiP) reveals that
the quinoid peak is shifted from 1594 to 1550 cm�1. This can be
attributed to the interaction of methanol with imine nitrogens,
thereby causing the reducing effect. The effective positive charge
on imine nitrogen is reduced by the methanol molecule.

Fig. 3 shows the TGA curve of polyaniline and PANI–TiP com-
posite. The TGA thermogram of PANI showed 10% weight loss oc-
curred up to 200 �C, which was due to the presence of water
molecule and then underwent degradation, and the complete
weight loss occurred at around 625 �C. The TGA curve of the
PANI–TiP composite shows the weight loss in range of 100–
200 �C, it may be due to the loss of water and low molecular weight
oligomers and only 40% weight of the composite was lost at about
1000 �C. It can be seen that the thermal stability of the PANI–TiP
composite is higher than that of pure PANI.

Fig. 4a–c depicts the SEM micrographs of TiP, PANI and PANI–
TiP. Fig. 4a shows the micrograph of TiP gel which indicates the
smooth surface. Fig. 4b shows the micrograph of PANI reveals gran-
ular type structure. Fig. 4c depicts the micrograph of composite, in
which the morphology of the composite is quite different from that
of the parental components. Polyaniline evenly distributed
throughout the entire TiP, which has porous and globular
structure.

Fig. 4. SEM micrographs of (a) TiP gel, (b) PANI and (c) PANI–TiP composite.
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Fig. 5. XRD patterns of PANI–TiP and TiP.

852 A.A. Khan et al. / Reactive & Functional Polymers 70 (2010) 849–855



Author's personal copy

Fig. 5 shows the XRD pattern of TiP and PANI–TiP composite.
Some characteristics peaks for crystalline structure of TiP are seen.
The crystalline peaks of TiP were reduced in composite XRD pat-
tern due to the dominant amorphous nature of polyaniline.

The chemical analysis of the PANI–TiP shows the following
composition: Ti = 6.96%, P = 1.28%, C = 7.029%, H = 2.165% and
N = 1.712%. On the basis of chemical composition and molar ratios
the following tentative structure of PANI–TiP composite can be
proposed.

½ðTiO2ÞðH3PO4Þ3ð—C6H5NH—Þ3� � nH2O

3.1. Methanol vapor sensing study

In this study, the sensing capability of blank PANI and PANI–TiP
composite sensors towards the alcohol vapors has been explored.
The electrical resistivity response is measured in presence of meth-
anol vapors (used as received) and air respectively. It is well known
that PANI is a p-type semiconductor. Therefore, the exposure of
electron-donating gases such as alcohol to PANI causes a decrease
in conductivity [40]. The resistivity of blank PANI is increasing on
exposure to methanol vapors and decreasing on exposure to air.
The time is extended up to several minutes when compared with
PANI–TiP composite (as shown in Fig. 6) [41]. In the case of
PANI–TiP composite, a rapid response in the presence of methanol
vapor as well as in air is observed. The reproducibility in the re-
sponse can be attributed to the adsorption and desorption of the

analyte vapors during exposure and removal of vapors. It was ob-
served that methanol vapor and air sensing response of PANI–TiP
was better and reproducible than blank PANI. Moreover, the meth-
anol vapor sensing ability of the composite sensor is significantly
improved because the material is behaving as an excellent cation
exchange (2.59 meq g�1). The positively charge cations present in
the composite might have greater attraction for electron donating
vapors of alcohol, resulting the increase in resistivity. Using the
tentative structure of the composite material can be represented
as Scheme 1. The effective positive charge on the imine nitrogen
is reduced by converting the imine nitrogen to amine, i.e.
benzenoid structure is formed during the positive interaction.
These results are also supported by FTIR studies.

The responses of this polymeric sensor for the ethanol and dif-
ferent percentage of methanol + ethanol mixture were also inves-
tigated shown in Fig. 7. The changes in current–voltage data
recorder are less sensitive towards ethanol vapors due to the low
polarity nature of ethanol. On the other hand, methanol is more
polar and small in size than ethanol; hence it would interact more
efficiently than ethanol. The response time for ethanol is also
increased, it may be due to the bigger molecule of ethanol as
compare to methanol. However, the response time is seen to
increase appreciably from 70%, 50% and 20% methanol + ethanol
mixture. The response at each concentration justifies that metha-
nol molecules are sensitive and selective for this composite
material.

3.2. Stability in terms of DC electrical conductivity retention

The isothermal stability of the composite material in term of DC
electrical conductivity retention was carried out at 50 �C, 70 �C,
90 �C, 110 �C and 130 �C in an air oven. The electrical conductivity
measurements were done five times every after an interval of
10 min at a particular temperature. The electrical conductivity
measured with respect to time is presented in Fig. 8. It was
observed that all the composite materials followed Arrhenius
equation for the temperature dependence of the electrical conduc-
tivity from 50 to 90 �C and after that a deviation in electrical
conductivity was observed, it may be due to the loss of dopant
and degradation of materials. The stability of PANI–TiP composite
in terms of DC electrical conductivity retention was found to be
fairly good as studied by isothermal technique. The PANI–TiP com-
posite can be used in electrical and electronic applications below
90 �C under ambient conditions.0 2 4 6 8 10 12 14 16 18
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4. Conclusion

In the present research work, PANI–TiP cation exchange com-
posite material was synthesized. The composite was characterized
by using different instrumental techniques. DC electrical conduc-
tivity behavior of PANI–TiP at 50 �C, 70 �C, 90 �C, 110 �C was
recorded. On the basis of conducting behavior of the material;
alcohol vapor sensing studies were performed. It was observed that
the cation exchange composite (PANI–TiP) is a good sensor for
methanol. These observations give us a direction for use of cation
exchange material as a gas sensor.
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Preparation of new polymethylmethacrylate–silica gel anion exchange
composite fibers and its application in making membrane electrode for
the determination of As(V)
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H I G H L I G H T S

• New anion-exchange composite fibers were prepared by simple stirring method.
• Ion-selective electrode was developed by using these fibers for the determination of As(V).
• The ISE shows linear potential response in the concentration range of 1×10−1mol L−1 to 1×10−8mol L−1 of As(V) ion.
• The accuracy of the procedure has been tested on arsenic-free drinking water samples.
• Results were comparable to those generated by PCA-Arsenomat (Arsenic Analyzer).
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Polymethylmethacrylate–silica gel (PMMA–silica gel) organic–inorganic anion-exchange composite fibers were
prepared by simple stirring with magnetic bar in different stoichiometric ratios of polymethylmethacrylate
(PMMA) and silica gel. The structure andmorphology of the prepared composite fibers were ascertained by Fou-
rier transform spectroscopy (FTIR), scanning electronmicroscopy (SEM), thermogravimetric analysis (TGA) and
elemental analysis (CHN/O). The material was found to be highly desirable for electroanalytical application as
ionic sensor, its membrane electrode has been developed for the detection of As(V) in solutions. The membrane
electrode shows the best resultwith linear potential response in the concentration range of 1 × 10−1 mol L−1 to
1 × 10−8 mol L−1 of As(V) ion with a slope of 30.78 mV/decade. The useful pH of the electrode is 5.5–10.0. The
selectivity coefficient values for interfering ions indicate good selectivity for As(V) over interfering anions. The
accuracy of the procedure has been tested on arsenic-free drinking water samples spiked with known amount
of arsenate and resultswere comparable to those generated by Portable Coulometric Analyzer (PCA-Arsenomat).

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

In the recent years ion exchangemembranes have considerably been
an attraction for their possible applications in wide variety of areas such
as membrane electrolysis [1], fuel cell storage batteries (fuel cells) [2],
device for drug delivery [3], separation of heavy toxic metal ions [4]
and in making ion selective membrane electrodes [5–7]. Thus to with-
stand the demanding applications of these fields, thermally andmechan-
ically stable ion exchangematerials are required to prepare ion-selective
membrane. Incorporation of inorganic part within the polymer matrices
has been successfully employed with the increment of these properties
in organic–inorganic composites. Organic polymeric part of the compos-
ite provides the mechanical strength, whereas inorganic part supports

the thermal stability and also increases the ion-exchange capacity.
Such modified composite materials can be used in membrane prep-
aration and may be applicable in various membrane processes such
as ultrafiltration, nanofiltration, fuel cell applications, and separa-
tion, detection and determination of toxic metals, metalloids and
pesticides using their membrane electrode [8,9,5–7]. A number of
ion selective membrane electrodes have been successfully used as
electrochemical sensors and have been found to have vast applica-
tions in diverse field of analysis because of their low cost, good selec-
tivity, are sensitive and are applicable over awide range of experimental
conditions. But very few anion exchange membrane and its applications
as anion selective electrodes are available in literature, although the de-
tection and determination of anions in trace amounts are also important
from environmental point of view.

Anthropogenic activities including mining, smelting and the wide
spreaduse of pesticide in the farming industries contributed to the arse-
nic pollution in the environment [10]. Arsenic pollution in drinking
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water is a serious environmental and health concern because of the tox-
icity of arsenic on human and other living organisms [11]. Elevated
levels of arsenic in the environment can enter into the food chain and
cause deleterious effect on humans and other organisms. Various health
problems are closely associated with arsenic toxicity such as skin dis-
eases, birth defects, nephropathy, liver dysfunction and haematopoiesis
[12]. In drinking water supplies also, arsenic is usually naturally occur-
ring although some pesticides and preservatives also contain arsenic.
Monitoring of these compounds is therefore very important. Although
there are various instrumental techniques such as atomic absorption
spectrometry (AAS) [12–15], atomic fluorescence spectrometry (AFS)
[16–18], inductively coupled plasma atomic emission spectroscopy
(ICP-AES) [19–22] and inductively coupled plasma mass spectrometry
(ICP-MS) [23–28] that are available for the determination of arsenic,
these methods require high cost and infrastructure development.
Therefore the present research work proposes low cost portable tech-
nique for the detection and determination of As(V) in trace amounts
by electroanalytical methods using newly prepared PMMA–silica gel
anion exchange composite fiber membrane. The results are compared
with other reported As(V) selective electrodes.

2. Experimental

2.1. Reagents and chemicals

For the preparation of anion exchange composite fibers the main
chemical was used: silica gel-H (E. Merck, India), PMMA (molecular
weight, MW, 75,000) from Research, Design and Standards Organiza-
tion, India and tetrahydrofuran (Qualigens, India). All other reagents
and chemicals were of analytical grade (AR).

2.2. Preparation of PMMA–silica gel anion exchange composite fibers
(AECFs)

PMMA–silica gel anion exchange composite fibers were prepared
in various weight ratio of silica gel with PMMA by stirring with mag-
netic bar [29,30]. 500 mg PMMA was dissolved in tetrahydrofuran
(THF) at room temperature and a controlled amount of silica gel
(100, 200, 300, 400 and 500 mg) was dispersed into PMMA solution.
Mechanical stirring for at least 24 h was applied at room temperature
in order to obtain homogeneous silica gel dispersed PMMA solution.
The silica gel dispersed PMMA solution was dropped in vigorously
stirring demineralized water (DMW) to prepare the fibers using mag-
netic stirrer. Composite fibers accumulated on the surface of the
water. Now the fibers were filtered off, washed with doubly distilled
water and then dried at room temperature. The dried fibers were
converted into Cl− form by treating with 1 mol L−1 NaCl for two
days with occasional shaking intermittently replacing the superna-
tant liquid with fresh 1 mol L−1 NaCl two to three times. The excess
was removed after several washings with DMW (demineralized
water) and finally dried at room temperature. The condition of

preparation and the ion-exchange capacity (IEC) of the anion ex-
change composite fibers are given in Table 1.

2.3. Ion-exchange capacity (IEC) measurements

2.3.1. In the CI− form
Ion exchange capacities (IECs) of the anion exchange composite

fiber samples in the CI− formwere determined using theMohrmethod
[31]. Accurately weighed dry AECFs were converted to Cl− ionic form
through immersion in 1 mol L−1 NaCl for two days. The excess
NaCl was washed off and then the AECFs were immersed in 200 mL
0.5 mol L−1 Na2SO4. The amount of Cl−was determined using titration
with AgNO3; anion exchange values were obtained and expressed as
meq g−1 of dry exchanger (In Cl− form). The anion exchange composite
fibers (sample AECF-6) having a maximum capacity of 2.20 meq g−1

were selected for further studies.

2.3.2. In the arsenate form by indirect determination
To evaluate the ion exchange capacity (IEC) of the selected sample

(AECF-6) in the arsenate form by indirect determination, accurately
weighed dry AECFswere converted to arsenate form through immersion
in 0.1 mol L−1 sodium hydrogen arsenate [Na2HAsO4·7H2O] for 2 days.
The excess sodium hydrogen arsenate was washed off and then the
AECFs were immersed in 200 mL 0.5 mol L−1 Na2SO4. The amount of
arsenic was determined using the titrimetric determination of arsenate
after precipitation as silver arsenate, an indirect determination is based
upon the precipitation, filtration and washing of silver arsenate,
followed by dissolving the precipitate in nitric acid and titrating
the silver by Volhard's thiocyanate method; anion exchange values
were obtained and expressed as meq g−1 of dry exchanger (in arse-
nate form).

2.3.3. In the arsenate form by direct determination
To evaluate the ion exchange capacity (IEC) of the selected sample

(AECF-6) in the arsenate form by portable coulometric analyzer for fast
determination of arsenic (PCA Arsenomat, Instan), accurately weighed
dry AECFs were converted to arsenate form through immersion in
0.1 mol L−1 sodium hydrogen arsenate [Na2HAsO4·7H2O] for 2 days.
The excess sodium hydrogen arsenate was washed off and then the
AECFs were immersed in 200 mL 0.5 mol L−1 Na2SO4. The amount of
arsenic was determined using portable coulometric analyzer; anion ex-
change values were obtained and expressed as meq g−1 of dry ex-
changer (in arsenate form).

2.4. Characterizations of PMMA–silica gel anion exchange composite
fibers

The chemical composition of PMMA–silica gel anion exchange com-
posite fibers (sample AECF-6) was determined by using elemental ana-
lyzer (Elementary Vario EL III Carlo-Elba, model 1108) and inductively
coupled plasma mass spectrophotometer for carbon, hydrogen, nitro-
gen, and silicon respectively.

Table 1
Conditions of preparation and ion-exchange capacity of various PMMA–silica gel anion exchange composite fibers.

Membrane
no.

Amount of Polymethylmethacrylate
(PMMA) (mg)

Amount of silica gel
(mg)

Amount of tetrahydrofuran
(T.H.F) (mL)

Stirring time
(h)

Appearance of the
sample

Ion-exchange capacity
(meq g−1)

AECF-1 500 100 50 12 Hard and white 0.52
AECF-2 500 150 50 12 Hard and white 0.49
AECF-3 500 200 75 24 Soft and white 0.75
AECF-4 500 300 75 24 Soft and white 1.10
AECF-5 500 400 75 24 Soft and milky white 1.65
AECF-6 500 500 75 24 Soft and milky white 2.20
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The Fourier transform infra-red spectroscopy (FTIR) spectra were
recorded using Perkin Elmer 1725 instrument. To study the surfacemor-
phology, scanning electron microscopy (SEM) was done by LEO 435-VF.
X-ray diffraction (XRD) data were recorded by PHILIPS PW1710 diffrac-
tometerwith CuKα radiation at 1.540 Å in the range of 5° ≤ 2θ ≤ 70° at
45 kV. The thermal stability was investigated by thermogravimetric
analysis (TGA) using thermal analyzer-V2.2A DuPont 9900. The samples
were heated from 30 °C to 800 °C at the rate of 10 °C/min in the nitro-
gen atmosphere at the flow rate of 200 mL/min.

2.5. Preparation of membranes

Membranes of PMMA–silica gel anion exchange composite fibers
were prepared in various weight ratios of composite fibers by solution
casting method. A controlled amount of PMMA–silica gel composite fi-
bers (100, 150, 200, 300, 400 and 500 mg) was dispersed in THF at
room temperature. Mechanical stirring was applied for at least 6 h at
room temperature in order to obtain composite fiber dispersed solution.
The PMMA–silica gel dispersed solutionwas cast onto clean glass plates
and kept for 48 h at room temperature to allow complete evaporation
of THF. The resultant composite membranes were cautiously peeled
out of the glass plate and rinsed with doubly distilled water on both
sides and dried at room temperature. PMMA membrane was prepared
with a similar method.

2.6. Physicochemical characterization of the membranes

The water content (% total wet weight), porosity, thickness and
swelling were determined by the same method as discussed in our
previous studies [7]. The characterization of PMMA–silica gel anion
exchange composite fiber membranes is given in Table 2. Thosemem-
branes which exhibited good surface qualities like porosity, thickness
and swelling were selected for further investigation.

2.7. Fabrication of ion-selective membrane electrode

Themembrane sheet of 0.15 mmthickness as obtained by the above
procedurewas cut in the shape of disk andmounted at the lower end of
a Pyrex glass tube (outer diameter 0.8 cm, internal diameter 0.6 cm)
with araldite. Finally, the assembly was allowed to dry in air for 24 h.
The glass tube was filled with 0.05 mol L−1 sodium arsenate solution.

2.7.1. Potential measurements
Electrodewas then equilibratedwith As(V) solution (0.05 mol L−1)

for 5–7 days. The tube was filled 3/4th with sodium hydrogen arsenate
[Na2AsO4·7H2O] solution (0.05 mol L−1) and then immersed in a bea-
ker containing the test solution of varying concentration of As(V) ion,
keeping the level of inner filling solution higher than the level of the
test solution to avoid any reverse diffusion of the electrolyte. A sat-
urated calomel electrode (SCE) was inserted in the tube for electrical
contact and another saturated calomel electrode (SCE) was used as

external reference electrode. All the potential measurements were
carried out using the following cell assembly:

SCE 0:05 mol L−1As Vð Þ Membranej jj j0:05 mol L−1As Vð Þ test solutionð Þ
�
�
�

�
�
�SCE:

Potentiometric measurements were observed for a series of standard
solutions of sodium arsenate [Na2AsO4·7H2O] (10−12–10−1 mol L−1),
prepared by gradual dilution of the stock solution, as described by
IUPAC Commission on Analytical Nomenclature [32]. The calibration
graphs of potential versus concentration were plotted.

2.7.2. Characteristics of the electrode
In order to study the characteristics of the electrode, the following

parameters were evaluated: lower detection limit, response time and
working pH range. In the present work the potentiometric selectivity
coefficient (KAB

pot) of interfering anions was determined by using the
mixed solution method [33]. The selectivity coefficient was calculated
using the equation given below:

KAB
pot ¼ aA= aBð ÞzA=zB ð1Þ

where aA and aB activities of primary and interfering ion and zA and
zB are charges on the ions.

2.7.3. Effect of pH
A series of solutions of varying pH in the range of 1 to 13 were pre-

pared, while keeping the concentration of the relevant ion constant
(1 × 10−4 mol L−1 and1 × 10−6 mol L−1). The pH variations were
brought out by the addition of dilute acid (HCl) or dilute alkali (NaOH)
solutions. The value of the electrode potential at each pH was recorded,
and plotted against the pH.

2.7.4. The response time
The response time is measured by recording the e.m.f. of the elec-

trode as a function of time when it is immersed in the solution to be
studied. The electrode is usually first dipped in a 1 × 10−4 mol L−1

solution of the ion concerned and immediately shifted to another solu-
tion of 1 × 10−3 mol L−1 ion concentration of the same ion (10-fold
higher concentration). The potential of the solution was read at 0 s,
i.e. just after immediate dipping of the electrode in the second solution
and subsequently recorded at the intervals of 4 s. The potentials were

Table 2
Characterization of PMMA–silica gel composite fiber membranes.

Membrane
no.

Amount of
PMMA–silica gel
composite fibers
(mg)

Amount
of T.H.F
(mL)

Thickness
(mm)

Total
wet
weight
(%)

Porosity
(−)

Swelling
(%)

AECM-1 100 30 0.14 2.050 0.00128 0.11
AECM-2 150 30 0.15 2.125 0.0015 0.261
AECM-3 200 50 0.15 2.340 0.0020 0.269
AECM-4 300 50 0.16 2.451 0.0023 0.316
AECM-5 400 50 0.20 3.652 0.0025 0.450
AECM-6 500 50 0.20 3.680 0.0026 0.466

Fig. 1. FTIR spectra of PMMA (a) silica-gel (b) and PMMA–silica gel anion-exchange
composite fibers(c).
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then plotted against the time. The time during which the potentials at-
tain constant value represents the response time of the electrode.

2.7.5. Storage of electrodes
The membrane electrode was stored in distilled water for more

than one day when not in use. It was activated with (0.1 mol L−1)
As(V) solution by keeping it immersed for 2 h, before use, to compen-
sate for any loss of metal ions in the membrane phase that might have
taken place due to a long storage in distilled water. Electrode was
then washed thoroughly with DMW before use.

3. Results and discussion

3.1. Preparation and ion-exchange behavior of PMMA–silica gel composite
fibers

Various samples of organic–inorganic PMMA–silica gel anion ex-
change composite fibers were prepared by stirring with magnetic bar

[29,30] under different stoichiometric ratios. Althoughwehave prepared
a variety of anion exchange composite fibers by varying the stoichiome-
try between PMMA and silica gel, the highest anion exchange capacity
was observed in 1:1 stoichiometry (Table 1). Due to higher ion exchange
capacity and thermal stabilities, sample AECF-6 (Table 1) was selected
for further studies. All PMMA–silica gel anion exchange composite
fiber samples were in white color, light weight and suitable for use in
the ion-exchange process. The PMMA–silica gel anion-exchange com-
posite fibers possessed better Cl− ion exchange capacity than granular
silica gel based anion exchanger [34,35]. The ion exchange capacity of
the selected sample AECF-6 (Table 1) in the arsenate formby indirect de-
termination was found to be 1.74 meq/g and by direct determination
using portable coulometric arsenic analyzerwas found to be 1.98 meq/g.

3.2. Chemical composition and FTIR spectroscopic studies

The percent composition of Si, C, H, and O in the composite fibers
(AECF-6) was found to be 35.05%, 40.19%, 5.422% and 19.338%

Fig. 2. Scanning electron micrographs (SEM) of (a) PMMA (b) Silica gel and (c–d) PMMA–silica gel anion exchange composite fibers at different magnifications.
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respectively. The molar ratio of Si, C, H, and O in the composite fibers
was estimated to be 1:3.34:5.38:1.208.

The FTIR spectra of the PMMA, silica gel and PMMA–silica gel anion
exchange composite fibers are shown in Fig. 1. In the spectra of PMMA,
the fingerprint characteristic vibration bands of PMMA appear at 1730
ν(C_O) and 1450 ν(C\O). The bands at 2993 and 2950 cm−1 corre-
spond to the C\H stretching of the methyl group (CH3) while the
bands at 1386 and 1444 cm−1 are associated with C\H symmetric and
asymmetric stretching modes, respectively. The 1241 cm−1 band is
assigned to torsion of the methylene group (CH2) and the 1149 cm−1

band corresponds to the vibration of the ester group C\O, while C\C
stretching bands are at 988 and 841 cm−1. The presence of silica gel in
the composite fibers is further strengthened from the presence of
broad band at 3433 cm−1whichmay be due to the vibration of hydroxyl

groups, which are bonded to Si. Rodriguez et al. [36] also reported the
silanol group (Si\OH) at 3450 cm−1. The broadness of this hump may
also be due to the presence of occluded water molecule. Further some
peaks are shifted in the composite fibers from 988 cm−1 and 841 cm−1

to 1061 cm−1 and 792 cm−1 respectively. This is the characteristic
Si\O\Si vibrational mode peaks and characteristic bending mode
peaks, respectively, indicating the formation of PMMA–silica gel AECFs.

3.3. Scanning electron micrograph (SEM) studies

Fig. 2 shows the SEM image of pure PMMA and PMMA–silica gel
composite fibers at different magnifications, indicating the binding
of inorganic material i.e. silica gel with organic polymer i.e. PMMA.
The pictures showed the difference in surface morphology of organic
polymer, inorganic material and composite fibers. It has been re-
vealed that after binding of PMMA with silica gel, the morphology
has been changed. Fig. 2(c–d) shows that the composite fibers were
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Fig. 3. X-ray diffraction pattern of (a) PMMA and (b) PMMA–silica gel anion exchange
composite fibers.

Fig. 4. Thermogram of (a) PMMA and (b) PMMA–silica gel anion exchange composite
fibers.

Table 3
Potentiometric selectivity coefficient values of interfering ions.

Interfering ions Selectivity coefficient (KMSM)

SO4
2− 3.96 × 10−3

SCN− 4.78 × 10−4

NO3
− 2.99 × 10−4

Cl− 3.65 × 10−4

AsO3
3− 1.12 × 10−1

H2PO4
3− 5.40 × 10−2

CrO4
2− 4.43 × 10−3
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Fig. 5. (a) Calibration curve for PMMA–silica gel composite fibers membrane (AECM-1)
electrode in aqueous solution of Na2AsO4.7H2O (b) Nernstian value of linear working
range of calibration plot.
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randomly distributed to form the fibrous web. The PMMA–silica gel
anion exchange composite fibers were observed to be soft and flexible.

3.4. X-ray diffraction and thermogravimetric studies

Fig. 3 illustrates the diffractograms of pure PMMA and PMMA–silica
gel composite fibers in the 2θ range between 5 and 70°. In the
diffractogram of pure PMMA there is no sharp diffraction peaks,
confirming their non-crystalline nature. The PMMA is known to be
an amorphous polymer [37,38] and shows three broad peaks at 2θ
values 17°, 32° and 43° with their intensity decreasing respectively.
The 2θ = 17° peak is characteristic of (200) crystal plane of PMMA.
On the addition of silica gel in the PMMA matrix, the intensity of the
peaks17°, 32°, and 43° becomes shifted. This intensity changes in the
composite fibers due to the interaction between PMMA and silica gel
and some small peaks are situated in the diffractogram at 2θ values
32.44°, 34.96°, 43.62° and 50.88° (d-spacing around 2.759 Å, 2.566 Å,
2.074 Å, and 1.792 Å,). As a result, the crystallinity of the PMMA is
largely influenced by silica gel in the PMMA–silica gel composite fibers.

Fig. 4 shows a comparison of mass losses of pure PMMA and
PMMA–silica gel composite fibers upon heating in nitrogen atmo-
sphere. Pure PMMA (Fig. 4a) was initially stable up to 150 °C (2.73%
mass loss, probably due to physisorbed water evaporated at this tem-
perature); thereafter gradual weight loss with the same rate up to

about 415 °C, which takes place by heat adsorption, is ascribed to
the degradation of the polymer unsaturated groups. In the case of
PMMA–silica gel composite fibers (Fig. 4b) are initially stable up to
450 °C (2.5% mass loss) thereafter, they decompose gradually up to
about 580 °C (57.5% mass loss) because of the PMMA effect and sub-
sequently remain stable up to 800 °C with 2% further mass loss. It can
be concluded from Fig. 4 that the thermal stability of the PMMA–silica
gel composite fibers is better than that of pure PMMA. At 800 °C, the
percentage of residual weight of PMMA and PMMA–silica gel com-
posite fibers is 17.50% and 38%, respectively. As a result, these data
confirm that the addition of silica gel can improve the thermal stabil-
ity of PMMA.

3.5. Membrane characteristics

The thickness, swelling, porosity, and water content capacity of the
PMMA–silica gel anion exchange composite fiber membrane were in-
vestigated and the results are summarized in Table 2. It was observed
that as the amount of electroactive component of the membrane i.e.
PMMA–silica gel increased, the thickness, swelling, water content, po-
rosity also increased. Thus, the low orders of water content, swelling
and porosity with less thickness of this membrane suggest that the in-
terstices are negligible and diffusion across the membrane would
occur mainly through the exchange sites. Hence, membrane sample
AECM-1 (thickness 0.14 mm) was selected for the preparation of an
ion-selective electrode for further studies. However, further various
characteristics are necessary for a membrane ion-selective electrode
to be considered as a suitable sensor for the quantitative measurement
of ions. The most important characteristics are the slope, working con-
centration range, response time, pH, selectivity and life span of the
membrane electrode.

3.6. Potentiometric selectivity coefficient

The selectivity behavior is obviously one of the important character-
istics of the ion-selective electrodes, because it determines the relative
response of the membrane selective electrode for the primary ion
over other interfering ions present in the solution. In the present
studymixed solutionmethod (MSM)was employed to access the selec-
tivity of the fabricated As(V) ion-selective membrane electrode over
other commonly interfering anions such as SO4

2−, SCN−, NO3
−, Cl−,

and AsO3
3−. It is evident fromTable 3, thatmost of the interfering anions

showed low values of selectivity coefficient, indicating no interference
in the performance of the membrane electrode assembly. It is notewor-
thy that the selectivity coefficients for anions listed in Table 3 aremostly
in the order of 10−3 and 10−4, indicating that the proposedmembrane
electrode is highly selective over all the interfering ions studied. The in-
terference of SCN−, NO3

− and Cl− is almost negligible as evident from
the selectivity coefficient values. Such remarkable selectivity of the pro-
posed ion-selective electrode over other anions reflects the high affinity
of the membrane toward the As(V) ions.
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Fig. 6. Effect of pH on electrode potential of membrane electrode at (a) 1 × 10−4 and
(b) 1 × 10−6 M As(V) ion.

Fig. 7. Time response curve of PMMA–silica gel membrane electrode.

Table 4
Determination of As(V) added to a drinking water sample containing different concen-
trations of As.

As(V) added
(mg L−1)

As(V) found
(mg L−1)

Recovery
(%)

PCA-Arsenomat
(mg L−1)

5.0 4.46 89.2 4.78
7.5 7.15 95.33 7.29
10.0 9.55 95.50 9.89
12.0 11.71 97.50 11.89
14.0 13.59 97.07 13.76
16.0 15.68 98.00 15.82
18.0 17.78 98.77 17.90
20.0 19.66 98.33 19.85
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3.7. Performance of As(V) selective electrode

3.7.1. Working concentration range and slope
The As(V) ion-selective electrode obtained from PMMA–silica gel

anion-exchange composite fiber membrane gives a linear relationship
between the electrode potential and the negative logarithm As(V) con-
centration ranging from 1 × 10−1 mol L−1 to1 × 10−8 mol L−1. Each
sample was analyzed in triplicate by membrane electrode. The maxi-
mum standard deviation for all potential measurements is 2.449. Suit-
able concentrations were chosen for sloping portion of the linear
curve. The limit of detection (LOD) determined from the intersection
of the two extrapolated segments of the calibration graph [39] was
found to be 1 × 10−9 mol L−1, and thus the working concentration
range is found to be 1 × 10−1 mol L−1 to 1 × 10−8 mol L−1 (Fig. 5)
for As(V) ionswith a slope of 30.78 mV/decade for the calibration curve.

3.7.2. Effect of pH on electrode potential and response time
The pH effect on the potential response of the electrode was mea-

sured for 1 × 10−6 M and 1 × 10−4 mol L−1 As(V) ion concentration
at different pH values. The pH was adjusted with hydrochloric acid
and sodium hydroxide. Fig. 6 depicts that the pH dependence of the po-
tential is insignificant in the pH range 5.0–10.0 which can be taken as
working pH range for the electrode. The maximum standard deviation
for all potential measurements is 4.123 for 1 × 10−4 mol L−1 and
3.00 for 1 × 10−6 mol L−1 As(V) solution respectively. Another impor-
tant factor is the promptness of the response of the ion-selective elec-
trode. The average response time is defined as the time required for
the electrode to reach a stable potential.

The response time in contactwith 1 × 10−4 mol L−1 As(V) solution
was determined, and the results are shown in Fig. 7. It is clear from the
figure, that the response time of the membrane is ~20 s. The maximum
standard deviation for all potential measurements is 2.94.

The membrane could be successfully used up to 6 months with-
out any notable drift in potential during which the potential slope
is reproducible within ±1 mV per concentration decade. Whenever
a drift in the potential is observed, the membrane is re-equilibrated
with 0.1 mol L−1 sodium arsenate solutions for 3–4 days.

3.7.3. Accuracy
The proposed membrane electrode was found to work well under

laboratory conditions. To evaluate the accuracy, an As(V) selective elec-
trode was satisfactorily applied for the determination of arsenate in var-
ious samples of drinking water containing various amount of As(V)
spiked with increasing known concentration of As(V) ranging from 5
to 20 mg L−1. Each samplewas analyzed in triplicate bymembrane elec-
trode and results were tested by standard addition method. The results
are given in Table 4, which shows that the amount of arsenate recovered
with the help of themembrane electrode is in good agreement with that
determined by portable coulometric analyzer (PCA-Arsenomat), thereby
reflecting the utility of the proposed method.

Table 5 compares the working concentration range, response time,
life time, pH range and detection limit of the present electrode with
other reported As(V) ion-selective electrode [36,40]. The results clearly
indicated the superiority of the present electrode in terms of linear
range, pH, response behavior and detection limit.

4. Conclusion

In the present paper, new and novel PMMA–silica gel anion exchange
composite fibers containing different amounts of silica gelwere prepared
by simple stirring with magnetic bar. Result shows that composite fibers
have good ion-exchange capacity (2.20 meq/g) and thermal stability and
their As(V) selective membrane electrode has good operating charac-
teristics including Nernstian response (30.78 mV/decade), reasonable
detection limit, relatively high selectivity, wide dynamic range
(1 × 10−1 mol L−1 to 1 × 10−8 mol L−1) and fast response (20 s).
These characteristics and the typical applications presented in this
paper make the sensor a suitable one for measuring As(V) content in
real samples without a significant interaction from (Cl−, NO3

−, SCN−,
SO4

2−) anionic species.
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Abstract  Electrically conductive organic-inorganic polyaniline-t itanium (IV) phosphate cation exchange nanocomposite 
was synthesized by a modified sol-gel technique by incorporating titanium (IV) phosphate precipitate with the matrix of 
polyaniline. The material showed good electrical conductivity and successfully used in electroanalytical studies. The effect  of 
heating on ion-exchange capacity, effect of eluant concentration, elution behavior, pH titration studies were carried out to 
understand the ion-exchange capabilities of the exchanger. The degradation process and thermal behavior of polyaniline and 
polyaniline-t itanium(IV)phosphate nanocomposite were  also investigated by thermogravimetric analysis (TGA, DTA and 
DTG). The polyaniline-titanium(IV)phosphate cation exchange nanocomposite showed good ion-exchange behavior and 
found more thermally stable than pure polyaniline and other materials of this class.  

Keywords  Polymer, Nanocomposite, Ion-Exchange Behavior, Thermal Behavior 

 

1. Introduction 
Ion exchange materials are widely used for applicat ion in  

various fields such as fuel cell storage batteries (fuel cells), 
electrochemical separations, separation of heavy toxic metal 
ions and in making ion selective membrane electrodes[1-6]. 
For these applications, thermally  and mechanically  stable ion 
exchange materials should be developed. In the recent years, 
electrically conductive organic-inorganic ion-exchange 
nanocomposite materials are advanced class of materials due 
to their extraord inary properties within a single molecular 
composite[7-18]. Organic polymeric part of the composite 
provides the mechanical, electrical and chemical stability, 
where as the inorganic part provides the thermal stability, 
ion-exchange behaviour and also contributes in the electrical 
conduction. 

Po lyan iline-t itan ium(I V) phos phate, a  elect rically 
c ond uc t iv e  o rg an ic - ino r gan ic  ca t io n  e xc h an ge 
nanocomposite has shown excellent methanol and ammonia 
sensing properties and successfully used in electroanalytical 
studies in our previous research work[18-19, 2]. However 
ion-exchange and thermal properties of this material has yet 
to be reported in our present research work. The following 
pages summarize the ion-exchange properties such as effect  
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of eluant concentration, elution behavior and effect of pH 
and thermal p roperties such as effect of heating on exchanger 
and thermogravimetric analysis (TGA, DTA and DTG) of 
Polyaniline-t itanium(IV)phosphate cation exchange 
nanocomposite. PANI-TiP cation exchange nanocomposite 
is found more thermally  stable than other materials of this 
class. 

2. Experimental 
2.1. Reagents and Chemicals  

Aniline (99%) from Qualigens (India Ltd.) was purified  
by distilling twice before use, titanium oxide (TiO2 from 
CDH India), ammonium persulphate (C.D.H. A.R. g rade) 
was used as received. All other reagents and chemicals were 
of analytical g rade and were obtained from CDH, Loba 
Chemie, E-merck o r Qualigens (India Ltd.). 

2.2. Preparation of Polyaniline-ti tanium(IV)Phosphate 
Nanocomposite 

The ‘organic– inorganic’ polyaniline-t itanium(IV) phosph
ate cation exchange nanocomposite  was prepared as 
reported earlier[18-19].  

2.2.1. Synthesis of Polyaniline 

The organic polymer polyaniline was prepared by mixing  
different volumes of the solution of 10% aniline (C6H5NH2) 
and 0.1M potassium persulphate (K2S2O8) prepared in 1M 
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HCl with continuous stirring by a magnetic stirrer for half an 
hour at oC, and green colored gels were obtained.The gel was 
kept for 24 h at 0℃. 

2.2.2. Synthesis of Titanium(IV)phosphate 

Preparation of titanium (IV) phosphate (TiP) cation 
exchanger was carried out by taking different ratios of 
titanium (IV) sulphate stock solution and 1 M 
orthophosphoric acid solution prepared in dematerialized 
water. Titanium(IV)sulphate stock solution was prepared by 
dissolving 2 g of t itaniumdioxide in 62.5 mL of hot 
concentrated sulfuric acid containing 25 g of ammonium 
sulphate with constant stirring[20].  

2.2.3. Synthesis of Polyaniline-t itanium(IV) Phosphate 
Nanocomposite 

Polyaniline-t itanium (IV) phosphate cation-exchange 
nanocomposite was prepared by the sol-gel mixing of 
organic polymer polyaniline, into the inorganic precipitate of 
TiP. In this process, when the gel of polyaniline were added 
to the white inorganic precipitate of TiP with constant 
stirring for 1 h, the resultant mixture were kept for 24 hours 
at room temperature (25+2℃). Now the polyaniline based 
composite cation-exchanger gels were filtered off washed 
thoroughly with DMW to remove excess acid and any 
adhering trace of ammonium persulphate. The washed gels 
were dried  over P4O10 at 45℃ in  an oven. The d ried  products 
were immersed in DMW to obtain s mall granules. They were 
converted to the H+ form by keeping in 1 M HNO3 solution 
for 24 hours with occasional shaking intermittently replacing 
the supernatant liquid. The excess acid was removed after 
several washing with DMW. The materials were finally 
dried at 40℃ and grinded by pastel mortar to obtain fine 
powder of composite.  

2.3. Ion Exchange Behavior of Polyaniline-titanium(IV) 
Phos phate Nanocomposite 

2.3.1. Effect of Eluant Concentration 

To find out the optimum concentration of the eluant for 
complete elution  of H+ ions, a  fixed volume (250 ml) of 
sodium nit rate (NaNO3) solutions of varying concentration 
were passed through a column containing 1g  of the 
exchanger in the H+-form with a flow rate of ~ 0.5 ml min-1. 
The effluent was titrated against a standard alkali solution of 
0.1 M NaOH for the H+ ions eluted out (Fig 2). 

2.3.2. Elution Behavior 

Since with optimum concentration for a complete elution 
was observed to be 2 M for sample, a  column containing 1g 
of the exchanger in H+- form was eluted with NaNO3 
solution of this concentration in d ifferent 10 ml fractions 
with minimum flow rate as described above and each 
fraction of 10 ml effluent was titrated against a standard 
alkali solution for the H+ ions eluted out. This experiment 
was conducted to find out the min imum volume necessary 

for almost complete elution of H+ ions, which determines the 
exchange efficiency of the column as shown in Fig 3. 

2.3.3. Effect of pH 

pH titration studies of polyaniline-titanium(IV)phosphate 
was performed by the method of Topp and Pepper[21]. A 
total of 500 mg port ions of the cation-exchanger in the H+ 
-form were placed in each of the several 250 ml conical flask, 
followed by the addition of equimolar solutions of alkali 
metal chloride and their hydroxides in the different volume 
ratios, the final volume was kept 50 ml to maintain the ionic 
strength constant. The pH of the solution was recorded every 
24 h  until equilibrium was attained which needed ~5 days 
and pH at equilibrium was plotted against the 
milliequivalents of OH- ions added (Fig. 3).  

2.4. Thermal Behavior of Polyaniline-titanium(IV) 
phosphate Nanocomposite 

2.4.1. Thermal Effect on Ion-exchange Capacity (IEC) 

To study the effect of temperature on the IEC, 500 mg 
samples of the cation exchange nanocomposite (PTP-2) in 
the H+-form were heated at various temperatures in a muffle 
furnace for 1 h  and the Na+ ion-exchange capacity was 
determined by column process after cooling them at room 
temperature.  

2.4.2. Thermal (TGA, DTA and DTG) Studies 

The degradation process and thermal behavior of 
polyaniline and polyaniline-t itanium(IV)phosphate nanoco
mposite were investigated by the thermogravimetric analysis 
(TGA), differential thermal analysis (DTA) and differential 
thermal gravimetry (DTG) using thermal analyzer-V2.2A 
(Du Pont 9900), heating sample from ~24℃ to ~1000℃ at 
the rate of 10℃/min in the nitrogen atmosphere at the flow 
rate of 200 ml/min.  

3. Results and Discussion 
To find out the optimum concentration of the eluant for 

complete elution  of H+ ions, a  fixed volume (250 ml) of 
sodium nit rate (NaNO3) solution of vary ing concentrations 
were passed through a column containing 1 g  of the 
exchanger in the H+-form with a flow rate of ~ 0.5 ml min−1. 
The effluent was titrated against a standard alkali solution of 
0.1M NaOH for the H+ ions eluted out. A maximum elution 
was observed with the concentration of 2.0 M NaNO3 as 
indicated in Fig. 1. 

Since with optimum concentration for a complete elution 
was observed to be 2.0 M for sample PTP-3, a co lumn 
containing 1 g of the exchanger in H+-form was eluted with 
NaNO3 solution of this concentration in  different 10 ml 
fractions with minimum flow rate as  described above and 
each fractions of 10 ml effluent was titrated against a 
standard alkali solution for the H+ ions eluted out. This  
experiment was conducted to find out the minimum vo lume 
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necessary for almost complete elution of H+ ions, which 
determines the exchange efficiency of the column as shown 
in it is clear from Fig. 2 that maximum volume to release 
complete hydrogen ion of 1g ion exchanger was found 130 
ml NaNo3  

The pH titration curves for PANI-TiP (PTP-3) were 
obtained under equilibrium conditions with NaOH/NaCl, 
KOH/KCl and LiOH/LiCl, systems indicated bifunctional 
behavior of the material as shown in Fig. 3. For the sample 
PTP-3, the rate of H+–Na+ exchange was faster than those of 
H+–K+ and H+–Li+ exchangers. 

In order to study the effect of heating on the ion-exchange 
capacity, the dried PANI-TiP cation exchange 
nanocomposite was heated at rising temperature, in between 
the ion-exchange capacity was calculated at different 
temperatures. The detail of weight loss and ion-exchange 
capacity is given in  Table 1, where it can be seen that the 
nanocomposite showed steady weight loss, which started 
from 100℃  and till 1000℃  a lmost ~41.39% degradation 
took place. The init ial weight loss may be due to the loss of 
water vapor and volatile impurit ies and after which 
degradation of polymer chains may have taken place. It can 
be interpreted that the cation exchange nanocomposite is 
fairly stable upto 300 ℃  as it retained ~67.78% of its 
ion-exchange capacity and ~74.32% of its in itial mass. 

Fig. 4 shows the TGA curves of PANI and PANI-TiP 
nanocomposite. In the case of PANI, there are two stages of 
weight loss, the first weight loss till 300oC, probably due to 
physisorbed water molecu les evaporated at this temperature. 
The second weight loss up to 800℃ can be ascribed to the 
degradation of the polymers unsaturated groups whereas 
beyond 800oC PANI is stable up to 980℃. The PANI-TiP 
nanocomposite was initially stable upto 400℃ (2.5% weight 
loss); thereafter, they decompose gradually at  850 ℃  
because of degradation of PANI and subsequently remain 
stable up to 980℃ . The total mass loss up to 980℃ has been 
estimated to be about 38.40% and 60.20% for the PANI and 
PANI-TiP nanocomposite. As results, these data confirm 
that the presence of TiP in the PANI-TiP nanocomposite is 
responsible for the higher thermal stability of the composite 
material in comparison with pristine PANI. 

Fig. 5 shows the DTA curve of pure PANI and PANI-TiP 
nanocomposite. DTA of PANI was found to exh ibit one 

endothermic peak at 83℃ (-1.58 μV) and one exothermic 
peak at 249℃ (8.78 μV). The endothermic peak at 83℃
corresponds to decomposition stage of PANI between 24℃  
to 1000℃ as shown in TGA while the exothermic peak at 
249℃corresponds to decomposition stage of PANI from  
200℃  to 300℃  as indicated in TGA (Fig. 4). However, 
PANI-TiP nanocomposite exhibited one endothermic peak 
70℃ (-2.2 μV) corresponds to decomposition stage between 
(22℃ t0 100℃) and two exothermic peaks at 124℃  (0.90 
μV) and 738℃  (19.53 μV) corresponds to decomposition 
stage between (100℃  t0 200℃ ) and (700℃  to 800℃) 
respectively as shown in TGA (Fig. 4). 

DTG analysis of pure PANI and PANI-TiP 
nanocomposite was studied as a function of rate of weight 
loss (μg/min) versus temperature (Fig. 6). In case of pure 
PANI decomposition at 76℃ , 262℃ and 528℃  was found 
with 274.6μg/min, 161.6μg/min and 124.0μg/min weight 
loss respectively. However, in the case of PANI-TiP 
nanocomposite, the decomposition was observed at 65℃, 
117℃ , 743℃ and 969℃  with 147.6μg/min, 152.1μg/min, 
14.9μg/min and 119.4μg/min weight loss respectively. Thus, 
it could be concluded from the DTG studies that the rate of 
thermal decomposition was higher in the case of PANI-TiP 
nanocomposite, whereas in the case of pure PANI, the rate of 
thermal decomposition is lower. Better thermal resistance of 
pure PANI-TiP nanocomposite was due to incorporation of 
TiP in the PANI matrix. 

Table 1.  Thermal stability of PANI-TiP cation exchange nanocomposite 
after heating at various temperatures for 1 h 

Temperature 
(0C) 

Weight 
loss (%) 

Ion-exchange 
capacity (meq/g) 

% Retention 
of IEC 

50 
100 
200 
300 
400 
500 
600 
700 
800 
900 
1000 

0.00 
9.87 

21.50 
25.68 
27.22 
29.80 
30.09 
31.10 
32.98 
34.72 
41.39 

2.59 
2.59 
2.58 
2.06 
1.38 
0.98 
0.56 
0.22 
0.10 
0.00 
0.00 

 
100.00 
100.00 
99.16 
67.78 
32.63 
18.82 
13.38 
7.53 
2.09 
0.00 
0.00 
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Figure 1.  Effect of eluant concentration on the ion-exchange capacity of PANI-TiP cation exchange nanocomposite 

 
Figure 2.  The elution behavior of PANI-TiP cation exchange nanocomposite 
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Figure 3.  pH-titration curves for PANI-TiP cation exchange nanocomposite with various alkali metal hydroxides 

 
Figure 4.  TGA of PANI and PANI-TiP cation exchange nanocomposite 
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Figure 5.  DTA of PANI and PANI-TiP cation exchange nanocomposite 

 
Figure 6.  DTG of PANI and PANI-TiP cation exchange nanocomposite 

4. Conclusions 
In the present paper, we have presented a detailed study of 

ion-exchange and thermal properties of electrically 
conductive PANI-TiP cation exchange nanocomposite. The 
results of effect of eluant concentration, effect of pH and 
analysis of elution behavior were showed good ion-exchange 

capabilit ies of the PANI-TiP nanocomposite. The addition of 
TiP also changes the thermal p roperties of PANI-TiP cation 
exchange nanocomposite. The PANI-TiP cation exchange 
nanocomposite found more thermally stable than pure 
polyaniline and other materials of this class. 
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