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Abstract Electrically conductive polypyrrole–zirco-

nium(IV) phosphate (PPy–ZrP) cation exchange

nanocomposites have been synthesized for the first time by

in situ chemical oxidative polymerization of pyrrole in the

presence of zirconium(IV) phosphate (ZrP). Fourier

Transform Infra-red spectroscopy (FTIR), field emission

scanning electron microscopy, transmission electron

microscopy, X–ray diffraction, thermogravimetric analysis,

differential thermal analysis, derivative thermogravimetry

and elemental analysis were used to characterize PPy–ZrP

cation exchange nanocomposite. The composite showed

good ion-exchange capacity (1.60 meq g-1), DC electrical

conductivity (0.33 S cm-1) and isothermal stability in

terms of DC electrical conductivity retention under ambi-

ent condition up to 100 �C. PPy–ZrP cation exchange-

nanocomposite-based sensor was fabricated for the

detection of ammonia vapours of aqueous ammonia. The

resistivity of the nanocomposites increases on exposure to

high-concentration ammonia vapours at room temperature

(25 �C). The rate of reaction for ammonia vapour-sensing

on PPy–ZrP was observed as second order.

Keywords Composite � Thermogravimetric analysis

(TGA) � X-ray diffraction � Transmission electron

microscopy (TEM) � Electrical properties

Introduction

In recent years electrically conducting polymers have

received much attention for use as advanced materials due

to their good physical attributes [1–3]. Among the various

conducting polymers such as polypyrrole, polythiophene,

polyaniline, etc., polypyrrole is an especially promising

electrically conducting polymer for commercial applica-

tions due to its high conductivity, good environmental

stability and ease in synthesis. In addition, polypyrrole is

one of the most familiar conducting polymers that show

many advantages in recombining millimicron particles to

give nanocomposites [4]. Nanocomposite show new prop-

erties due to synergism between the constituents [5–10]

and more available surface. Because of the new properties,

nanocomposites may find applications in various fields

such as device fabrication [11], photo catalysis [12], solar

cells [13], fuel cell [14], biomedical and sensing applica-

tion [15].

Various polypyrrole-based composites such as palla-

dium–polypyrrole nanocomposite, polypyrrole-Au

nanocomposite, polypyrrole-TiO2 nanocomposite, poly-

pyrrole-manganese oxide composite, etc. are synthesized

and used for ammonia sensing [16–18], DNA bio sensing,

in super capacitor electrode, etc. [17]. However, conduct-

ing polymer-based ion exchangers with polyvalent sites

have been poorly reported in the field of gas sensing [6–8].

Conducting ion-exchange materials having millimicron

particles are considered an advanced class of materials

because of its excellent ion-exchange behaviour and their

analytical as well as electro-analytical applications

[19–21].

Thus, in this work, we have synthesized a new electri-

cally conductive ion-exchange nanocomposite PPy–ZrP by

in situ oxidative chemical polymerization technique and
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used it as new sensing material for ammonia vapour at

room temperature. To the best of our knowledge, this is the

first attempt to synthesize a new electrically conductive

PPy–ZrP cation exchange nanocomposite by using in situ

oxidative chemical polymerization technique and applied

for ammonia vapour sensing characteristics.

Experimental

Chemical, reagents and instruments

The following reagents and instruments were used:

The Pyrrole monomer (98%) from Spectrochem (India

Ltd.), anhydrous Iron(III)-chloride (FeCl3), methanol

HPLC grade Ortho phosphoric acid (H3PO4) and Zirco-

nium oxychloride were used as received from Qualigens

(India Ltd.).All other reagents and chemicals were of

analytical grade.

Ultrasonic vibrations (SC-I, Chengdu Jiuzhou Ultra-

sonic Technology Co.), Fourier Transform Infra-red spec-

troscopy (FTIR) (Perkin Elmer 1725 instrument),

Transmission electron microscopy (TEM) (JEOL TEM,

JEM 2100F), field emission scanning electron microscopy

(FE-SEM) and energy-dispersive analyzer unit (EDAX)

(LEO 435-VF), X-ray diffraction (XRD) (PHILIPS

PW1710 diffractometer), Thermal analysis (TGA, DTA

and DTG) (thermal analyzer-V2.2A DuPont 9900).

Synthesis

Zirconium(IV) phosphate

Preparation of ZrP was carried out by taking different

ratios of zirconium oxychloride solution and aqueous

solution of orthophosphoric acid (prepared in demineral-

ized water) under varying conditions given in Table 1. The

reaction mixture was thoroughly stirred with a magnetic

stirrer at room temperature (25 �C), the solution containing

precipitate was stirred for 1 h and was refluxed at

75–80 �C for 24 h. The resulting precipitate was decanted

and washed with demineralized water (DMW), filtered by

suction and dried at 50 ± 2 �C for 24 h. The excess of acid

was removed by repeated washing with DMW. Finally, the

material was dried in an oven at 50 ± 2 �C for 4 h and

ground by pastel mortar to obtain a fine powder of ZrP.

Polypyrrole–zirconium(IV) phosphate nanocomposite

PPy–ZrP nanocomposites were prepared by in situ chem-

ical oxidative polymerization [5–8] of pyrrole in the pres-

ence of ZrP particles. A schematic representation of the

formation of PPy–ZrP nanocomposite is shown in

Scheme 1. A certain amount of ZrP (dried at 50 �C for 2 h

before use) was dispersed in 100 ml of double-distilled

water (DDW) under ultrasonic vibrations (SC-I, Chengdu

Jiuzhou Ultrasonic Technology Co.) at room temperature

for 1 h. This ZrP 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

pyrrole monomer was added. The mixture was stirred for

30 min for the adsorption of pyrrole on the surface of ZrP

particles. 2 g Ferric chloride in 100 ml of DDW was added

to the dispersion. This reaction mixture was stirred for an

additional 24 h under the same condition. The resultant

PPy–ZrP nanocomposite powder was filtered using a

Buchner funnel and then washed with DMW to remove

unreacted oxidant. It was further washed thoroughly with

methanol to remove any unreacted polymer. The obtained

powders were dried completely at 50 �C for further anal-

ysis. Pure PPy was synthesized by a similar method as the

PPy–ZrP composites prepared without the ZrP particles.

The condition of preparation and their ion-exchange

capacity (IEC) of the cation exchange nanocomposite

samples are given in Table 2.

Ion-exchange capacity (IEC)

The column method was used for the determination of the

IEC of each sample; IEC generally expresses the measure

of the H?-ion liberated by the nanocomposite cation

exchanger to flow through the neutral salt. To calculate

IEC 1 g of dry PPy–ZrP (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-1sodium nitrate

(NaNO3) as eluents was used to elute the H? ions com-

pletely from the cation exchange column, keeping a very

Table 1 Conditions of preparation and the ion-exchange capacity ZrP cation exchanger

Sample code Mixing volume ratio (v/v) Appearance of

the sample

Na? ion exchange

capacity in (meq g-1)
Zirconium oxychloride (0.1 mol L-1) Ortho-phosphoric acid

ZrP-1 1 1 (1 mol L-1) White 1.25

ZrP-2 2 1 (2 mol L-1) White 1.05

ZrP-3 3 1 (3 mol L-1) White 0.85
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slow flow rate (*0.5 ml min-1). The effluent was titrated

against a standard 0.1 M L-1 NaOH solution using phe-

nolphthalein indicator. Table 2 shows the ion-exchange

capacity values of the different samples.

Characterization

The Fourier transform infra-red spectroscopy (FTIR)

spectra were recorded using Perkin Elmer 1725 instrument.

Field emission scanning electron microscopy (FE-SEM)

was used to study the surface morphology of the material

using LEO 435-VF model electron microscope. Trans-

mission electron microscopy (TEM) was performed by

JEOL TEM (JEM 2100F) instrument. X-ray diffraction

(XRD) data were recorded by PHILIPS PW1710 diffrac-

tometer with Cu Ka radiation at 1.540 Å in the range of

5� B 2h B 70� at 40 kV. The thermal stability was inves-

tigated by thermal analysis (TGA, DTA and DTG) using

thermal analyzer-V2.2A DuPont 9900. The samples were

heated in alumina crucible from 30 to 1000 �C at the rate

of 10 �C min-1 in the nitrogen atmosphere at the flow rate

of 200 mL min-1. The elemental analysis of PPy, ZrP and

PPy–ZrP cation exchange nanocomposite (PPy–ZrP) was

performed using energy-dispersive analyzer unit (EDAX)

attached with FE-SEM.

Electrical conductivity and ammonia-sensing

measurements

For electrical conductivity measurements and sensing

experiments, 0.2 g material from each sample was pal-

letized at room temperature with the help of a hydraulic

pressure instrument at 25 KN pressure for 10 min. DC

electrical conductivity of the nanocomposite was measured

using a four-in-line probe. The conductivity (r) was cal-

culated using the following equations [5–8]:

FeCl3
H2O

N
H

H
N

NN

N

H

H

H

n

(a) 

(b) 

Scheme 1 Schematic diagram of the formation mechanism of a PPy and b PPy–ZrP nanocomposite

Table 2 Conditions of preparation and the ion-exchange capacity PPy–ZrP nanocomposite cation exchange

Sample

code

Zirconium(IV) phosphate

(g) (sonicated in 100 mL DDW)

Iron(III)-chloride (g) (in

100 mL DDW)

Pyrrole

monomer

(mL)

Na? ion exchange

capacity in (meq g-1)

DC electrical

conductivity (S cm-1)

PZrP-1 2.0 2.0 1.0 0.70 2.01 9 10-1

PZrP-2 2.0 2.0 2.0 0.90 2.51 9 10-1

PZrP-3 2.0 2.0 3.0 0.70 3.33 9 10-1

PZrP-4 2.0 2.0 4.0 0.70 4.21 9 10-1

PZrP-5 2.0 2.0 5.0 0.70 4.88 9 10-1

PZrP-6 2.0 2.0 7.0 1.25 4.21 9 10-1

PZrP-7 4.0 2.0 7.0 1.60 3.12 9 10-1
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q ¼ q�=G7ðW=SÞ ð1Þ
G7ðW=SÞ ¼ ð2S=WÞ ln 2 ð2Þ

q� ¼ V

I

� �
2pS ð3Þ

r ¼ 1=q; ð4Þ

where G7 (W/S) is a correction divisor which is a function

of the 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. In

isothermal ageing experiments, the nanocomposite pellets

were heated at 50, 70, 90, 110 and 130 �C in a proportional

integral directive (PID) controlled temperature oven. The

electrical conductivity measurements were performed at an

interval of 10 min. In cyclic ageing experiments, the DC

electrical conductivity was measured in the temperature

range of 40–150 �C repeatedly for five times at an interval

of 1 h. Ammonia-sensing measurements were done by

monitoring the resistivity of the nanocomposite using the

Laboratory made set-up for ammonia sensing based on

four-in-line probe electrical conductivity measuring

instrument [6, 9].

Ammonia sensing kinetics

For sensing kinetics 0.2 g selected pelletized material was

taken at 20 and 25 �C temperatures and resistivity response

was recorded using four in line probe in atmosphere of

ammonia vapours with respect to time.

Results and discussion

In this study various samples of PPy–ZrP cation exchange

nanocomposite were prepared by in situ chemical oxidative

polymerization of pyrrole in the presence of ZrP

nanoparticles under different conditions (see Table 2).

PZrP-7 sample shows better Na? ion exchange capacity

(1.60 meq g-1) as compared to the inorganic ZrP (sample

ZrP-1, Table 1) (1.25 meq g-1). The IEC of PPyZrP

composite was increased due to the addition of conductive

polymer into the inorganic material (ZrP) which increases

the surface area of the material; thus, exchangeable ionic

sites were increased. Due to the better ion exchange

capacity and electrical conductivity, sample PZrP-6

(Table 2) was selected for ammonia sensing.

The variation in conductivity with the loading of dif-

ferent amount pyrrole monomer is shown in Table 2. At

7% loading of pyrrole monomer high improvement in

electrical conductivity and IEC was observed. Electrical

conductivity increases significantly up to 5% loading of

pyrrole monomer and decreases slightly at 7% loading. It

means that by adding 5% PPy the percolation threshold

might be achieved after further addition of PPy: no sig-

nificant change in conductivity was observed. Since con-

ductivity increases due to increase in concentration of

conducting particles, it is to be well understood that con-

ductivity depends significantly on the carrier transport

through the conducting fillers. However, the formation of

percolation network within the matrix of the composite

also affects the conductivity. Thus after getting percolation

threshold, further addition of PPy may change the network

of the matrix and further addition of inorganic part (ion

exchange material) to get better ion exchange capacity may

also decrease the electrical conductivity due to its insu-

lating property.

Temperature dependence of DC electrical

conductivity of the PPy and PPy–ZrP

The electrical conductivity of PPy and PPy–ZrP cation

exchange nanocomposite was measured with increasing

temperatures from 30 to 150 �C. Arrhenius Plot (ln rdc

verses 1000/T) of electrical conductivity of PPy and PPy–

ZrP cation exchange nanocomposite were obtained as

shown in Fig. 1. Significant change in electrical conduc-

tivity of the nanocomposite was observed with the rise in

temperature; electrical conductivity of PPyZrP increasing

with increase in temperature can be explained by ‘‘thermal

activated behaviour’’ [22]. The conduction mechanism in

the conducting polymers is explained in terms of polaron

and bipolaron formation. Polymer at low level of oxidation

of the gives polaron and at high level of oxidation gives

bipolaron. Both polarons and bipolarons are mobile and

move along the polymer chain by the rearrangement of

Fig. 1 Plot of ln rdc versus 1000/T for PPy and PPy–ZRP

nanocomoposite
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double and single bonds in the conjugated system. The

mechanism of charge transport in polymer with non-de-

generate ground state is mainly explained by conduction of

polarons and bipolarons. The magnitude of the conduc-

tivity is dependent on the number of charge carriers

available and their mobility. It has been observed that

mobility of charge carriers increases with the increase in

temperature leading to the increase in conductivity similar

to that reported for PANI/WO3 and PANI/CeO2

nanocomposites [22, 23]. Another factor which also affects

the electrical conductivity is the molecular alignment of the

chains within the entire system.

FTIR studies

The FT-IR spectra of PPy, ZrP and PPy–ZrP nanocomposite

are shown in Fig. 2. The FT-IR spectrum of PPy, in the fin-

gerprint region of PPy, shows an absorption peak at 902 cm-1

which is characteristic of C–H out-of-plane deformation

vibration, confirming the formation of PPy by the monomer.

The bands at 1300, 3000 and 1500 cm-1 is attributed to the C–

N in-plane, N–H starching and the bands at 1167 and

1041 cm-1 are related to the C–H bending modes while the

strong absorption band obtained at 1449 and 1539 cm-1

corresponds to the C–C stretching and C=C bending vibration

in the pyrrole ring. 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. The PPy–ZrP nanocom-

posite shows nearly identical values and positions of the main

IR bands in the range of 450–4000 cm-1. Compared with

FTIR spectra of PPy, a strong band at 3400 cm-1 may be

attributed to the –OH stretching frequency and a broad band

between 1250 and 900 cm-1 with a peak of intensity at

1042 cm-1 is due to presence of ionic phosphate group and

peak at 795 cm-1 is attributed to M–O bonding. The band at

3000 cm-1 is attributed to the N–H starching and the

stretching vibration of C–N observed at 1325 cm-1 indicates

that the polymerization of PPy has been successfully achieved

on the surface of the ZrP milimicron particles.

X-ray diffraction studies

Figure 3 shows the XRD patterns of PPy, ZrP and PPy-ZrP

nanocomposite. The XRD pattern of pure PPy shows an

obvious broad peak at 2h = 20�, along some very low

intensity peaks, suggesting that the PPy conducting polymer

is amorphous in nature [16]. XRD pattern of ZrP shows some

sharp peaks at 2h = 10�, 20�, 25�, 35� and some low inten-

sity peaks [24]. In case of PPy–ZrP diffraction peaks lie

between 15� and 25�, broaden slightly and low intensity of

PPy at 34� and 36� appear in the XRD pattern of PPy–ZrP.

These results suggest that PPy is polymerized and deposited

on the surface of ZrP millimicron particles and there is the

successful incorporation of ZrP nanoparticles in PPy–ZrP

nanocomposite. It is also observed that the diffraction pattern

of the nanocomposites slightly change as that of ZrP mil-

limicron particles. Thus, we can conclude that PPy has low

influence on the crystallization performance of ZrP mil-

limicron particles. The results are also in agreement with the

FTIR and TEM studies.

Morphological studies

Figure 4a and c shows the TEM image of ZrP and PPy–ZrP

nanocomposite with tubular morphology having an average

particle size of *20–40 and 30–50 nm, respectively. Par-

ticle size of ZrP and PPy–TSP lies in nano range, which

suggests that the prepared material is nanocomposite. The

Fig. 2 FTIR spectra of PPy, ZrP and PPy–ZrP cation exchange

nanocomposite

Fig. 3 XRD patterens of PPy, ZrP and PPy–ZrP cation exchange

nanocomposite
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tubular ZrP nanoparticles can be seen as dark spots

encapsulated in PPy matrix, which suggests that polymer-

ization of PPy is successfully achieved on the surface ZrP

nanoparticles. Figure 4b and d shows selected area

diffraction pattern (SAED) of ZrP and PPy–ZrP

nanocomposite predicts the crystalline nature of ZrP and

semi-crystaline nature of PPyZrP nanocomposite.

The FE-SEM images of PPy, ZrP and PPy–ZrP

nanocomposites are shown in Fig. 5a–c at different mag-

nifications. Figure 5a shows globular nanoparticles of PPy,

and Fig. 5b shows short tubular nanoparticles of ZrP. The

FE-SEM images of PPy–ZrP nanocomposite (Fig. 5c)

shows that ZrP nanoparticles are well embedded in the

polymer matrix with uniform dispersion. Thus, the results

of XRD, FTIR, TEM and SEM studies provided clear

evidence that the polymerization of PPy has been suc-

cessfully achieved on the surface of ZrP nanoparticles. A

schematic representation of the formation of PPy and PPy–

ZrP nanocomposite is given in Scheme 1.

Thermo gravimetric analysis

The TGA curve of PPy, ZrP and PPy–ZrP nanocomposite

is shown in Fig. 6a. In case of PPy, first weight loss was

observed at 200 �C (10.27%) due to physisorbed water

molecule and volatile impurities. The second weight loss

was observed at 400 �C (14.05%) due to degradation of the

polymer unsaturated groups. After 250 �C there is gradual

weight loss (31.11%) observed up to 1000 �C due to

degradation of polymer [25]. In the case of ZrP, the first

weight loss was observed at 100 �C (2.39%) due to

removal of external water molecules, next on 500 �C
(11.32%) due to starting of decomposition of the material

and after 600 �C the ZrP was found stable up to 1000 �C.

PPy–ZrP nanocomposite shows the first weight loss at

100 �C (6.87% weight loss) due to removal of external

water molecules and after that PPyZrP is stable up to

500 �C. The second weight loss of PPy–ZrP appears at

550 �C (12.29% weight loss) because of degradation of

Fig. 4 TEM image of a ZrP,

selected area diffraction pattern

(SAED) of b ZrP, TEM image

of c PPy–ZrP nanocomposite

and selected area diffraction

pattern (SAED) of d PPy–ZrP

nanocomposite
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Fig. 5 FE-SEM images of

a PPy b ZrP and c PPy–ZrP

nanocomposite
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PPy and after 600 �C the PPy–ZrP nanocomposite remains

stable up to 1000 �C. The total mass loss up to 1000 �C has

been estimated to be about 65.43, 11.62 and 28.68% for

PPy, ZrP and PPy–ZrP, respectively. These results confirm

that the presence of ZrP in PPy–ZrP nanocomposite is

responsible for the higher thermal stability of the com-

posite material in comparison to pristine PPy.

Figure 6b shows the DTA curve of pure PPy, ZrP and

PPy–ZrP nanocomposite. DTA of ZrP was found to exhibit

two endothermic peaks at 215 �C (2.22 lV) and 532 �C
(0.30 lV) and one exothermic peak at 961 �C (-5.62 lV).

The endothermic peaks at 215 �C corresponds to decom-

position stage between 200 and 300 �C while the

endothermic peak at 532 �C corresponds to second

decomposition stage (400–600 �C). The exothermic peak

corresponds to decomposition stage (900–1000 �C) also

indicated in the TGA curve of ZrP (Fig. 6a). DTA of PPy

was found to exhibit only one endothermic peak at 250 �C
(2.22 lV), corresponds to decomposition stage between

200 and 300 �C as also indicated in TGA of PPy (Fig. 6a).

However, PPy–ZrP exhibited two endothermic peaks at

121 �C (-4.96 lV) and 193 �C (-5.12 lV) corresponds to

decomposition stage between (30–150 �C) and

(150–300 �C), respectively, and one exothermic peak at

539 �C (1.43 lV) corresponds to decomposition stage

between 400 and 650 �C as also indicated in TGA of PPy–

ZrP nanocomposite (Fig. 6a).

DTG analysis of pure PPy, ZrP and PPy–ZrP

nanocomposite was studied as a function of rate of weight

loss (lg min-1) versus temperature (Fig. 6c). In case of

pure PPy decomposition at 74 and 290 �C was found with

111 and 96 lg min-1 weight loss, respectively, and in case

of ZrP decomposition at 109 and 529 �C was found with 94

and 529 lg min-1 weight loss, respectively. However, in

the case of PPy–ZrP nanocomposite, the decomposition

was observed at 64, 121,190, 539 �C with 100, 131, 166,

162 lg min-1 weight loss, respectively. Thus, it can be

concluded from the DTG analysis that the rate of thermal

decomposition is lower in case of PPy–ZrP, whereas in the

case of PPy the rate of thermal decomposition was higher.

Fig. 6 a TGA curves of PPy, ZrP and PPy–ZrP, b DTA curves of PPy, ZrP and PPy–ZrP and c DTG curves of PPy, ZrP and PPy–ZrP cation

exchange nanocomposite
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The better thermal resistance of pure PPy–ZrP nanocom-

posite was due to incorporation of ZrP in the PPy matrix.

Energy-dispersive X-ray analysis

The EDAX patterns of PPy, ZrP and PPy–ZrP cation

exchange nanocomposites are shown in Fig. 7. EDAX

studies have provided clear evidence that the polymeriza-

tion of PPy has been successfully achieved on the of the

ZrP nanoparticles. The percent composition of elements is

given in Table 3.

Fig. 7 EDAX spectra of a PPy

b ZrP anc c PPy–ZrP cation

exchange nanocomposite

Table 3 Percent composition of carbon, nitrogen, oxygen, zirconium

and phosphorus in PPy–ZrP nanocomposite by EDAX analysis

Element Weight (%)

PPy ZrP PPy–ZrP

C 64.73 Nill 23.81

N 19.04 Nill 4.08

O 16.23 44.61 40.61

Zr Nil 34.09 17.76

P Nil 44.45 13.74
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Stability in terms of DC electrical conductivity

retention

The stability of the PPy and PPy–ZrP nanocomposite in

terms of DC electrical conductivity retention was studied

by isothermal ageing and cyclic ageing conditions in an

ambient atmosphere.

DC electrical conductivity retention under isothermal

ageing conditions

The isothermal stability of the composite material was

examined in terms of DC electrical conductivity retention.

In this experiment electrical conductivity was measured

five times after an interval of 10 min at a particular tem-

perature, e.g. 50, 70, 90, 110 and 130 �C in an air oven.

Figure 8 shows electrical conductivity measurement with

respect to time. It was observed that all the composite

materials follow 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 degra-

dation of materials. The isothermal stability of PPy–ZrP

cation exchange nanocomposite in terms of DC electrical

conductivity retention was found to be better than pristine

PPy which suggests that the PPy–ZrP nanocomposite

cation exchange may be used in electrical and electronic

devices below 100 �C under ambient conditions.

DC electrical conductivity retention under cyclic ageing

conditions

The stability of PPy and PPy–ZrP cation in terms of DC

electrical conductivity retention exchange nanocompos-

ite was also examined by cyclic ageing technique. It was

observed from Fig. 9 that the DC electrical conductivity

at the beginning of each cycle was found to be low as

compared to previous cycle and which further decreases

with the increase in number of cycles for PPy and PPy–
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Fig. 9 DC electrical conductivity of a PPy and b PPy–ZrP

nanocomposite in terms of cyclic ageing conditions
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ZrP cation exchange nanocomposite. This may be due to

the loss of moisture and polymer degradation during

cyclic ageing. From cyclic electrical conductivity study

on PPy and PPy–ZrP cation exchange nanocomposite it

may be suggested that the electrical conductivity of the

PPy–ZrP nanocomposite is more stable than pristine

PPy.

Ammonia vapour sensing characteristics of PPy–

ZrP nanocomposite

The ammonia vapour sensing performance of PPy–ZrP

(PZrP-6) cation exchange nanocomposite was monitored

by measuring resistivity changes on exposure to ammonia

vapours using laboratory-made assembly designed by using

Four-in-line probe electrical conductivity device. The

electrical resistance of nanocomposite showed remarkable

changes on exposure to 0.2, 0.4, 0.6, 0.8 and 1 M con-

centrations of aqueous ammonia with vapour concentra-

tions of 0.672, 0.870, 1.020, 1.080, and 1.097%,

respectively, at room temperature as a function of time as

depicted in Fig. 10a. It was observed that the nanocom-

posite showed a relatively fast response towards ammonia

vapours in the concentration range of 0.2–1 M (vapour

concentration 0.672–1.097%) and better resistivity

response as compared to PPy (Fig. 10b); however, the

change in resistivity on exposure to humidity was also

observed as shown in the Fig. 10b. The relative humidity

(%RH) inside the glass chamber was calculated as 82.93%

by using the following relation [26]:

%RH ¼ EwðT1Þ=EwðT2Þ � 100; ð5Þ

where Ew (T1) (17.5 mm of Hg) and Ew (T2) (21.1 mm of

Hg) are the saturated water vapor pressure at the temper-

ature of water (20 �C) and that of the composite film

(23 �C), respectively. The values of the saturated vapor

pressure were obtained from Lange’s handbook of chem-

istry by John A. Dean, Fifteenth Edition, Mc Graw-Hill,

Inc. [27].Taking into account of some other ammonia-

sensing composite materials like Polypyrrole graphitic

nanocomposite [28], Polypyrrole/Metal Sulphide

nanocomposite [29], poly(3-methythiophene)–titanium(IV)

molybdophosphate cation exchange nanocomposite [6] and

polyaniline–titanium(IV) phosphate cation exchange

nanocomposite [8] reported earlier and compared with

PPy–ZrP for ammonia sensing, the following observation

can be noted (Fig. 10).

In Polypyrrole graphitic nanocomposite conductivity

change in 25 min is 7%; and if it is calculated for PPy–ZrP

it is 10.91% in 2 min. In the case of Polypyrrole/Metal

Sulphide nanocomposite the response time for ammonia

sensing is 20 s; on the other hand response time for PPy–

ZrP is 10 Seconds. In the case of poly(3-methythiophene)–

titanium(IV) molybdophosphate cation exchange

nanocomposite, the change in resistivity is 0.06 X cm in

1.83 min, but in case of PPy–ZrP it is 0.35 X cm in 2 min.

For polyaniline–titanium(IV) phosphate cation exchange

nanocomposite change in resistivity is 0.8 X cm in 5 min

and in the case of PPy–ZrP it is 0.35 X cm in 2 min. All

the above results show that PPy–ZrP is a better sensor of

Ammonia.

The resistivity was recovered on flushing with the

ambient air. The response and recovery time of the sensor

was around 10 and 30 s, respectively, for 0.2–1 M aqueous

ammonia (vapour concentration 0.672–1.097%). The

reversibility of the nanocomposite was also studied and the

response of the nanocomposite was found to be highly

reversible towards 0.2–0.6 M aqueous ammonia during the

test of cyclic measurements as shown in Fig. 11. Further at

higher concentration of aqueous ammonia (1 M), the

reversible response studies were carried out which showed

poor performance. The time taken to regain the resistivity

value near to the original one was quite large. This poor

performance of nanocomposite at higher concentration

may be due to the complete occupying of reacting sites of

polymer or because of the insufficient numbers of sites

available for ammonia moiety to form the complex struc-

ture necessary for obtaining the response behaviour.

The extent of reversibility of the sensor was examined

by cyclic measurements using different concentrations of

ammonia (0.2, 0.6 and 1 M). The relative standard devia-

tion (RSD %) for 0.2, 0.6 and 1 M was calculated to be

16.60, 1.56 and 1.01%, respectively. From the RSD (%) it

can be concluded that the sensor works best in the con-

centration range from 0.2 to 0.6 M, and at higher con-

centrations slight irreversibility takes place which may be

due to the electrical compensation of the polymer backbone

by ammonia.

Second-order kinetics evaluation for ammonia

sensing on PPy–ZrP nanocomposite and kinetic

parameters

Order of reaction of ammonia vapour sensing on PPy–ZrP

nanocomposite was evaluated for the physical interaction

of ammonia on PPy–ZrP nanocomposite. The mechanism

of interaction may be explained on the basis of the elec-

trostatic interaction of the lone pair of nitrogen of ammonia

with carbon in PPy of PPy–ZrP nanocomposite. To ascer-

tain the order of the reaction, the standard equation for first

and second were applied as given below:

Log r ¼ log r0�ðk1=2:303Þt ð6Þ
1=r� 1=r0 ¼ k1t; ð7Þ
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where r is the conductivity (reverse of resistivity) response

recorded during sensing, r0 is the conductivity at the start

of the sensing, k1 is the rate constant and t is the time.

A tentative explanation of processes occurring on the

surface of PPy–ZrP can be explained as the lone pair of

nitrogen of ammonia interacts with the carbon of PPy,

which decreases the intensity of positive charge and

hence the mobility of charge carriers decreases resulting

in the decrease in conductivity. The mechanistic repre-

sentation of the electrical compensation of PPy in the

PPy–ZrP nanocomposite in the present work is given in

Scheme 2.

Conductivity vs. time and reverse of conductivity vs.

time graph for sensing of ammonia vapours on PPy–ZrP in
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Fig. 10 a Effect on the resistivity of PPy–ZrP nanocomposite on exposure to different concentrations of ammonia with respect to time. b Effect

on the resistivity of PPy and PPy–ZrP nanocomposite on exposure to 1 M concentration of ammonia and in humidity with respect to time
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Fig. 12a and b shows straight line pattern in which Fig. 12b

most resembles the second-order reaction.

Rate constants K1 (0.0027 L Mol-1 S-1) and K2

(0.0029 L Mol-1 S-1) at 20 and 25 �C were determined

from the slopes of the graph of the inverse of conductivity

verse time in Fig. 13.

According to the transition state theory presented by

Laidler [30] the rate constant for a process can be written as

K ¼ KBT=heðDS
�=RÞeð�DH�=RTÞ; ð8Þ

where KB is Boltzmann’s constant, h is Plank’s constant,

T is absolute temperature, DS* is the entropy of activation,

DH* is the enthalpy of activation and R is the gas constant.

The Arrhenius activation energy, Ea is determined from

the Arrhenius equation at two different temperatures.

lnK1=K2 ¼ Ea=R ð1=T1� 1=T2Þ ð9Þ

The enthalpy of activation, DH*, can be calculated from

the relationship:

DH� ¼ Ea�RT ð10Þ

The entropy of activation DS* was calculated from the

Eq. (8) and the free energy of activation DG* was deter-

mined from

DG� ¼ DH� � TDS� ð11Þ

Results are summarized in Table 4 the negative value of

DS* and positive value of DH* indicate the feasibility and

endothermic behaviour during sensing process.

Sensing mechanism

The vapour-sensing properties of PPy–ZrP with ammonia

vapours can be explained by the interaction of ammonia

with PPy in the PPy–ZrP nanocomposite and is almost a

reversible process, although a little bit of irreversibility is

observed. Under ambient conditions, the value of resistiv-

ity increased due to the interaction of lone pair electron of

ammonia with the positive charge of PPy in PPy–TSP. The

mobility of charge carriers decreases which leads to an

increase in resistivity. The interaction between lone pair of

ammonia and positive charge of polarons or bipolarons of

PPy in PPy–ZRP is electrostatic because it occurs between

two opposite charges. Due to the small magnitude of

charge, this interaction is weak in nature so it becomes

reversible when it comes in contact with air, thus resistivity

is restored. The resistivity did not come back to its original

value and was always found higher than the previous value

for higher concentration of ammonia. Hence, it can be

concluded that there are two processes in operation: first,

reversible chemisorption of ammonia with PPy occurs and

second, compensation or electrical neutralization of the

polymer backbone takes place.

In the light of observation by Khan [31] in polypyrrole–

titanium(IV) sulphosalicylophosphate nanocomposite

cation exchange material, it can be inferred that the lone

pair of acetaldehyde interacts with positive charge of PPy,

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 a closed system and chemical linking is much

more complicated process, desorption of ammonia also

occurs readily under ambient conditions and thus the

resistivity is restored.

On exposure to ammonia for long duration, complete

electrical neutralization of the polymer backbone occurred.

The mechanistic representation of the electrical compen-

sation of PPy in the PPy–ZrP nanocomposite in the present

case is shown in Scheme 2a and b.
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Fig. 11 Reversible resistivity response curves of PPy–ZrP nanocom-

posite towards a 1 M, b 0.6 M c and 0.2 M concentrations of aqueous

ammonia
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Conclusion

In the present study, the PPy–ZrP cation exchange

nanocomposites have been synthesized by in situ chemical

oxidative polymerization technique. The results of TEM,

SEM, XRD and FTIR studies reveal that the polymeriza-

tion of pyrrole has been successfully achieved on the sur-

face of the ZrP particles and indicates that there is a strong

interaction between PPy and ZrP nano particles. The PPy–

ZrP cation exchange nanocomposites show improved

(a)

(b)

Scheme 2 The schematic

diagram showing the

chemisorption (reversible)

interaction of ammonia with

a polaron and b bipolaron of

PPy in PPy–ZrP nanocomposite
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thermal stability, isothermal stability in terms of DC

electrical conductivity as well as ion exchange capacity in

comparison with the pure PPy. The reproducible ammonia

sensing results in the range of 0.2–0.6 M aqueous ammonia

indicates that PPy–ZrP nanocomposite can be used in

making a sensing device.

Fig. 12 a Conductivity versus

time graph for evaluating first

order of reaction and

b conductivity versus time

graph for evaluating second

order of reaction
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Fig. 13 For calculating rate
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Sensing kinetics of ammonia vapour on PPy–ZrP was

also studied and it was found that ammonia vapour sensing

on PPy–ZrP follow the second-order of kinetics.
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