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ABSTRACT
Electrically conductive composite material PANI- Zr(IV) molybdophosphate (PZMP) was synthesized, via treatment
of Zr(IV) molybdophosphate with PANI(polyaniline) gel. The membrane of this material is fabricated for detection
of mercury in waste samples. By using 4-in-line-probe the conducting behaviour of the material was determined,
and it was found that conductivity of the nanocomposite lies in the range of semiconductors. The composite showed
improved electrochemical properties and outstanding biological activities.
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Introduction

The composite material which was obtained by the encapsulation
of conducting polymers within void spaces of inorganic host
matrices has attracted a great deal of attention in the field of
material science. Polymeric organic part provides mechanical
and chemical stability whereas inorganic moiety enhances the
electrical conductivity and thermal stability to the composite
material. Synergic effect between polymer and inorganic moiety
leads to their use in making accumulator and different types of
sensors etc. [1-4]. Many researchers continue their efforts toward
the development of organic-inorganic composite material with
new properties but still this field possesses various challenges and
more studies are required in order to develop practically applicable
composites [5].

Now day’s ion-selective electrodes with its unique characteristic
properties are the most commonly-used potentiometric sensors
for the detection of pollutants from the environment [6-10].
Potentiometric sensors based on organic—inorganic hybrid
materials are successfully employed for the detection of various
organic and inorganic contaminants from synthetic and industrial
waste water samples. The composite material with its outstanding
properties is the result of the contribution of two or more materials

with dissimilar properties [11,12]. Most of the studies reported the
utilization the composite material as electrometric sensors [13-
17]. Among various conducting polymers [18-20] polyaniline is a
suitable candidate because of its various technological applications
[21-24]. The DC conductivity of doped composite material
increases with increase in dopant level up to a certain level and
then decreases. The composite material with its wide variety
of applications opens new pathways in academic and industrial
fields [25-28]. The present work aims in providing the productive
information of polyaniline-Zr(IV) molybdophosphate (PZMP) as
a nanocomposite material in diverse field.

Materials and Methods

Reagents and instruments

Monomer (aniline), initiator (potassium persulfate), Zirconium
salts, molybdate salts and o-phosphoric acid were purchased
from Merck. High molecular weight polyvinyl chloride powder
(PVC) (M, ~2.2x104, M ~4.3x104) and dioctyl phthalate
(DOP) (molecular weight 390.56), epoxy Resin and polystyrene
were procured from Aldrich. Tetrahydrofuran (THF) and metal
nitrates were obtained from Fluka. pH, potential and electrical
measurements were done on Elico L 610 pH meter, digital
Potentiometer EI 118 and Four in line probe (Scientific Equipment
India), respectively.

Synthesis of nanocomposite material
PANI was synthesized as reported [29]. Zr(IV) molybdophosphate
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was synthesized by mixing the zirconium salts (0.25M) in the
aqueous solution of o-phosphoric acid and molybdate salts (0.25
M) by continuous stirring and was kept overnight for digestion.
In the next step the organic-inorganic composite material was
synthesized by mixing the gel of PANI with inorganic precipitate of
Zr(IV) molybdophosphate via stirring and left for 24h. Afterwards,
it was filtered, washed and dried at 50°C. Finally, the material was
dipped in a solution of nitric acid (1.0M) for one day in order to
incorporate H+ ions onto the material surface which was again
filtered and dried for further studies. It is evident from Table 1 that
Sample Z-2 is selected for detailed studies.

The batch method [30] was employed for the determination of
distribution coefficients values of the various metal ions.

K, = Retention of the metal ion in exchanger phase (mg/g)/
Retention of the metal ion in the supernatant solution (mg/mL) (1)
In the sorption phenomena of metal ions, H+ ions from the
composite ion exchange material are exchanged with the metal
ions in the solution as given below:

2R-H" + M** R, M* +2 H*

R= composite cation exchange material

M2+ = bivalent metal ions

As it is evident from the distribution coefficient values (Table 2)
that the composite material is selective for Hg*" ions because the

adsorption of mercury was found to be higher as compared to that
of other metal ions.

Membrane Preparation

By using different types of binding materials, numbers of
membranes were fabricated. PVC membrane was prepared by
grinding electroactive material and mixed with appropriate
amounts of polyvinyl chloride, tetrahydrofuran and plasticizer
(dioctylphthalate). The solution was mixed well and casted onto a
glass dish [31] at room temperature until THF was evaporated to
yield a uniform and flexible membrane. A small disc was cut from
this membrane and paste on the end of the Pyrex glass tube which
was later on filled with 0.1 M Hg (NO,), solutions.

In order to prepare the membrane of epoxy resin, a mixture of
electroactive material and epoxy resin in varying amounts was
prepared. This mixture was spread in between the folds of the
butter paper and kept for drying overnight. The dried membrane
was dipped in water in order to take away the paper from its
surface.

Polystyrene based membrane was prepared by mixing desired
amount of electroactive material and powdered polystyrene before
being heated for 3h under a pressure of 2000 1b/in? in a polymer
film making equipment.

. Mi.x ing . volume ratio (mL) . Polyaniline Ion exchange Weight
S.No erfomum av) Sodium molybdate O}'thophosphorlc (10%) pH Colour capacity (meq g) ©
oxychloride (0.25M) (mL) (0.25M) (mL) acid (0.25M) (mL)
Z-1 100 100 200 100 0.75 Green 1.1 4.3
Z-2 100 100 200 200 0.75 Green 1.3 53
Z-3 100 100 200 300 0.75 Green 0.99 4.2
Z-4 100 100 200 400 0.75 Green 0.67 34
Table 1: Preparation strategy of PZMP nanocomposite material.

Metal | Demineralised | Triton X®-100 | Triton X®-100 | Triton X®-100 | Triton X®-100 | Triton X®-100 SDS SDS SDS SDS
ions water 0.25% 0.50% 0.75% 1.00% 2.00% 0.25% 0.50% 0.75% 1.00%
Mg** 12 40 39 28 21 16 11 12 17 19
Zn?* 09 39 37 36 25 25 14 19 21 17
Sr* 13 71 43 45 43 39 31 331 685 42
Ca* 38 03 20 31 36 77 24 24 467 54
Ba?* 60 260 197 160 150 137 2450 1400 1088 425
Cd* 30 69 47 46 35 32 18 29 35 16
Cu?* 95 108 89 42 42 45 39 42 56 07
Nz 67 47 44 38 36 30 19 12 10 08
Hg** 550 1267 1260 1117 1220 1060 914 434 342 289
AP 05 67 46 43 29 17 25 31 54 14
Fe?* 23 85 81 64 58 54 11 23 50 60
La®* 88 100 81 59 43 42 757 197 125 67
Er** 46 79 54 52 25 19 62 46 44 11
Th*" 125 129 105 84 75 44 100 800 2900 1150
Ce** 45 50 48 46 39 12 186 494 525 137
Pr¥* 49 59 31 27 14 13 234 725 756 120

Table 2: K values of different metal ions on the column of the nanocomposite material.

Nano Tech Appl, 2018

Volume 1 | Issue 2 | 2 of 8



EMF Measurements

EMF measurements are done by using ion selective membrane
electrode consisting of ion-conducting materials. Inside the
electrode resides the solution of the ion of interest at constant
activity. The composition of the membrane is designed in such a
manner that it yields a potential of primary ion via the mechanism
of the ion-exchange.

The potential measurement is carried out using:

[Solution 2, E ] [Solution 1, E ]

Ag, AgCl | KCI (satd) || Sample solution | Membrane | Internal
solution (0.1M Hg*") | Ag, AgCl

E, is the external saturated calomel electrode and E, is the internal
saturated calomel electrode.

The cell emf is represented as:

Where, E . is the calomel electrode, E, is the junction potential
and E_ refers to the membrane potential.

The membrane potential (E ) is expressed as:

RT a,]2 2
En= s 1 (9] /[%]1_ (z,-2,) [[t,dinat

3)

where [a, ], and [a, ], are activities of counter ions, a =+ signify the
mean activity of electrolyte solution. A is the counter ion, Y is the
co-ion, Z is the charge on the ions and t, symbolize the transference
number of co-ions. For an ideal perm selective membrane where
t,=0 the equation 2 is written as:

E RT . [ay
_ aasl2
m=+ ZaF ln[ﬂA]l

4)
On combining the equation (2) and (4) we get,

BT
Ecet = Esce —Esce + E.Lg + ELI + mln[aﬂ]zﬂn[aﬂ]l

&)
For cation-exchange membrane this equation is modified as:
ET ET
Eeen=Ep, + B, — EA Fln[aA]1 + ‘,,J,A_Fln[%]2 ©)

The equation (6) is rewritten [value of EL(1) and EL(2) are
negligible due to the use of salt bridge]:

E on= [E°]+ ;T—Fln[aﬂ]z

(7

Nernstian slope is determined from the plotting between cell
potential and log activity.

In our study all potentiometric measurements was done on digital
potentiometer at room temperature (25+2°C). The parameters like
response time, detection limit and pH range were evaluated.

Results and Discussion

Various samples of PZMP composite were prepared (Table 1).
Sample Z-2 is selected for detailed studies. The high and low pH
condition of the synthesis affects the ion exchange capacity of the
material. At higher pH values there is a possibility of the oxides
and hydroxides formation of metal and prepared composite would
have low stability and ion-exchange capacity. In order to avoid
this problem, composite material was prepared at low pH. The
optimum pH for this synthesis was found to be 0.75.

As expected upon increasing the volume of anionic moiety, ion
exchange capacity increases because the material has become
more negatively charged and thus readily host and accommodated
counter ions.

Distribution coefficient values (K, values) were studied in two
different surfactants medium. The two reported models [32-34]
suitably describe the adsorption behaviour of the metal ion in the
presence of the surfactant on the composite material whereas the
interaction between the micelles in the bulk and at the micellar-
surface is better explained by the electrostatic model. The layer
that developed at micellar/solvent interface leads to the lowering
of the charge density of the diffused layer and micelle due to the
adsorption of the counter ions by the ionic surfactant heads on
the layer. The classical electrostatic theory treats the interface as
a charged surface neutralized by the counter ions [35]. From this
study, it is observed that uptake of Hg?" is high in both surfactants
while remaining metal ions (0.1M) are poorly absorbed as shown
in Table 2. SEM images at different magnifications and TEM
images of the composite cation exchange material are shown in
Figures 1a,b and Figure 2.

>

SEl 206V WD14mm SS50

Figure 1a,b: SEM images of PZMP nanocomposite.
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Figure 2: TEM of PZMP nanocomposite at different magnifications.

Composite ion exchange membrane has the inherent advantages
of insolubility, high stability against heat and ionizing radiations
as compared to inorganic and organic membranes. PVC poly(vinyl
chloride) is generally used for the preparation of the membrane
because this polymer have three-dimensional architecture and also
provides the hydrophobic medium to ionophores, ionic sites, and
ionophore complexes, so they can move freely. A PVC membrane
based on hybrid ion exchange material has been utilized for the
detection of Hg?" ions from industrial and synthetic samples.

Membrane optimization

Nature of the ionophore and the composition of the membrane
have a great influence on the sensitivity and selectivity of an ISE
of the composite material. Eight different types of membrane
were prepared using the composite material by mixing the
ionophore (varying amount), binder (constant amount of 200mg),
THF (10mL) and dioctylphthalate (66%) in a fixed amount. It
is observed from Table 3 that there is no effect of the binding
material on the response of the electrode. M-6 because of its quick
response, reduced slope and broad concentration linear ranges is
selected for detailed studies.

Electrode | Ionophore . . Time Nerstian
No. (mg) Binder Linear range (M) (s) | Slope (mV)
Ml 50 Polystyrene | 1.0x10" -4x 10 12 17.7
M2 100 Epoxy resin | 1.0x10-1x 10+ 20 20.0

-1
M3 150 | Epoxyresin | 0% 11%_7 3.5% 15 182
M4 200 PVC 1.0x10" -1x107 30 26
M5 250 PVC 1.0x10"-1x10¢ 20 28
M6 300 PVC 1.0x10"-1x 107 15 30
M7 350 PVC 1.0x10°'-1x 105 40 23

Table 3: Optimization of membranes ingredients by varying amount of
ionophore PZMP.

For conditioning, membrane electrode was placed in Hg(NO,),
(0.1M) for seven days. Then a series of standard solutions of
Hg(NO,), (10"°Mto 10" M) were prepared and their potential were
measured at a fixed concentration of Hg*" ion as internal reference
solution. The potential response of the sensor shows linearity
(1x10" to 1x107) with a slope which is close to Nerstian value
of 29.6 £ 3 mV/ concentration for bivalent cation. The detection
limit was found to be 1x10"M (Figure 3), which consequently
qualifies the device as a potential candidate for practical analytical
applications [36].

220 =

225 -

N
@
o
X

235 -

240

-Electrode Potential(mV)
3
1

"
o
©
1

255

-log[Hg2+]

Figure 3: Calibration curve for PZMP membrane electrode.

Response time

The response time is an important parameter which measures the
instant at which the metal ion solution of interest is in contact with
ISE. Here the response time of the electrode of the composite
material was found to be 15s (Figure 4).
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Figure 4: Electrode response at varying time intervals.

Effect of pH

To a 0.01 M of Hg(NO,), solution, 1 M solutions of HCI and
NaOH in different volume ratios were added to prepare a series of
solution in the pH range 1—12. The total volume was kept constant
to 50 mL. The working pH range for this composite material is
4.0-8.0 (Figure 5).

Response of sensor towards internal solution concentration
As depicted from Figure 6, variation in the Hg?* ions concentration
(10" M to 10 M ) does not significantly effect the response of the
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electrode.
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Figure 5: Electrode response at varying pH.
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Figure 6: Electrode response towards varying internal solution
concentration.

Selectivity Coefficient

Selectivity of the composite material membrane is mainly due to
its ion recognition properties of the electro-active material (i.e. it
binds the ion of interest leaving the other co-ions behind). In the
present work the ISE is selective for Hg*" ions and thus a membrane
potential is developed when H" on the membrane surface is
exchanged with the Hg** ions. The selectivity coefficients value
depends on the selectivity of the electrode. The greater the value
of selectivity coefficient the lesser the selectivity of the electrode
is. The selectivity coefficient (Kij) has been introduced in the
Nikolski-Eisenman equation, which gives information about the
electrode response towards the primary and interfering ions in a
mixture.

E= E°+(2.303£)10g(a- + K. aZ (8)
ZF A

]

where E and E° is the potential and standard potential of the
electrode, respectively; ai and aj , are the activity of i and j ions
and Zi and Zi are the charge of i and j ions, respectively. Kijpot is
the selectivity coefficient of the electrode.

In the present study, mixed solution method MSM [37] was used
for determining the selectivity coefficient by using the equation:

- A
Ki.?m=lr:rg[lﬂ[&+}_ﬁ} %/ zloga, (9)

where 1, j, are the activities and Zi and Zj are charges of the primary
and interfering ions, respectively. The selectivity coefficient well
defined the extent of the interference of foreign ion (M"*) with the
primary ions. The selectivity coefficient values were calculated as
shown in Table 4 clearly indicated that there is no affect on the
selectivity of the electrode by the interference of foreign ions.

Interfering ions Selectivity coeffecients
Cu** 4.0x 10-5
Mg* 3.5%10-4
Cd* 4.9x 10-4
Fe* 3.7x10-2
Mn?*' 2.1x 10-4
Na* 4.7x10-7
K* 8.5% 10-4

Table 4: Values of selectivity coefficients of different interfering ions.

As it is evident from Table 5 that the overall performance of the
present sensor is better than other Hg?** selective electrode reported
in literature [38-46].

Membrane sample | KAnge ofcons | Respanse | Slope Reference
Calixarene derivative 5.0x10- 5x107? 20 28.7 [38]
2-Mercaptobenzimidazole | 1.0x10°-1x10°"! 20-100 28.5[39]
ooy cyelohenane | MX10%1X10" | 20-100 | 29 o)
1,3-diphenylthiourea 6.0x10°-5x10* 20 30.8 [41]
Calix[2]thieno[2]pyrrole 1.0x10°-1x1072 20 27.8 [42]
PANI-Sn(IV)phosphate 1.0x10°%-1x10" 14 40 [43]
DQDC 0.005mM-1mM - 25.8 [44]
Salicylaldehyde thiosemi- 1 7%10%-1x10" 30 29 [45]
carbazone
2- MBI 1.0x107-1x107 33 29.1 [46]
Proposed assembly 1.0x107-1x10"! 15 30 This work

Table 5: Comparative study of various mercury selective electrodes.

Application of the proposed sensor

The potentiometric titration of Hg?* ion with EDTA demonstrated
the practical utility of the proposed sensor as an indicator electrode.
On addition of EDTA to Hg(NO,), solution (portion of 5 mL) at pH
4 buffered by acetate buffer, it was found that electrode potential
decreases due to the complexation of free Hg*ion with EDTA
(Figure 7).

The waste samples was first filtered through Millipore cellulose
membrane and then dissolved in nitric acid of appropriate normality
and then subjected to pre-concentration [47]. After that the amount
of the metal ion was determined by Flame atomic absorption
spectroscopy (FAAS). The concentration of the mercury in the
samples was also determined by using the proposed sensor for
comparison. The data is summarized in Table 6. The results are in
good agreement with those obtained from the atomic absorption
spectrometry method.
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Figure 7: Potentiometric titration curve using PZMP-PVC membrane
electrode.
Amount of Hg? found”
Samples Method (ngL") (%RSD)
B Membrane electrode assembly 12.27(0.07)
! AAS 12.50 (0.05)
B Membrane electrode assembly 14. 80(0.04)
2 AAS 15.0 (0.02)

Table 6: Analysis of water samples containing mercury using proposed
method and that of the AAS.

%% RSD, Relative standard deviation.

Conclusion

Developed potentiometric sensor exhibits Nernestian sensitivity
with a detection limit of 1.0x107 M and response time of 15s. The
developed ion selective membrane electrode has been successfully
utilized for the analyses of Hg>" ions from real and synthetic samples
with high accuracy and precision. From electrical conductivity,
measurements and antimicrobial studies, it was confirmed that
PZMP as the nanocomposite can be used as a semiconductor and
also as an antimicrobial agent.
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Supplementary Material
Investigation of biological activity
The mechanism of antibacterial activity involves the binding of the composite to the bacterial cell by rupturing the bacterial cell wall.
This binding is responsible for the cell membrane disruption by the decomposition of the functional groups on the surface of the cell
membrane.

The antibacterial activity of composite material was tested by using well-diffusion method against P. dispersa P. aeruginosa, B. thuring-
iensis and S. aureus and compared with drug Ampicillin [48]. In a flask, different amount of the testing material and sterilized nutrient
broth culture of actively dividing bacterial cells of about 106 CFU/mL was inoculated, and shaked at the speed of 160 rpm in an orbital
shaker. The growth of the bacteria was monitored visually and spectrophotometrically.

The test material has excellent antimicrobial activity in terms of zone of inhibition (ZOI) towards the strains of gram positive and nega-
tive bacteria. For B. thuringiensis composite material developed a 26 mm zone of inhibition and for S. aureus, P. acruginosa, P. dispersa
values was found to be 24nm, 23nm and 20nm, respectively. Minimum MIC of 45 pg/mL was found against B. thuringiensis and max-
imum against P. dispersa (MIC of 60 ug/mL).

Conductivity measurements

In order to perform the conducting studies, the material was treated with HC1 (0.1 M) and washed with demineralized water and then
dried at 50°C for 24 hrs. With the help of the hydraulic press at a pressure of 25 kN, pellets of this dried material (300 mg) were devel-
oped for conductivity measurements. All conductivity measurements were performed on a 4-in-line-probe in temperature range between
30 and 200 °C. The following equations are employed for the conductivity measurements:

o =00/G7(W/S)

G7 (W/S)=1n2 (2S/W)

60=2nS (V/I)

where 6, G7 (W/S), S, I and V are the conductivity (S cm-1), correction factor (function of thickness of the sample) probe spacing (cm),
current (A) and voltage, respectively.

From the results of conductivity measurements, it can be concluded that conductivity of the material increases with temperature. This
implies the characteristic of a nanocomposite as a semiconductor (Figures S-1 and S-2). The factors that are involved in the enhance-
ment of conductivity are the presence of the charge carriers and the orientations of polymer chains for electron delocalization [49] in
the system. Like other semiconductors, this nanocomposite material follows the Arrhenius model [50]. By varying the percentage of the
inorganic precipitate (Figure S-3) the conductivity increases with a maximum value at 15%, after that there is a decrease (Xu et al. 2005;
Su and Kuramoto 2000). At 50 and 80°C conductivity was quite stable, but with further increase in temperature, there is a decrease in
conductivity which reveals that composite material followed the Arrhenius equation (Figure S-4).
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