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Abstract This present paper reports the synthesis and
environmental applications of conducting polyaniline-
Sn(IV)tungstomolybdate nanocomposite. The material was
synthesized via a very simple chemical route and char-
acterized by wusing various instrumental techniques.
Physicochemical properties, pH titrations, and elution
behavior were studied to exploit the ion-exchange capa-
bility of nanocomposite. Electrical conducting studies
were performed by using 4-in-line-probe (Direct Current)
electrical conductivity measuring instrument. The con-
ductivity of the material was found to be in the range of
semiconductor’s. Distribution coefficient values were
measured in  demineralized water and varying
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concentration of dimethyl sulfoxide, and on the basis of
partition coefficient values, the material was found to be
selective for Pb>" ions. This nanocomposite material has
been fruitfully applied for the treatment of heavy metals
from synthetic mixture and industrial waste water sam-
ples. The limit of detection and the limit of quantification
for Pb>" ion were found to be 0.97 and 3.24 pg L™,
respectively. The material was also tested for antimicro-
bial activity, and it was found that besides its use as an
ion-exchange material, polyaniline-Sn(IV)tungstomolyb-
date is successfully used as an antimicrobial agent and as
well as semiconductor.

Keywords Antimicrobial - Fabrication - Hybrid - Metal
ions - Remediation - Wastewater

Introduction

Aquatic environment is badly affecting by the tremendous
use of heavy metals over the past few decades, which
results in an increased influx of metallic substances in
water (Yang and Rose 2003). Heavy metal ions are
considered as an important class of human carcinogens.
Among various metal ions, arsenic, cadmium, chromium
VI, beryllium, and nickel are accepted as human carcin-
ogens in one or another form or in particular routes of
exposure (NTP 2002). The mechanism(s) responsible for
metal carcinogenesis is elusive, partly owing to the
complex nature of metal interactions with biological
systems. A number of metals including carcinogenic
metals follow the metabolic pathway similar to the
essential metals. This is probably because of similar
binding preferences between carcinogenic metals and
nutritionally essential metals (Clarkson 1986). Thus,
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contamination of fresh water with a wide range of pol-
lutants has become a matter of great concern, not only to
public water supplies, but also to aquatic life. Rivers also
have been excessively contaminated with heavy metals
that are usually released from domestic, industrial, min-
ing, and agricultural effluents (Vander Oost et al. 2003).
Populations are increasingly demanding a cleaner envi-
ronment in general and reductions in the amounts of
contaminants. So, in developed countries, there has been
the imposition of new and more restrictive regulations to
make the environment free of contaminants (European
Commission, Regulation 2006; Figueroa 2008). A number
of methods have been exploited for the treatment of these
toxic metal ions (Hojati and Landi 2014; Kurniawan et al.
2006; Lin 2014; Poyraz and Taspinar 2014; Singh and
Singh 2012). However, the adsorption by ion-exchange
resins has gained popularity for being more selective as
compared to other methods (Akieh et al. 2008; Bag et al.
2007).

Pure organic and inorganic ion-exchange resins have
been found to be useful for the removal of toxic heavy
metals (Gupta et al. 2014) from water bodies. It was
found that the inorganic materials have several superior
qualities for the treatment of waste streams compared
with organic resins, due to their high thermal stability
and good compatibility. However, the slow mass-transfer
rate in column operation has been the impeding factor
for extensive applications (Saberi et al. 2010) of inor-
ganic ion exchangers. Hence, in order to prevail over
these drawbacks, composite ion exchangers (Shahadat
et al. 2014; Inamuddin 2010; Khan et al. 2014) were
synthesized by introducing inorganic materials into the
matrix of organic polymer polyaniline (PANI). These
composite materials have been widely studied and
showed improved qualities with respect to those of pure
inorganic and organic counterparts, in terms of better
selectivity, good mechanical and chemical resistance,
more regular granular form, lower solubility in water,
and better exchange of kinetics (Vatutsina et al. 2007,
Hafez et al. 2001).

Owing to the above mentioned advantages, composite
materials have applications in various fields (Nabi et al.
2009, 2010, 2011a; Bushra et al. 2012, 2014; Mohamed
Jaffer Sadiq and Samson Nesaraj 2014), which are of
economical and environmentally importance. The present
paper reports synthesis, characterization, and environmen-
tal applications of polyaniline-Sn(IV)tungstomolybdate
nanocomposite cation-exchange material.

It is a collaborative work of Aligarh Muslim University
[Aligarh (UP), India] and University Sains Malaysia
[USM, Pulau Penag(Malaysia)]. Practical work is carried
out in Aligarh Muslim University (winter 2014) supported
by financial assistance through USM RU grant.
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Materials and methods
Materials

The reagents which are utilized for the synthesis of
composite material include solutions of stannic chloride
pentahydrate (0.10 M), sodium molybdate (0.10 M), and
sodium tungstate (0.10 M) which are all prepared in
demineralized water. Potassium persulfate (0.1 M) and
10 % stock solution (v/v) of aniline were prepared in
1 M HCL All are acquired from E-Merck and CDH
(India).

Apparatus

For all spectrophotometric studies conducted in this work,
UV-3200 double beam spectrophotometer was used which
was purchased from Lablndia. All IR spectra (infra red)
were recorded on spectrometer Perkin Elmer (Model
number 1730, USA) using KBr disk method. For X-ray
diffraction (XRD) measurement, X Pert PRO analytical
diffractometer (Model number PW-3040/60) from Neth-
erlands with CuKo radiation using scanning electron
microscopy instrument (SEM; LEO, 435 VF) was
employed. TEM analysis was carried out on a Jeol H-7500.
Detection of toxic metals in environmental samples were
determined by utilizing flame atomic absorption spec-
trometer with a model GBC-932-plus (GBC Scientific,
Australia).

Polyaniline synthesis

Polyaniline which is one of the most studied conducting
polymers is synthesized by using oxidative polymerization
method. In this method, monomer of aniline (10 %) was
polymerized by the addition of an oxidizing agent potas-
sium persulfate in varying ratio under constant stirring
below 4 °C for 1 h (Nabi et al. 2011b), a dark colored
green gel of polyaniline was obtained.

Synthesis of PSTM

An inorganic precipitate of Sn(IV)tungstomolybdate was
prepared by adding the solutions of sodium tungstate and
sodium molybdate(0.1 M) to 0.1 M solution of stannic(IV)
chloride with varying volume ratios under continuous
stirring for 1 h. The pH of the mixture was maintained by
adding nitric acid or ammonia solution. White gel type
slurry was obtained. Then, polyaniline gel was added to the
white precipitate of Sn(IV)tungstomolybdate with contin-
uous stirring and kept it for 24 h for digestion and then it is
filtered, washed (to remove excess acid) and dried in an
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oven at 50 £ 2 °C. Afterward, it is converted into H" form
by treating it with 1 M nitric acid. Then, it is again washed
with demineralized water and dried at 50 £ 2 °C. Thus, a
number of samples of composite material PSTM were
prepared under varying experimental conditions (Table
S1).

Ton-exchange capacity

Adsorption capability of the composite material was mea-
sured by calculating ion-exchange capacity. For deter-
mining the ion-exchange capacity, composite material was
packed in a glass column of 0.5 cm internal diameter. For
releasing of H™ ions from the material, different metal
nitrate solutions were passed through it at the flow rate of
1.0 mL min~". H" ions in the effluent were then deter-
mined by titrating it against the standard solution of 0.1 M
sodium hydroxide.

pH titration

The nature of available functional group (mono-, bi-, and
tri-functionals) in the composite material was examined by

2R-H"  + M
Exchanger phase Solution phase

where, R =PSTM

metal ions by using batch method. In this method, 300 mg
of composite material (H" form) with 30 mL of different
metal nitrate solution was placed in various conical flasks
of 50 mL. Then, it was shaken for a particular time of 6 h
in a temperature-controlled shaker at 25 £ 2 °C to attain
equilibrium. The metal ion concentration before and after
the equilibrium was determined by titrating against a
standard solution of EDTA (0.01 M). The distribu-
tion coefficient values were calculated by using the
equation:

__ milli equivalent of metal ions / g of ion — exchanger L o-!
= milli equivalent of metal ions / mL of solution &
(I — F)/300mg

K =
4 F/30mL

(1)
where [ is the initial amount of metal ion in solution phase
without treatment with exchanger.

F is the final amount of metal ion in solution phase after
treatment with exchanger.

The sorption of metal ions involves the exchange of the
H* ions in exchanger phase with that of metal ions in
solution phase.

For example:

R,-M + 2H"

Exchanger phase Solution phase

performing pH titrations studies using Topp and Pepper
method (Topp and Pepper 1949). In this method, 1.0 g
composite material (in H" form) was placed into several
conical flasks(50 mL) followed by the addition of equi-
molar solutions of alkali metal chlorides and their corre-
sponding hydroxides. The ionic strength of each sample
was maintained by adjusting the volume to 50 mL.

Elution behavior

This study was performed for the elution of H' ions from
the column containing 1.0 g exchanger using 1.0 M
NaNO3(250 ml) solution. Each 10.0 mL fraction of col-
lected effluent was titrated against a standard NaOH
solution.

Sorption behavior

Distribution coefficients with cation exchanger PSTM in
different solvent systems have been determined for several

Selective separation of metal ion from synthetic
mixtures

Selective separations of some selective metal ions (0.1 M)
(Pb** and Hg”") from the synthetic mixtures containing
(Pb**, Cu*™, Cd**, Mg, Zn*") and (Cu®", Hg*", Ni*T,
Zn*t Mg?*, Er't, Ce*") were achieved on columns of
composite material by employing the elution technique. In
this technique, composite material was packed in a glass
column of 1.0 cm internal diameter that is washed with
demineralized water. After that, mixture of metal ions was
poured onto a column with a flow rate (0.3-0.5 mL minfl)
until a small amount remained above the surface of the
material. Later on, it was rinsed with demineralized water.
Metal ions were then eluted with appropriate mobile phase,
and the collected effluent in 10 mL fractions was titrated
against the standard solution of di-sodium salt of
EDTA(0.01 M). The amount of Pb>" and Hg>" ions in the
synthetic mixture was varied, while the amount of other
metal ions is kept constant (Table 1 and Table S3).

’r @ Springer
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Table 1 Selective separations of Pb>" ion from a synthetic mixture
of Pb*", Cu*", Cd®*, Mg>", and Zn>" ions on PANI-stan-
nic(IV)tungstomolybdate cation exchanger columns

S. Amount of Amount of % Eluent  Eluent

no. Pb?*loaded Pb’t found® Recovery used volume
(mg) (mg) (mL)

1 4.14 4.06 98 a 90

2 8.28 8.03 97 a 100

3 12.43 12.31 99 a 100

? Average of five replicates determinations, a = 0.1 M DMSO

Table 2 Analysis of Ni2+, Pb“, and Fe** ions in different industrial
samples on the columns of PANI-stannic(IV)tungstomolybdate cation
exchanger

Samples Method Amount of Amount of Amount of
Ni** ion Pb>* ion Fe** ion
found® (ug found® (ug found® (ug
LY LY LY
(%RSD)° (%RSD)° (%RSD)°

B-1 Direct® 2.2. (2.8) 8.1 (2.6) 3.7 (29)

SAY 33 (2.1) 8.9 (2.0) 4.0 (2.2)

B-2 Direct 3.1 (2.2) 9.8 (3.8) 2.2 (1.5)

SA 3.9 (3.8) 10.0 (3.0) 3.0 (1.0)
B-3 Direct 9.7 (1.1) 9.8 (3.8) 2.2 (2.5)
SA 9.5 (1.0) 8.9 (2.2) 2.0 (2.0)

B-1 (Talanagri, Aligarh), B-2 (Ramghat road, Aligarh), B-3 (Upper-
fort, lock and key Industry, Aligarh)

? Average of three replicate determinations
b g RSD, Relative standard deviation, ‘—’ indicates not detected
¢ Recommended procedure applied without spiking

4 Recommended procedure after spiking (standard addition method)

Evaluation of heavy metal ions (Pb>", Ni**, and Fe* ™)
in different industrial effluents by using column
of PSTM followed by FAAS

A number of waste water samples were collected from
different industrial areas of Aligarh City (UP, India). All
samples were filtered through Millipore cellulose mem-
brane filter (0.45 pm pore size) and acidified to pH 2 with
concentrated HNO3. The waste water samples were then
subjected to the recommended procedure (column opera-
tion) for preconcentration. Finally, the concentrations of
metal ions were determined by FAAS, and results are
summarized in Table 2.

Recommended procedure
For the preconcentration procedure, pH of the solution
(500-1000 mL) was adjusted to ~6.0 with hydrochloric

acid and passed through the exchanger column at a flow
rate of 5 mL min~"'. The adsorbed ions were then eluted

’r @ Springer

with 5 mL of 2 M nitric acid in acetone with a flow rate of
1 mL min~'. The metal ion content of the eluent was
measured by flame atomic absorption spectrometer.

Antimicrobial activity and minimal inhibitory
concentrations (MIC) of composite material PSTM

Organism culture and in vitro screening for antibacterial
activity were done by using disk diffusion method with
minor modifications. Staphyllococcus aureus, Staphyllo-
coccus epidermidis, Proteus mirabilis, and Escherichia coli
were sub-cultured in nutrient agar medium and incubated
for 18 h at 37 °C. The bacterial cells were suspended for
incubation according to the McFarland protocol in saline
solution to produce a suspension of about 10° CFU/mL
(colony forming unit per mL). A fix volume of this sus-
pension (10 mL) was mixed with 10 mL of sterile antibi-
otic agar at 40 °C and poured onto an agar plate in a
laminar flow cabinet. Five paper disks (6.0 mm diameter)
were fixed onto nutrient agar plate. One milligram of each
test compound was dissolved in 100 mL DMSO to prepare
stock solution. From the stock solution, different dilutions
of each test compound were prepared and poured over disk
plate. Ciprofloxacin was used as a standard drug (positive
control) and DMSO was used as the negative control. The
susceptibility of the bacteria to the test compounds was
determined by the formation of an inhibitory zone after
18 h of incubation at 37 °C. The results were compared
with the positive control, and the zone of inhibitions was
measured at the MIC. MICs were determined by macro-
dilution technique. The nutrient broth, which contained
logarithmic serially twofold diluted amount of test com-
pounds and controls was inoculated within approximately
10 CFU mL™" of actively dividing bacteria cells. The
cultures were incubated for 18 h at 37 °C, and the growth
was monitored visually and spectrophotometrically.

Conductivity measurements

Conducting studies on composite material was performed
by treating the sample with 0.1 M solution of HCI (as a
doping agent). After that sample was washed repeatedly
with demineralized water in order to remove excess acid,
and finally, it was dried at 50 °C. 300 mg of this dried
material was grounded, and pellets were made at a pressure
of 25 kN for conductivity measurements. The thickness of
the pellet was measured by a micrometer. Thus, the elec-
trical conductivity measurements for doped (0.1 M HCI
solution) and undoped samples of nanocomposite material
were examined at different temperatures (between 30 to
200 °C).

Electrical conductivity of the samples was determined
by using the following equation:
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Fig. 1 SEM

images
exchange material at different magnifications

of PANI-Sn(IV)tungstomolybdate cation-

o = ao/ G1(W/S) (2)
G+(W/S) = In2(25/W) (3)
oo = 218 (V/I) (4)

where o is the electrical conductivity in S cem™ ', G, (W/S)
is the correction factor that was used for the non-con-
ducting bottom surface and is a function of thickness of the
sample under investigation (cm) and S is the probe spacing
(cm), I is the current (A), and V is the voltage. Isothermal
stability of doped composite (1 M HCIl) was measured in
terms of DC electrical conductivity retention at different
temperatures.

Results and discussion

Different samples of PSTM were prepared by varying the
experimental conditions such as pH and mixing volume
ratio. On increasing the pH, ion uptake capacity of the
material was decreased due to metal hydroxide formation.
Varying the mixing volume ratios of the reactants also
affects the ion-exchange capacity of the composite material

Intensity

Energy (KeV)

Weight %

< (=} ~e on w
Elements

Fig. 2 EDAX spectrum of (a) PANI-Sn(IV)tungstomolybdate cation-
exchange material and its (b) percentage content

(Table S1). On the basis of good ion-exchange capacity and
better yield, sample M-8 is selected for detailed studies.
Elution behavior study was performed to estimate the min-
imum amount of solvent needed to release H" from the
exchanger. The experiment indicated that only 120 mL
NaNOj solution (1.0 M) was required to release total H*
ions from 1.0 g of PSTM (Fig. S1). The nature of the iono-
genic group present in the composite material was deter-
mined by pH titration studies on some metal halides and their
corresponding hydroxides (Fig S2). This study clearly shows
the bifunctional behavior of the composite material.

The surface morphology of PSTM was examined by
SEM analysis (Fig. 1). SEM images depict irregular mor-
phology with a large number of porous cavities. Because of
porous nature, the material can easily adsorb metal ion, as a
result of enhancing ion-exchange capacity. EDAX spec-
trum (Fig. 2a, b) shows that the overall amount of C, O,

* @ Springer
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Fig. 3 TEM image of PANI-Sn(IV) tungstomolybdate cation-
exchange material

600

500 -
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Intensity (a.u)

200

Fig. 4 X-ray diffraction pattern of PANI-Sn(IV)tungstomolybdate

Mo, Sn, and W in the composite material was found to be
25.96, 23.44, 17.04, 12.97, and 20.59 wt%, respectively.
TEM studies revealed that the composite material shows
particle size in the range of 17-39 nm. Thus, it can be
considered as nanocomposite material (Fig. 3). The amor-
phous nature of the material was confirmed by X-ray
analysis (Fig. 4).

Measurement of electrical conductivity

By using 4-in-line-probe DC electrical conductivity mea-
suring instrument, electrical conductivity of doped and
undoped samples of nanocomposite material was mea-
sured. It was found that the conductivity of material
increases with the increase in temperature which implies
the characteristic behavior semiconductor. HCl-doped
nanocomposite demonstrates higher conductivity than the
undoped material which may be attributed due to the
charge-transfer reaction between the chains of PSTM and

* @ Springer
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Fig. 5 Electrical conductivity versus the varying percentage of
inorganic precipitate in nanocomposite

the doping agent, HCl (Fig S3). It was observed that the
temperature dependence of the plot of log conductivity
versus 1000/T (K—1) (Fig S4) followed the Arrhenius
equation. Therefore, nanocomposite material follows the
Arrhenius model. The energies of activation of HCI treated
and as-prepared samples were found to be as 1.7 and
1.59 eV, respectively. Figure 5 shows the variation of
electrical conductivity of composite material by varying
percentage of inorganic precipitate. The results show that
maximum increase in conductivity occurred at 10 wt%,
after which the conductivity started to decrease. It is
believed that further increase in the percentage of inorganic
precipitate hinders the carrier transport between conjugated
chains of PANI (Su and Kuramoto 2000; Xu et al. 2005)
that leads to decrease in the overall conductivity.
Thermal stability of composite material in terms of DC
electrical conductivity retention was studied under iso-
thermal conditions at the 10 min time interval at different
temperatures (50, 90 and 130 °C). Figure S5 represents the
measurement of electrical conductivity with respect to
time. Electrical conductivity was quite stable at 50 and
90 °C, which demonstrates that composite material fol-
lowed Arrhenius equation for the temperature dependence
of the electrical conductivity under ambient temperature
conditions. Decrease in conductivity at 130 °C is due to the
loss of dopant and degradation of composite material.

Environmental applications

Distribution coefficient values were measured in various
solvent systems, as it is evident from Table S2 that sorption
of the metal ion increases with decrease in the concentra-
tion of the acid. Among all metal ions, Pb*" ion was highly
sorbed by the composite material and the results show that
the composite material is selective toward Pb>" ion. The
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Table 3 Inhibitory effects of composite material PANI-stannic(IV)tungstomolybdate on microorganisms
Compounds Zone of inhibition (mm)
Gram positive Gram negative
S. aureus S. epidermidis P. mirabilis E. coli
Composite material 21.58 £ 0.18 22.96 £ 0.07 23.28 £ 0.24 2447 £ 0.20
Ciprofloxacin 21.46 £ 0.31 22.64 £ 0.54 22.24 + 0.30 23.82 £ 047
NC - - - -
Minimum inhibitory concentration (pg mL™h
Composite material 6.25 3.125 6.25 12.5
Ciprofloxacin 6.25 3.125 6.25 12.5
106 standard deviation(s) of the blank signal along with the
105 G - mean blank signals (absorbance) for 15 replicate mea-
t
5 104 — surements was found to be 0.97(0.0027), 0.59(0.0099), and
- B Cipofanacin 0.32(0.0009) pg L='  for Pb>*, Ni**, and Fe’*,
| respectively.
Gt
°
g Biological activity
(4
B In vitro antibacterial screening of nanocomposite material
was evaluated against gram-positive (S. aureus and S. ep-
idermidis) and gram-negative (P. mirabilis and E. coli)

S.aureus

S.epidermidis  P. mirabilis

Microorganisms

E. coli

Fig. 6 Representing the comparative percent area of inhibition pg"
of the composite material and Ciprofloxacin in case of gram-positive
and gram-negative bacteria

capability of the material in the separation of Pb>" ion
from synthetic mixture and real samples (industrial waste
waters) was also explored. Table 1 and Table S3 show the
successful separation of Pb*" and Hg?" ion from the
synthetic mixture with 92-98 % recovery. Identification of
metal (Ni2+, Pb**, and Fe”) was carried out by collecting
waste water samples from various industrial sites in Ali-
garh, UP, India. The amount of Ni*", Pb*", and Fe*" ions
in the real samples was determined by using flame atomic
absorption spectrophotometer and was found to be (2.2,8.1,
and 3.7 pg L™, (3.1, 9.8, and 2.2 pg L™"), (9.7,9.8, and
2.2 ug L1, respectively (Table 2).

The results were validated by applying the standard
addition method (spiking the water samples with a known
amount (10 pg) of individual metal ions). Results obtained
by the direct method (applying the recommended proce-
dure without spiking) are in close agreement with that
found by the S.A. (standard addition after spiking), as it is
evident from Table 2 that these close agreement of results
indicate that present method for metal analysis in water
samples is more authentic without any significant inter-
ference. The detection limit evaluated as three times the

bacteria using disk diffusion method, and the results were
compared with standard drug Ciprofloxacin. Results so
obtained revealed that the composite material possesses
better activity against both gram-positive and gram-nega-
tive bacteria. Antibacterial activity was calculated in terms
of zone of inhibition (measured in mm), and MIC was
evaluated by the macro-dilution test using standard inoc-
ulum of 10° CFU mL™'. PSTM shows the lowest MIC
values toward all the tested microorganisms (Table 3). The
investigation of antibacterial screening data revealed that
the material showed significant bacterial growth inhibition.
Figure 6 represents the plot of the percent area of inhibition
by composite material against all microorganisms and
compared it with standard drug Ciprofloxacin.

Conclusion

Nanocomposite PSTM was synthesized via a simple
chemical route with sorption capacity of 1.77 meq g_l.
XRD analyses confirm the amorphous nature of the com-
posite material. The capability of composite material was
demonstrated in the separation of heavy metal ions from
real and synthetic samples. Determination of Pb>" ion in
industrial wastewater by FAAS does not require any prior
digestion. Electrical conductivity measurement results
indicate that the material can be employed as a semicon-

ductor in electrical and electronic devices. Investigation of

* @ Springer
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antibacterial screening data revealed the significant bacte-
rial growth inhibition. Thus, PSTM nanocomposite cation
exchanger exhibits the characteristics of a promising ion
exchanger, which can be explored for other applications.
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