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Abstract−A composite material polyaniline-Zr(IV) phosphoborate (PZPB) was synthesized via sol-gel method by the
combination of Zr(IV) phosphoborate and polyaniline. The PZPB composite material was characterized by various analyt-
ical techniques. The PZPB composite material was found to be selective for Hg2+ metal ion due to the high distribution
coefficient values for Hg2+ metal ion in all mediums. The PZPB composite material was used for Hg2+ removal under dif-
ferent experimental conditions. The antibacterial activity of PZPB composite material was also studied against E. coli.
Keywords: Polyaniline, Composite Material, Toxic Metals, Adsorption, Kinetics, Thermodynamics

INTRODUCTION

Water is recognized as source of evolution from origin to degree
of human civilization. In the present scenario, with rapid increase
in population growth, the world’s population will reach nine bil-
lion by 2050, which will lead to a severe shortage of fresh water
supply, so its treatment is a necessity for day to day life [1-3]. Resi-
dential areas, industrial waste, lack of adequate sanitation and con-
tinuous agricultural practices are the most significant forms of
water pollution [4-7]. Nowadays, the pollution due to heavy metal
ions is a serious ecological issue. Metal ions (Pb2+, Cd2+, As3+, Cr3+,
Hg2+) are considered to be more notorious water pollutants because
these metal ions are non-biodegradable and hence are persistent
in all parts of the environment [8-11]. Among all metal ions, Hg2+

is one of the most toxic metal ions [12-14]. There are various sources
of Hg2+ ions in aquatic ecosystems, like paper and pulp manufac-
turing, oil refineries, chloralkali wastewater, power generation plants
and fertilizers industries [15]. Mercury, which is present in differ-
ent industrial waste effluents, has no positive impact on the human
life; in fact, a safe level of its exposure is very difficult to determine.
In the environment it is present in several different forms, and
almost all forms are toxic [16].

Various techniques like chemical precipitation, flotation, coagu-
lation-flocculation, adsorption, membrane filtration and ion-ex-
change have been used for the treatment of metal ions [17-21]. In
recent years, adsorption of metal ions from contaminated water
via composite ion exchange materials has been extensively studied
[22-25] due to their certain characteristic properties such as better
adsorption capacity, selectivity, functionality, chemical and thermal
stability over their single component counterparts. Development of

composite material based on polyaniline (PANI) has gained interest
[26]. Within the family of conducting polymers, PANI has attracted
increased consideration due to its ease of preparation, high con-
ductivity and good environmental stability, and its optical and elec-
tric properties can be reversibly controlled over an extensive range
by both charge-transfer doping and protonation, which make this
polymer appropriate matrix for synthesis of conducting polymer
composites [27,28].

We have synthesized PZPB composite material which was used
for Hg2+ removal from an aqueous medium. The as-prepared mate-
rial was characterized properly using several analytical techniques.
Batch studies were performed for the adsorption of Hg2+ ion from
aqueous solution.

EXPERIMENTAL

1. Materials
Aniline, ammonium per sulfate, zirconium(IV) oxychloride,

orthophosphoric acid and boric acid were supplied by E-Merck
(India). All other reagents and chemicals were of analytical grade.
2. Sample Preparation

Polyaniline was prepared from monomer of aniline (10%) and
ammonium per sulfate as oxidant by using oxidative polymeriza-
tion method as described previously [29,30]. Solutions of boric acid
(0.1 M) and orthophosphoric acid (0.1 M) were prepared in dis-
tilled water with varying volume ratios and added to zirconium
(IV) oxychloride (0.1 M) under constant stirring for 1 h. A white
gel type slurry of Zr(IV) phosphoborate was obtained after adjust-
ing the pH of the mixture with nitric acid or ammonia solution. In
the resulting mixture, polyaniline gel was added with continuous
stirring and kept for 24 hrs for digestion. Afterwards, the precipi-
tate was filtered, washed with DMW and dried at 50±2 oC. PZPB
composite material was converted into H+ form by treating it with
1M nitric acid, then further filtered again by suction filtration, washed
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thoroughly with DMD and dried at 50±2 oC.
3. Characterization

The morphology of the PZPB composite was studied with SEM
(LEO, 435 VF). The FTIR analysis was performed on FTIR spec-
trometer (Perkin Elmer 1730, USA) using the KBr disc method.
The XRD of PZPB was taken using X’Pert PRO analytical diffrac-
tometer (PW-3040/60 Netherlands with CuKa radiation l=1.5418
Ao). Thermogravimetric analysis was carried out on an automatic
thermal analyzer (V2.2A Du Pont 9900) in the N2 atmosphere.
4. Physiochemical Properties

The capability of adsorption and the nature of functional group
present on the PZPB composite material were determined by ion
exchange capacity and pH titrations. Elution behavior was accom-
plished for the elution of H+ ions from the PZPB composite mate-
rial. The optimal concentration required for the complete removal
of H+ ion was also determined [31].
5. Distribution Coefficient Studies (Kd)

The Kd values of various metal ions were evaluated by batch
method in different solvent systems by the method described else-
where [32-34]. The concentration of metal ion before and after
adsorption was evaluated by EDTA titrations. The distribution co-
efficient values are calculated as:

(1)

6. Batch Adsorption Experiments
A batch method was applied for the adsorption of Hg2+ onto

PZPB composite material. For this study, 100mg of PZPB was stirred
with 250 mL of Hg2+ solution of known concentration for differ-
ent time periods at room temperature. Then, PZPB was filtered off
and the concentration of Hg2+ in the solution phase was evaluated
by EDTA titration. Different adsorption parameters were also opti-
mized.

The removal efficiency of Hg2+ adsorption was calculated as:

(2)

Kinetics studies were accomplished by changing the Hg2+ con-
centration (Co, 20, 30 and 50μg L−1). Isotherm and thermodynamic
studies were performed by varying the temperature (25-45 oC)
and initial Hg2+ concentration (20-100 mg L−1).
7. Antibacterial Activity Against E. coli

The antibacterial nature of PZPB composite material was deter-
mined against E. coli by employing optical density method. The E.
coli was cultured overnight in agar plate; a colony of E.coli was picked

form plate and inoculated into 10 mL of nutrient broth. The inoc-
ulum was then incubated at 37 oC for 24 hrs. Finally, the culture was
diluted to 10−5 CFU/mL (colony forming unit per mL) according
to the MacFarland standard using nutrient broth [3,35,36]. The
above culture was taken in four flasks and different concentrations
(50, 100, 200, 300μg/mL) of PZPB composite material were added
to these flasks. The flasks were then again incubated in an incuba-
tor shaker for 24 hrs at 37 oC. To reduce aggregation and settle-
ment of the PZPB composite, during the incubation period high
rotation was performed for each flask. The positive control was
also set up simultaneously, which showed growth of E. coli in absence
of PZPB composite material. The optical density of each flask was
evaluated after every hour with a spectrophotometer at 620 nm.
Finally, the optical density (O.D.) was plotted against time of incu-
bation [37]. Further, the disc diffusion method was used for con-
firming the antibacterial nature of PZPB composite material. The
different concentrations of PZPB composite as used in optical den-
sity method were taken. Nutrient agar medium was autoclaved at
15 psi and 121 oC, and from this about 10-20 mL of nutrient agar
medium was poured into sterilized petri dish and left for solidifi-
cation. After solidification, the petri dish was inoculated with sus-
pension of E. coli by spread plate method. Paper discs were made
and dipped in different concentration solutions of PZPB compos-
ite and placed in a petri dish. Finally, the petri dish was sealed
with paraffin and incubated at 37 oC. The petri dish was studied to
find the zone of inhibition after 24-48 hrs.

RESULTS AND DISCUSSION

Different samples of PZPB composite material with varying vol-
ume ratios were prepared by sol gel method at pH 1, because there
is a possibility of hydrolysis of the material at higher pH (Table 1).
It is evident from Table 1 that the yield and ion exchange capacity
(IEC) of the material was affected by the mixing ratios of the reac-
tants. It was noted that the ion exchange capacity was increased
with increasing the ratio of the anionic parts in the reaction mix-
ture as the replaceable hydrogen/ionogenic groups were attached
to these anionic groups [25,38,39]. Among the various samples,
the IEC for Na+ was maximum for sample M-3; therefore, it was
chosen for thorough studies.

The gel of polyaniline was prepared by oxidative coupling using
K2S208 in acidic medium [40] as:

Kd = 

Amount of metal ion retained in one gram
    of the exchanger phase mgg−1

( )

Amount of metal in unit volume
   of the supernatant solution mgmL−1

( )

------------------------------------------------------------------------------------------------------

qe = 
Co − Ce( )V

m
-------------------------

Table 1. Conditions for the synthesis of PZPB composite material 
S. no.  A (Mol L−1) B (Mol L−1) C (Mol L−1) D (Percentage) Mixing ratio (V/V) pH IEC for Na+ ions (meq g−1) Yield (g)
M-1 0.10 0.10 0.10 10% 1 : 1 : 1 : 1 1.0 1.00 6.57
M-2 0.10 0.10 0.10 10% 1 : 2 : 1 : 1 1.0 1.25 7.00
M-3 0.10 0.10 0.10 10% 1 : 2 : 2 : 1 1.0 1.50 7.54
M-4 0.10 0.10 0.10 10% 2 : 2 : 1 : 1 1.0 0.52 7.44

A: Zirconium (IV)oxychloride, B: Boric acid, C: Orthophosphoric acid , D: Polyaniline , IEC: Ion exchange capacity
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Zr(IV) phosphoborate and polyaniline binding can be shown as:

The affinity order for some monovalent and divalent cations
(Table 2) was Li+<Na+<K+ and Mg2+<Ca2+<Sr2+<Ba2+ which was
in agreement with the size of hydrated ionic radii of the exchang-
ing ions [41].

The pH titration curve of some metal halides and their corre-
sponding hydroxides showed the bifunctional behavior of the PZPB

(Fig. 1(a)). It is evident from Fig. 1(b) that 1.0 M NaNO3 was appro-
priate as eluent for the full release of H+ ions from the composite
material. From elution behavior, it was confirmed that only 70 mL
of 1.0 M NaNO3 solution was enough for the maximum elution of
H+ ions, which indicated the significant efficiency of the column
(Fig. 1(c)).

The sorption behavior of the composite material was deter-
mined by distribution coefficient (Kd) values. It is observed from
Table 3 that sorption of metal ion was increased with decreasing
the concentration of the acids. The low Kd values of all metal ions
in high acidic medium was due to the occurrence of high concen-
tration of H+ ions, which inverted the adsorption process and the
regeneration process dominated over the adsorption process. The
PZPB composite was found to be selective for Hg2+ metal ions be-
cause its uptake was high in all solvents as compared to other metal
ions.

In the FTIR spectra of PZPB composite material (Fig. 2(a)), the
bands in the region of 1,565 and 1,489cm−1 are ascribed due to C=N
stretching mode of quinoid (Q) rings and C=C stretching mode of
benzenoid (B) rings, respectively [42,43]. Bands at 1,306 and 1,243
cm−1 reveal the presence of methylene group. The presence of the
phosphate group in the composite material is confirmed by the

Fig. 1. (a) pH titration of PZPB with various alkali metal hydroxides (b) effect of eluent concentration on IEC of PZPB (c) effect of eluent
concentration on IEC of PZPB.

Table 2. Ion exchange capacity of various metal ions on PZPB
Exchanging

ions Li+ Na+ K+ Mg2+ Ca2+ Sr2+ Ba2+

IEC (meq g−1) 0.80 1.50 1.62 0.72 1.00 1.08 1.67
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presence of the band at 1,068 cm−1 [44]. Finally, the bands at ~802
and 512 cm−1 show the superposition of metal oxygen stretching
vibrations [45].

TGA study was done to determine the thermal stability of the
PZPB composite material. The results reveal three-step weight loss
behavior (Fig. 2(b)). The first weight loss (10%) up to 150 oC was
due to the loss of external H2O molecule from the PZPB compos-
ite material [46]. The second weight loss onwards in the range from
200 to 350 oC corresponded to the elimination of interstitial H2O
molecules as well as change of phosphate group to pyrophosphate
group [47]. Further loss in weight up to 500 oC might be allocated
to the decomposition of organic part of the composite material.
Afterward, there was no weight loss up to 900 oC because of the
change of the material into its corresponding oxides and might be
due to carbonization of polyaniline.

The X-ray diffractogram (Fig. 3) of PZPB composite material
shows its semi-crystalline nature due to a number of low intense
peaks.

Surface morphology of inorganic part (Zr(IV) phosphoborate)
and PZPB composite material is shown in Fig. 4(a), (b). The SEM
images clearly exhibit that the surface morphology of PZPB was
totally dissimilar from its individual inorganic component. The
morphology of the PZPB revealed that the polyaniline gets depos-
ited over and between Zr(IV) phosphoborate. The EDX spectrum
of Zr(IV) phosphoborate gave the peaks of B, O, P, and Zr. But, the
EDX spectrum of PZPB composite material showed two additional
peaks for C and N, which confirmed the mixing of PANI with
Zr(IV) phosphoborate.

For the optimum adsorption of Hg2+, the equilibration time was
achieved at diverse time intervals (5-240 min), and it was found that
adsorption was fast at the starting and equilibrium was achieved
within 180 min at which 86.3% Hg2+ was adsorbed onto PZPB
composite material (Fig. 5(a)). Actually, all sites at the PZPB sur-
face were vacant at the start, so the adsorption was fast [7,38,48,
49]. Later, due to the decrease in the Hg2+ concentration as well as
the number of adsorption sites at PZPB, the adsorption became
slow [2,50]. In the pH effect, the Hg2+ adsorption increased from
29.8 to 86% with increasing the pH from 2 to 6 (Fig. 5(b)). After
pH 6, the adsorption of Hg2+ was not changed because at pH>6.0,

Table 3. Kd values of metal ions on PZPB composite material in different solvent systems
Metal ion DMW HNO3 (1 M) HNO3 (0.1 M) HNO3 (0.01 M) HClO4 (1 M) HClO4 (0.1 M) HClO4 (0.01 M)
Mg2+ 10.0 058 0200 0487 028 0157 0183
Zn2+ 3.5 028 0047 0145 024 0046 0138
Pb2+ 21 048 0110 0300 280 0850 1100
Cd2+ 31 347 0410 0590 389 0473 0739
Cu2+ 43 045 0110 0300 030 0082 0340
Ni2+ 225 347 0260 0410 389 0478 0739
Hg2+ 500 559 1570 2900 870 1402 1808
Er3+ 32 135 0329 0583 220 0289 0370
Ce3+ 57 060 0138 0600 098 0198 0350
Nd3+ 35 180 03000 0550 162 0350 0410
Y3+ 92 063 658 0182 158 0480 0410

Fig. 2. (a) FTIR spectrum and (b) TGA of PZPB composite material.

Fig. 3. Powder X-ray diffraction pattern of PZPB composite material.
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Fig. 4. SEM-EDX images for (a) Zr(IV) phosphoborate and (b) PZPB composite composite material.

Fig. 5. Percent removal of Hg2+ metal ion using PZPB composite material at different (a) time, (b) pH, (c) Initial Hg2+ metal ion concentra-
tion and (d) temperature.
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muir and Freundlich isotherm models [53,54].
The pseudo-first-order and pseudo-second-order equations are

represented as follows:

Pseudo-first-order:

(3)

Pseudo-second-order:

(4)

It is clear from Table 4 that the values of R2 for pseudo-first-order
model were higher than pseudo-second-order model, which indi-
cated that the studied adsorption system fits to the pseudo-first-

qe − qt( )  = qe − 
k1t

2.303
------------loglog

t
qt
---- = 

1
k2qe

2
---------- + 

t
qe
----

the Hg2+ metal ion gets precipitated [50]. As anticipated, the removal
of Hg2+ was low at lower pH. Actually, the H+ ions concentration
was high at lower pH, due to which the protonation of active sites
of PZPB was dominated over the adsorption process. In the con-
centration effect, the adsorption of Hg2+ was decreased from 86.5
to 56.5% with increasing in the concentration of Hg2+ from 20 to
100 mg L−1 (Fig. 5(c)). The decrease in the adsorption percentage
of Hg2+ metal ion was due to the less availability of adsorption sites
at the surface of PZPB for the higher concentration of Hg2+ metal
ion. The synthesis and the adsorption of Hg2+ onto PZPB are shown
in Fig. 6.
1. Adsorption Kinetics and Isotherm Studies

The adsorption of Hg2+ onto PZPB was evaluated by pseudo-first-
order and pseudo-second-order kinetic models [51,52] and Lang-

Table 4. Kinetic parameters for the adsorption of Hg2+ onto PZPB
Kinetic models Parameters 20 ppm 30 ppm 50 ppm

Pseudo-first-order k1 (min−1) 1.61×10−2 1.56×10−2 0.92×10−2

R2 0.994 0.990 0.981

Pseudo-second-order
qe (mg g−1) 40.48 59.17 92.59
k2 (g mg−1 min−1) 1.37×10−3 0.87×10−3 0.54×10−3

R2 0.965 0.952 0.966

Fig. 6. Scheme for the synthesis of PZPB and adsorption of Hg2+ onto PZPB.
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order kinetic model (Fig. 7(a), 7(b)).
The Langmuir isotherm model is given as:

(5)

A dimensionless equilibrium parameter (RL) is given as [55]:

(6)

Freundlich isotherm is expressed by the following equation:

(7)

The values of qm increased with increasing the temperature,
which exhibited the endothermic nature for the Hg2+ adsorption

onto PZPB (Table 5). The values of RL<1 indicated the promising
adsorption of Hg2+ onto PZPB. The parameters obtained by fit-

1
qe
---- = 

1
qm
------ + 

t
bqmCe
---------------

RL = 
1

1+ bCo
----------------

qe = Kf + 
1
n
--- Celogloglog

Table 6. A list of maximum monolayer adsorption capacity for Hg2+ using various adsorbents
Adsorbents Maximum monolayer adsorption capacity (mg g−1) References
4-Aminoantipyrine immobilized bentonite 52.9 [56]
Mesoporous silica-coated magnetic particles 14.0 [57]
Coconut shell activated carbon 15.0 [58]
Coal 10.0 [59]
Ti(IV) iodovanadate 021.32 0[6]
Chemically treated sawdust (Acacia arabica) 020.62 [60]
2-Mercaptobenzothiazole treated clay 002.71 [61]
Bamboo 002.71 [62]
PZPB 153.85 Present work

Fig. 7. Plots of (a) Pseudo-first-order, (b) Pseudo-second-order (c) Langmuir isotherm and (d) Freundlich isotherm models.

Table 5. Isotherm model parameters for Hg2+ adsorption of onto
PZPB

Equilibrium model Parameters 25 oC 45 oC

Langmuir isotherm

qm (mg g−1) 153.85 163.93
b (L mg−1) 11.4×10−2 16.9×10−2

RL 0.30 0.22
R2 0.990 0.982

Freundlich isotherm
Kf (L mg−1) 25.1 32.6
n 2.08 2.32
R2 0.995 0.997
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centration of PZPB composite material was also found effective to
stop the growth of bacteria and has bacteriostatic nature but to a
lesser extent. The death phase of the E. coli was observed after 22
hrs of incubation. The presence of Zr metal ion in the composite
might be responsible for lysis of E. coli bacterial cellular mem-
branes. The interactions between the PZPB composite material and
bacterial cells might be responsible for the disruption of the cell
membrane by oxidative-reductive decomposition of functional
groups in the proteins presents on the outer surface of cell mem-
branes [63,64]. The disc diffusion method also proved the inhibi-
tory nature of PZPB composite material with maximum inhibition
zone of 21 mm for 300μg/mL and 16 mm for 50μg/mL, 17 mm
for 100μg/mL, 19 mm for 200μg/mL, respectively (Fig. 8(b)).

CONCLUSION

PZPB composite material was synthesized by the combination
of inorganic Zr(IV) phosphoborate and polyaniline via sol-gel
method. The material was characterized by various analytical tech-
niques. The X-ray diffractogram of PZPB composite material showed
the semi-crystalline nature of the material. The morphology of the
composite material (SEM) showed the polyaniline gets deposited
over and between Zr(IV) phosphoborate. The PZPB composite
material was successfully used for the removal of Hg2+ metal ion
from aqueous medium. The highest adsorption was at pH 6 and
equilibration was attained within 180 min. The adsorption of Hg2+

onto PZPB was endothermic. The antibacterial activity of PZPB
composite material was studied against E. coli. The disc diffusion
method also proved the inhibitory nature of PZPB composite mate-
rial with maximum inhibition zone of 21 mm for 300μg/mL and
16 mm for 50μg/mL, 17 mm for 100μg/mL, and 19 mm for 200
μg/mL, respectively.

ting these two isotherm models (Fig. 7(c), 7(d)) are given in Table
5. The Freundlich isotherm model showed the better correlation
coefficient values (R2>0.98) than Langmuir isotherm model, which
indicates the superior applicability of this model.

A comparison of qm of Hg2+ on various adsorbents is shown in
Table 6 [6,56-62]. The value of qm for PZPB was higher than most
of the adsorbents shown in Table 6.
2. Thermodynamic Studies

From the thermodynamic studies (Fig. 5(d)), adsorption of Hg2+

was increased from 42.3 to 85.6% on increasing the temperature
from 25 to 45 oC. The effect of temperature on the adsorption is
also related to other parameters: ΔGo, ΔHo and ΔSo. The values of
ΔHo and ΔSo were found from the slopes and intercepts of the plots
of lnKc versus 1/T by this equation:

(8)

The values of ΔGo were calculated as:

(9)

The positive value of ΔHo indicates the endothermic nature of
adsorption (Table 7). The positive values ΔSo showed an increase
in the randomness. The ΔGo values were negative which showed
the degree of spontaneity of the adsorption process.
3. Antibacterial Activity of PZPB Composite Material Against
E. coli

The antibacterial activity of PZPB composite material was stud-
ied against E. coli. The inhibition of bacterial growth can be clearly
seen in growth curves (Fig. 8(a)). The growth curves studies of E.
coli proved the bacteriostatic nature of PZPB composite material.
It was revealed that a concentration of 300μg/mL of composite
totally stopped the growth of E. coli for the 24 hrs. The other con-

Kc = − 
ΔHo

RT
---------- + 

ΔSo

R
--------ln

ΔGo
 = ΔHo

 − TΔSo

Table 7. Thermodynamics parameters for Hg2+ adsorption onto PZPB

Co

(mg L−1)
ΔHo

(KJ mol−1)
ΔSo

(KJ mol−1 K−1)
−ΔGo (KJ mol−1)

298 K 308 K 313 K 318 K
50 8.29 0.035 2.14 2.49 2.67 2.84

Fig. 8. (a) Growth curve of E. coli in presence of PZPB (b) antibacterial activity PZPB against E. coli using disc diffusion method.
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