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The present report deals with the synthesis, characterization and testing of an
ethyl cellulose–calcium(II) hydrogen phosphate (EC–CaHPO4) composite,
where a sol–gel synthesis method was applied for the preparation of the
composite so as to test its efficacy towards the electrochemical, biological, and
adsorption related applications. The physical properties of the composite were
characterized by using scanning electron microscopy (SEM), ultraviolet–
visible (UV–Vis) spectroscopy, and fourier transform-infrared (FTIR) spec-
troscopy. On testing, the mechanical properties indicated that the composite is
highly stable due to the cross-linked rigid framework and the enhanced
interactions offered by the EC polymer supported for its binding very effec-
tively. In addition, the conductivity of EC–CaHPO4 is completely governed by
the transport mechanism where the electrolyte concentration has preference
towards the adsorption of ions and the variations in the conductivity signifi-
cantly affected the material’s performance. We observed an increasing order of
KCl> NaCl for the conductivity when 1:1 electrolytes were applied. Further,
the material was tested for its usefulness towards the purification of industrial
waste waters by removing harmful metal ions from the samples collected near
the Aligarh city, India where the data indicates that the material has highest
affinity towards Pb2+, Cu2+, Ni2+ and Fe3+ metal ions. Finally, the biological
efficiency of the material was confirmed by means of testing the antibacterial
activity against two gram positive (staphylococcus aureus and Bacillus thur-
ingiensis) and two gram negative bacteriums (Pseudomonas aeruginosa and
Patoea dispersa). Thus, from the cumulative study of outcomes, it indicates
that the EC–CaHPO4 composite found to serve as a potential smart bioma-
terial due to its efficiency in many different applications that includes the
electrical conductivity, adsorption capability, and antimicrobial activity.
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INTRODUCTION

Recent advancements in materials science and
nanotechnology fields present a wide range of
interest towards the development of nano-scale

materials with many advanced applications, which
include solar cells, energy conversion and storage,
biomedicine, sensors, catalysis, engineering and
construction.1–3 Such advancement and mobility in
the concepts of materials science and nanotechnol-
ogy is made possible only due to the development of
novel synthesis methods and advanced characteri-
zation tools denoting their significant contribution
and potential applications.4 Also, composite
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membranes, made up of inorganic nanomaterials
when applied for filtration purposes, the membrane
properties should be fine-tuned in such a way that it
can allow only particular moieties to pass through
them while blocking others. In that view, one
approach to alter the fundamental properties is by
forming composites that involve organic, inorganic
or polymer substrates. Since the organic and inor-
ganic materials individually are efficient enough to
suit all applications because of their intrinsic prop-
erties, such as the solubility, mechanical, chemical
and thermal stabilities, in order to overcome these
limitations inorganic–organic composite mem-
branes are introduced.5 Thus, the formed composite
membranes can easily find applications in various
sectors of filtration and/or separations that include
the chemical and petroleum industries, waste water
treatment, fuel cells, cell sorting and stem cell
technology etc., as these applications are authorized
for high thermal, chemical and mechanical resistiv-
ity.6–8 The other properties such as availability,
stability, flexibility and eco-friendly nature are also
useful and quite beneficial where the polymers
serve as important materials for the preparation of
composites with outstanding separation perfor-
mance and adaptability to environmental changes.

Cellulose is a material that exhibits promising
mechanical and biodegradable properties along with
hydrophobicity, biocompatibility, and sustainabil-
ity.9,10 The derivatives of cellulose are generally
ethers of alkali or hydroxyalkyl groups, which are
randomly replaced to a limited extent on the three
available hydroxyl groups of individual anhydroglu-
cose unit.11 Among many different alkyl derivatives
of natural celluloses, ethyl cellulose (EC) is gener-
ally applied as a food packaging material due to its
stability, non-toxic nature, and antimicrobial beha-
vior towards the microorganisms.12 So, in order to
preserve food products for maintaining better qual-
ity, recent techniques of effective packaging gener-
ally include oxygen scavengers and antioxidant
additives.13 Further, in recent years, the increased
interest towards the conductivity of EC polymer
from both fundamental research, as well as the
practical application point is due to its critical role
as an electrically conductive ionomeric material.
The unique features of EC polymer are the preser-
vation of high electrical conductivity at ambient and
sub-ambient temperature conditions, and in addi-
tion, the enhancement in the electro active charac-
ter is due to its electrochromic nature supported by
the active chemical surface.14,15

By taking advantage of the composite technology
principles and the inbuilt properties of EC polymer,
the present work is aimed to develop a solid polymer
composite system that has multiple application
sites. For that, we prepared the polymer-inorganic
composite by following the sol–gel approach where
the EC polymer served as a binder to the calcium(II)
hydrogen phosphate (CaHPO4) material and further

tested for the electrochemical, biological, and envi-
ronmental-related applications. We started with the
physical characterization of the composite followed
by its efficacy testing towards the ionic conductivity,
antibacterial activity, and metal ion adsorption
potency. Although our earlier reports dealing with
other EC-based composites,15 the present report
extends our understanding of the EC-based hydro-
gen phosphate composites so as to employ them in
novel application areas, i.e. in the present case, for
the separation of harmful metal ions in real-time
industrial waste water samples collected from Ali-
garh city, India.

EXPERIMENTAL

Synthesis of EC–Ca(II)HPO4 Composite

For the synthesis of the EC–Ca(II)HPO4 compos-
ite, we applied the same method earlier developed by
Arfin et al.15 Briefly, about 0.2 M each of CaCl2 and
dipotassium hydrogen orthophosphate (K2HPO4

solutions were mixed together, followed by the
drop-wise addition of dilute HCl (35.4%) with con-
stant stirring using the magnet for 10 mins. When
we adjusted the pH of mixture to 1.0 and at room
temperature, the formation of precipitate was
observed which was allowed to keep for 24 h. After
the required period, the solution was centrifuged to
separate out the precipitate, washed the precipitate
with deionized water 2–3 times, and dried the
precipitate at 90�C in a heating furnace. The dried
precipitate was grounded to fine powder with the
help of a mortar and pestle, sieved through 85 mm
sieve to obtain the CaHPO4 compound as mentioned
below:

CaCl2 þ K2HPO4 ! CaHPO4 þ 2KCl

For the bonding of CaHPO4 with EC polymer,
both the compounds were mixed and grounded
properly in a mortar continuously for at least 4 h,
followed by heating the mixture in a hot air oven
maintained at 80�C for 1 h for an equilibrium
reaction. This heating process for the equilibrium
was practised in order to synthesize the final
product with high mechanical and chemical stabil-
ities and we found that the final composite with 25�
of EC polymer seems to be of highest mechanical
strength as compared to other combinations. For the
testing, the tablets were prepared by taking a 1:3
ratio of EC and CaHPO4 powders.

The following preliminary structure can be antici-
pated for the final composite:

CaðHPO4Þ � nH2O þ ½C6H7O2ðOC2H5Þ3�
! CaðHPO4Þ � ½C6H7O2ðOC2H5Þ3� � nH2O

where ‘n’ shows the number of hydrated H2O
molecules.
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Conductivity Measurements

For the electrochemical measurements, the equip-
ment employed was the same as mentioned in our
earlier publications.16 Briefly, the synthesized mate-
rial was first inserted in-between two glass half-cells
having a volume each of 20 mL and active material
area of 60.13 mm2. For the analysis, two different
electrolyte solutions (KCl and NaCl) with a range of
concentrations using deionized water as solvent was
prepared. A stirrer with a stirring rate of 600 rpm was
maintained at the base of individual half-cell for
decreasing the concentration-polarization effects.
Also, the conductivity was recorded by varying the
solution pH in the range of 5.5–6, while the temper-
ature in the range of (5 ± 50) ± 0.2�C using the
conductivity meter (VSI-05, Mohali). For the data,
each experiment was repeated thrice and the average
of all these values was used as the final measurement.

Testing of Real-Time Aqueous Samples

Heavy metal ions containing samples gathered
from various industrial sites of Aligarh city in
India were analyzed by applying the columns of
EC–CaHPO4 with flame atomic absorption spec-
trophotometer (FAAS). For the analysis, the col-
lected specimens were first filtered followed by
acidification to pH 2 and then subjected to the
prescribed method. For that, a solution of 500-
1000 mL with pH of around 6.0 prepared with HCl
was vent through a column at a flow rate of 5 mL/
min. Now the metal ion(s) that were adsorbed onto
the porous sites of the EC–CaHPO4 composite was
eluted using 5 mL of 2 M HNO3 in acetone
solution at a flow rate of 2 mL/min. Afterwards
the collected eluent was subjected to FAAS anal-
ysis for the qualitative and quantitative determi-
nation of metal ions.17

Measurement of Antibacterial Activity

The antibacterial activity of EC–CaHPO4 com-
posite was tested by applying the well-diffusion
method against two gram positive (Staphylococcus
aureus and Bacillus thuringiensis) and two gram
negative (Pseudomonas aeruginosa and Pantoea
dispersa) bacteriums and further compared with
the standard drug ampicillin.15 Here, Ampicillin
was applied as a positive control and dimethyl
sulfoxide (DMSO) as negative. For the treatments,
the cultures of actively dividing bacterial cells of
about 106 CFU/mL volume was vaccinated in flasks
which already contain sterilized nutrient broths
with varying concentrations of our EC–CaHPO4

material. These flasks were shaken at a speed of
160 rpm at 36 ± 2�C on an orbital shaker and the
minimal inhibitory concentrations (MICs) were
recorded through the use of the broth dilution
method. For the analysis, each measurement was
repeated thrice for the suitable outcomes.

Physical Characterization

A UV-1800 spectrophotometer (Shimadzu) was
employed for the ultraviolet–visible (UV–Vis) spec-
troscopic analysis, where an aqueous suspension of
EC–CaHPO4 material was tested by employing
deionized methanol as the standard reference. The
Fourier transform-infrared (FTIR) spectra of the
EC–CaHPO4 composite at different stages of its
formation were recorded by using an Alpha-FTIR
spectroscopy (Bruker) instrument. The samples
were analyzed by the KBr pellet method with a
determination of 4 cm�1 in 32 scans at ambient
temperature in the wavenumber range of 4000–
400 cm�1. The surface morphology of the material
was carried out using a Quanta FEG 250 environ-
mental scanning electron microscope (ESEM). An X’
Pert PRO analytical diffractometer (PW-3040/60
with Cu Ka radiation k = 1.5418 Å) at a scan rate
of 2�/min was used for x-ray diffraction (XRD)
analysis. The porosity of the composite for the pore
size analysis was examined by the mercury intru-
sion porosimetry (Micromeritics, Model Autopore IV
9500V). The quantitative separations of metal ions
were analyzed by using the FAAS instrument (GBC-
932-Plusflame atomic absorption spectrometer).

RESULTS AND DISCUSSION

Physical Characterization

The UV–Vis spectral analysis of EC and
EC–CaHPO4 composite in the mid ultraviolet range
of 200–250 nm is compared and shown in Figure 1.
For the analysis, each sample was scrutinized
individually at ambient temperature with the wave-
length at high absorption of 208 nm. It was noted
that the absorption peak for both compounds was
around 210 nm, which attributed to the p–p* tran-
sitions in small electronically conjugated domains of
the groups of EC molecules.15 The observation of
peak for both the compounds at the same position
(no peak shift) provides the confirmation that there
are not changes getting occurred to the bonds of EC
matrix even after conjugating with the CaHPO4

complex molecules. In addition, the spectrum of the
EC–CaHPO4 composite has a small absorption peak
around 250 nm which corresponds to the similar
p–p* transition of the PO4 groups of the CaHPO4

compound.18 Thus, from the UV–Vis analysis, the
spectrum of the EC–CaHPO4 composite maintains
the mixed absorption peaks from both the groups of
EC and CaHPO4, meaning that the composite
formation reaction is a success.

In order to fully understand the interaction or
extent of bonding between two or more components
of the same composite, the FTIR spectroscopic
technique is usually employed. Figure 2 shows the
comparison of the FTIR spectra between EC,
CaHPO4 and EC–CaHPO4 composite; the common
peaks between pure EC and EC–CaHPO4 composite
observed around 3300 cm�1, 2890 cm�1, 1400 cm�1,
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and 1110 cm�1 corresponds to the -OH, -CH stretch-
ing, -CH3 and -CH2 bending vibrations, respec-
tively. Also, the C-O-C stretching vibration of the
cyclic ether of EC is strong and appeared around
1110 cm�1 getting slightly reduced to 1090 cm�1

due to the composite formation.19,20 Similarly for
the CaHPO4, the bands at 930 cm�1 and 610 cm�1

ascribed to the symmetric and asymmetric vibra-
tions of PO4

3� group are shifted to 1010 cm�1 and
630 cm�1 (respectively) after bonding with the EC
matrix. In addition, the P-O symmetric stretching
and asymmetric bending vibration can be found
around 1380 cm�1 and 750 cm�1 for both the
samples can further provide evidence for the suc-
cessful conjugation of the HPO4

2� groups to the EC
matrix.18 From the cumulative FTIR analysis, it is
evident that the EC–CaHPO4 material maintains
the common bands of both EC and CaHPO4 com-
pounds, which further indicates that the final
composite is a successful mixture of organic and
inorganic molecules.

Figure 3 shows the surface/morphological analy-
sis of EC–CaHPO4 material at different stages of its
formation where the latter image (Fig. 3b) indicates
the formation of uniform porous patches in the
matrix of EC polymer. Here, the pores are seems to
be in the form of identical capillaries, which are
distributed all over the surface covering the
CaHPO4 core. Since for the composite, the covering
of a porous and very thick EC layer onto the solid
surface of CaHPO4 is particularly useful for the
conductivity and adsorption related applications
where the ions and adsorbing agents can make use
of the porous space (respectively). Further, for the
mentioned applications, the entry and exit portions
should not be affected in comparison to the pore

radius so as to accommodate the conductive ions or
adsorbing agents within the moieties. In that view,
the morphology provided by our EC–CaHPO4 com-
posite material is expected to offer the steady
equilibrium phase by taking advantage of both the
EC matrix and CaHPO4 properties to exchange the
charge density and mobile species easily. However,
the microscopic image (Fig. 3a) of uncoated CaHPO4

seems to maintain the heterogeneous surface with
the absence of any visible phase separations, pores
or holes at the surface. The maintenance of hetero-
geneous surface can be advantageous for the strong
bonding of the EC matrix to the surface of CaHPO4

so as to allow maximum mechanical strength to the
final composite.21,22

The particles size in the EC–CaHPO4 composite
examined using the mercury porosimetry is shown
in Fig. 4 where it can be seen that the particles
appeared to macro-porous in size with a single peak
distribution centred at 142.95 nm. The formation of
the final composite in that lower size range is
mainly attributed to the use of sol–gel technique
during the preparation of the composite.

The average crystalline size (D) can be deter-
mined through the application of Scherrer equa-
tion given below23:

D ¼ Kk
b cos h

ð1Þ

where K is the shape factor and its value is 0.9, k is
the wavelength, b is the full width and h is Bragg’s
angle. The comparison of the XRD patterns for the
EC–CaHPO4 composite with that of pure EC and
CaHPO4 are shown in Fig. 5. From the figure, the
observation of two major peaks around 11� and 20�
for the pure EC material confirms for its amorphous
nature where the former peak follows the interlayer
distance of the ordered cellulose chains while the
second peak ascribes to interchange distance.24

Similarly, for the CaHPO4 compound, several sharp
peaks at 28�, 32�, 46�, 55�, 58�, and 78� were found
with standard graphics of CaHPO4Æ2H2O (reference
code: 00-001-0395),25 which further indicates the
formation of CaHPO4Æ2H2O compound’s crystalline
structure to be in the triclinic unit cell phase.18

However, for the EC–CaHPO4 composite, the XRD
peaks were observed to be a combination of peaks
from both EC and CaHPO4 groups, i.e. the observed
peaks are around 20�, 28�, 32�, 46�, 55�, 58� and 78�.
The observation of both group peaks in addition to
the absence of other trace elemental peaks further
confirms for the successful encapsulation of
CaHPO4 with the EC polymer and also the effi-
ciency of the synthesis approach. Thus, the straight
base line and the sharp peaks of the diffractogram
confirm that the EC–CaHPO4 has good crystalline
property, which is further responsible for the struc-
tural quality.

For determining the lattice parameters of the
EC–CaHPO4 composite, the XRD peak of crystal at

Fig. 1. Comparison of the UV–Vis spectroscopic analysis between
EC polymer and EC–CaHPO4 composite.
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32� was selected. The lattice parameter was
obtained by using the following Eq. 2,

dhkl ¼
k

2 sin h
ð2Þ

where dhkl is the distance between the crystal
planes of (h k l); k is the wavelength, h is the

diffraction angle of the crystal plane (h k l); (h k l) is
the crystal plane index; and a, b, and c are the
lattice parameters.

Based on the calculation of the XRD peak broad-
ening, the average crystalline size of EC–CaHPO4

composite observed to be 20 nm. The lattice param-
eters, a, b, and c for the material were also

Fig. 2. Comparison of the FTIR spectra of EC and CaHPO4 materials with that of the EC–CaHPO4 composite.

Fig. 3. Comparison of the SEM images of (a) CaHPO4 and (b) EC–CaHPO4 composite.
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calculated to be 6.82 nm, 6.50 nm, and 6.80 nm,
respectively. Thus the diffraction pattern for the
material revealed the formation of a single phase in
the detection limit of powdered XRD.

Conductivity Studies

In general for any material, the conduction phe-
nomenon within the pores serves as a significant
factor for the transport properties, while the electrical
resistance estimation permits for the understanding
of electrolyte conductivity within the pores. Figure 6
describes the ambient temperature conductivity
behavior of the EC–CaHPO4 composite when tested
against two different electrolyte solutions having
concentrationchange.Onecan see fromthe figure that
the conductivity of EC–CaHPO4 composite is influ-
enced by the number of ions, i.e. the solution conduc-
tivity where it was noted that more conducting power
was measured for a solution with a larger number of

ions, as compared to the one with fewer ions of the
same concentration and temperature. This is further
influenced by the degree of dissociation towards the
ions number from an electrolyte solution where strong
electrolytes such as KCl and NaCl have a higher
degree of dissociation. These electrolytes exhibit ionic
properties even in the solid state conditions and have
a 100% dissociation rate. Further, the interaction of
composite with solvent results in the disintegration of
potential electrolytes very quickly and the degree of
dissociation in such case gets increased due to an
increased dilution and so the number of ions available
for conduction also is increased. This is the reason for
the observation of an increased conductivity with that
of electrolyte concentration at all cases of our study
(Fig. 6).26,27 Also, with respect to the hydrated radii
size of the respective ions, the conductivity of the
EC–CaHPO4 composite for univalent electrolyte solu-
tion generally decreases in the particular order
K+> Na+. The reason for the observation such activity
may be due to the fact that the ions with lesser
hydrated radii were seems to get in the pores of
material very conveniently, which further results in
the higher absorption rates.28,29

The Arrhenius expression shows the temperature
dependence of conductivity

rT ¼ r0 exp
Ea

jT

� �
ð3Þ

where r0 is the pre-exponential factor, T the temper-
ature, j the constant and Ea the activation energy.
For getting the activation energy, the conductivity
data were empowered to the equation. The temper-
ature depends on the conductivity and follows the
Arrhenius equation as mentioned in Fig. 7 and it was
noted that the other respective samples also show the
same conductivity behavior. It was apprehensive to
state that the temperature is the key factor on which

Fig. 4. Pore size distribution of the EC–CaHPO4 composite.

Fig. 5. Comparison of powdered XRD of the EC–CaHPO4 com-
posite with that of pure EC and CaHPO4 complex.

Fig. 6. Plot of material conductivity versus concentration for the
EC–CaHPO4 composite when 1:1 electrolyte was used at 25 ±
0.1�C temperature.
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the conductivity for univalent electrolytes is strongly
dependent where the increase in temperature caused
the conductivity to increase proportionally. The
EC–CaHPO4 is in the semi-conductor region as it is
revealed by the value of conductivity, which lies
within the order of 10�3 m S cm�1.15

The linear regression method was employed to
calculate the activation energy in terms of eV from
the slope and the obtained values for the univalent
electrolyte solution is shown in Table I. The
observation of lower activation energy values for
the material is due to the super-ionic nature in the
underlying temperature zone. Also, the change in
the activation energies for the composite with
respect to the electrolyte concentration at ambient
temperature conditions is shown in Fig. 8. From the
figure, we observed an increased order of activation
energy to be K+> Na+ and the observation of such
result may be due to the difference in the nature of
solvent which is carried in conjugation with the
specific electrolyte concentration and further
responsible for sequencing of the crystallographic
radii of the cation, i.e. an alkali metal.

pH Study

The electrolytes solution over the pH was used to
test the pH response profile for the EC–CaHPO4

material. Figure 9 depicts the extensive changes in
the pH response by the material, where we found
from the analysis of results that the potential seems
to be constant in the range of 5.0–7.5 and some
drifts were noticed beyond this range.30 With fur-
ther increase in the pH, a significant drop in the
electrode potential was indicated for the material,
and the observation of such results can be attrib-
uted to the development of hydroxyl complexes,

which restrict the charge transfer processes in the
composite. Overall, from this pH dependent elec-
trode potential study, we noticed an improved
potential for the EC–CaHPO4 material at low pH
conditions (below pH 7.5), which resembled the fact
that the material is in good agreement with the
formation of protonium ions, where the acidic
protons gets readily absorbed by the composite
material and co-ordinates to an increased degree
of the protonation of phosphorus atoms of the
phosphate. Thus, formed H3O+ ions at lower pH
conditions significantly improves the charge trans-
port processes across the layers of the composite and
can be the operating mechanism for the observation
of enhanced conductivity values.30,31

Environmental Applications

The practical efficacy of our developed composite
was established by means of the adsorption of metal
ions such as Pb2+, Cu2+, Ni2+ and Fe3+ in industrial
waste water samples where the ability was tested by
a five time examination approach and the values are
depicted in Table II. The outcome of water exami-
nation of different samples with RSD< 5% helped
for the pertinence of the approach where we found
that the approach is by all accounts particular and
exact which is clear from the standard deviation
information.32 The analysis of results provided in
the table indicates that the EC–CaHPO4 composite
can serve as a better adsorbent bed for the discharge
of harmful metal ions from the industrial waste
water samples. Since the microscopic images pro-
vided in Fig. 3 indicates that the surface of the
composite is rough and heterogeneous, where such
morphology in general offers for an increased
surface area for the adsorbing ions and increases
the interaction between the adsorbate and adsor-
bent species.33 Also, the porous nature of the
material (Fig. 3b) enhances the localization of elec-
tron deficient metal ions into the stable wells of the
EC matrix. Further, from the analysis of data, we
found a slight difference in the quantity of metal
ions that got adsorbed onto the adsorbent’s surface,
i.e. the EC–CaHPO4 composite seems to have the
highest affinity towards the Pb2+ ions as compared
to the other metal ions of Cu2+, Ni2+, and Fe2+ and
we are not really sure at this stage for the obser-
vation of such random results. However, one reason
for the observation of highest affinity towards Pb2+

by the EC–CaHPO4 composite may be due to the
matching of size and surface energy factors, as
similar results were observed when Teff straw
(Eragrostis tef) from the agricultural waste was
used as an adsorbent bed for the separation of metal
ions (Cr, Cd, Pb, Ni, and Cu) from the waste water
streams of textile industries.34 Thus, from the
analysis of results it can be concluded that the
EC–CaHPO4 composite can serve as a better adsor-
bent bed for the sustainable discharge of harmful

Fig. 7. Plot of material conductivity versus temperature for the EC–
CaHPO4 when 0.5 M of 1:1 electrolyte at (25–50) ± 0.1�C temper-
ature was applied.
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metal ion like Pb2+ from the industrial waste water
and other environmental samples.

Investigation of Biological Activity

The biological activity testing for the EC-CaHPO4

composite provided the evidence that the material
has some antibacterial activity as it responded very
well by generating significant zones of inhibition
(ZoI). The material was tested against two gram
positive and two gram negative bacteriums where the
average of the three corresponding readings was
recorded (Table III). The ZoIs are taken to be as
20 mm, where the inhibition activity is found to be
excellent and is in the range of 10–12 mm, low at 7–
9 mm and non-critical underneath 7 mm. Similarly,
for any smart material and the microorganisms
examined, the values of MICs are generally in the
range of 36–55 lg/mL.35 However, for our composite,
the values of ZoIs tested for Bacillus thuringiensis,
Staphylococcu aureus, Pseudomonas aeruginosa,
Pantoea dispersa were found to be 28 mm, 21 mm,
24 mm and 22 mm (respectively) at the correspond-
ing MICs of 30 lg/mL, 36 lg/mL, 55 lg/mL, and
45 lg/mL, respectively (Table IV). The comparison of
our observed results of ZoIs and MICs with the
literature data, it is indicated that the composite has
potentials to serve as an effective antibacterial where
its components are not that toxic to nature and so the
sustainability issue can be conceded easily.

For the composite, the reflection of antibacterial
activity is mostly linked to the existence of EC matrix
and Ca complex, as both of the elements contributes
mostly for the bacterial and fungal inhibition by
means of disrupting the cellular metabolic pro-
cesses.36,37 The presence of EC as a natural polymer
in the composite is responsible for the cellular
adhesion, while the porous structure enhances the
growth and supports more for the permeability of the
bacteria or fungi inside the polymer (Fig. 3b). Also,
the complexation of EC with Ca(II) complex greatly
reduces the polarity by means of partially sharing
some of its electrons between the two components.
The marriage between these two components greatly
enhances the lipophilic nature of Ca ions, meaning
that higher interactions between the composite and
the microorganisms are expected which allows the
particles to cross the lipid bilayer easily and so the
bacterial cell growth is significantly reduced.36 The
outcome exhibits that the EC–CaHPO4 is more
dynamic against all tested bacterial strains than
ampicillin drug, which was utilized as a controlled
approach.14,15 Similarly, the presence of Ca(II) com-
plex in the composite also restricts the growth of
bacteria by inhibiting the formation of biofilms and
lactic acid production and further decay.37 Finally, it
can be indicated from our studies that the composite
can be applied as a potent antibacterial agent directly
or in combination with other drugs for the controlling
of bacterial activity in moderate ranges.

On comparison of the results provided by
EC–CaHPO4 composite with that of our earlier
work on EC–MgHPO4,21 EC–SnHPO4,38 and
EC–NiHPO4

39 composites we believe that the present
material is far superior where the EC–CaHPO4

composite exhibited significant effects in all the
applications of electrochemical, antimicrobial, and
adsorption. From the electrical conductivity
studies, we observed a highest of 23 m S cm�1 for
the EC–CaHPO4 composite as compared against

Table I. Activation energies of conduction for the
EC–CaHPO4 composite when 0.5 M of 1:1 electrolyte
at (25–50) ± 0.1�C temperature was used

Electrolyte (mol/L) Activation energy (eV)

KCl 0.025
NaCl 0.017

Fig. 8. Plot of activation energy versus concentration for the EC–
CaHPO4 using 1:1 electrolyte at 25 ± 0.1�C.

Fig. 9. Effect of pH of KCl solution (1 9 10�2 mol/L) on the potential
response of the EC–CaHPO4 composite.
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the other three composites of EC–SnHPO4

(18 m S cm�1), EC–NiHPO4 (19 m S cm�1), and
EC–MgHPO4 (9 m S cm�1). Similarly, the antibacte-
rial effect offered by the EC–CaHPO4 composite is
found to be better than the other three EC-based
composites where we were able to achieve consider-
able ZoIs even with the usage of minimum concentra-
tions. Finally, the present composite was also found to
be effective by means of serving as an adsorbing agent
for the removal of metal ions (some are toxic too) from
the industrial waste water streams, where the other
EC-based complexes are not tested. Moreover, con-
sidering the toxicity effects of Sn and Ni in the
EC–SnHPO4 and EC–NiHPO4 composites (respec-
tively), the EC–CaHPO4 composite is no way toxic to
humans and to the environment and so in that way
the point of sustainability can be resolved easily.

CONCLUSION

In summary, the current work describes about the
synthesis, characterization and applications of the
EC–CaHPO4 composite for its conductivity, adsorp-
tion and antibacterial properties. We observed from
the analysis of results that the composite has
enhancement in the properties of conductivity,
surface adsorption, and antibacterial activity as
against the individual components of the same
composite, in addition to the other composites of
EC–SnHPO4, EC–MgHPO4 and EC–NiHPO4. We
found that the activation energy values for 1:1
electrolytes predicted their mechanical stability
which is high applicable for being handled at
different range of pHs. The efficiency of this mate-
rial as compared to other EC-based composites was
estimated by involving the material for the removal
of harmful heavy metal ions from industrial water
samples collected from different areas. The flexibil-
ity of the smart biomaterial should be adapted for
permitting it to be further used in the fields of
filtration, sensors and medical. As a result, it can be
confirmed that the EC–CaHPO4 would turn as a
most promising biomaterial for the development of
efficient, eco-friendly and sustainable technologies
where the conductive, adsorption and antimicrobial
functionalities are specifically required.
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Table II. Determination of Pb2+, Cu2+, Ni2+ and Fe3+ in different industrial samples on the column of
EC–CaHPO4

Sample Method
Pb2+a Cu2+a Ni2+a Fe3+a

(ppb) (% RSD) (ppb) (% RSD) (ppb) (% RSD) (ppb) (% RSD)

M1 Directb 16 (1.5) 7 (3.4) 9.7 (1.1) 2.2 (1.7)
SAc 19 (2.5) 10 (2.9) 9.5 (1.0) 1.2 (1.2)

M2 Directb 15.0 (0.7) 6.4 (1.2) 2.5 (3.0) 4.2 (3.2)
SAc 12.9 (2.3) 9.0 (0.29) 3.8 (2.5) 4.9 (1.9)

M3 Directb 18.8 (0.18) 3.1 (2.2) 2.88 (2.3) 3.7 (2.9)
SAc 20.0 (3.4) 3.9 (3.8) 3.9 (1.0) 4.0 (2.2)

M1 (Talanagri, Aligarh), M2 (Ramghat road, Aligarh), M3 (Abdul kareem, Aligarh)% RSD relative standard deviation.aAverage of three
replicates determinations.bRecommended procedure applied without spiking.cRecommended procedure after spiking (standard addition
method).

Table III. Comparison of the ZoIs of EC–CaHPO4 composite with that of ampicillin

Treatment (100 lg/mL)

Zone inhibition (mm)

Gram positive Gram negative

B. Thuringiensis S. Aureus P. Dispersa P. Aeruginosa

EC–CaHPO4 28 21 24 22
Ampicillin 26 21 23 20

Table IV. MIC of EC–CaHPO4

Microorganisms MIC (lg/mL)

P. Dispersa 45 ± 7
P. Aeruginosa 55 ± 5
B. Thuringiensis 30 ± 4
S. Aureus 36 ± 8

Amp: ampicillin, a standard antibiotic used during the experi-
ment. Minimum inhibition concentration (MIC), mean ± SD of
each triplicate value.
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