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Potentiometric sensing and electrochemical recycling of cadmium ions have been demonstrated over
chemically interactive and electrically conducting bio-nanocomposite film comprised of zinc oxide,
sodium alginate, and polypyrrole (ZnO/SA-g-PPy) using a laboratory-designed electrochemical setup.
The chemical structure, functionality, morphology, crystallinity, conductivity, and physico-mechanical
properties of composite and constituents were investigated by infrared spectrometry, X-ray
diffractometry, scanning electron microscopy, and other relevant standard techniques. The analytical
results reveal the evolution of chemically interactive sites along with electrochemical responsive nature
due to the liberation of interactive sites in sodium alginate during composite formation towards the
cadmium ions present in solution states along with electrical conductivity. Further, a thin film of
composite cast on ITO-coated glass was explored for potentiometric sensing of trace cadmium ions in
the range of 0.1 uM to 1000 pM, with a sensitivity of 0.255 mV pM™' cm™2, response time of 40 s,
recovery time of 10 s, and stability of 80 days, along with 72% extractability after the application of
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electrodes after electrochemical interaction between cadmium ions and ZnO/SA-g-PPy-based electrode

along potentiometric reductive desorption of adsorbed cadmium ions due to electrochemical reduction
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1. Introduction

Electrochemical recycling is an important tool to ensure the
circular economy, optimum use of materials, valorization of
waste materials, controls, and optimization of chemical pollution
in water, soil, and edible samples. This method is based on
electro-reduction, electrodeposition, electrocoagulation, electro-
dialysis, electro-floatation, and electro-sorption. Further, different
electrochemical recycling methods are also projected as potential
tools to valorize different pollutants in value-added products. The
method has been explored to convert gaseous carbon dioxide into
different organic compounds, collection of a homogeneous
catalyst, separation of heavy metals from battery electrodes and
polluted water after exploring suitable electroactive materials like
nanocomposites and polymer nanocomposites after optimized
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reduction potential and surface interactivity. Currently, uncon-
trolled industrialization and urbanization have yielded exponen-
tial increases in heavy metal pollutants like titanium, chromium,
zinc, nickel, copper, lead, mercury, and arsenic in water, soil,
fruits, vegetables, and seafood."” Further, heavy metal pollutants
also percolate in water, fruits, vegetables, fishes, and other aquatic
animals, which are also responsible for their biomagnification
after entering the food chain. However, some of the heavy metals
are essential in biological reactions within prescribed limits along
with huge industrial importance and technical applications.’?
Therefore, the determination and recycling of these metals are
important for screening polluted water, soil, and edible items
along with the valorization and sustainable use of residual heavy
metals.” Furthermore, the problems and importance of different
heavy metals have been always fascinating areas for precise
determination and extraction of different heavy metals after using
different analytical techniques, ie., AAS, ICAP, GC, HPLC, mass
spectrometry, chemical, and electrically recycling methods.
Although some of the methods exhibit high sensitivity and
accuracy, there are the limitations of high cost, sophisticated
infrastructure, and need for trained personnel for operation
and application. Therefore, the development of portable and

Mater. Adv., 2023, 4, 3521-3531 | 3521


https://orcid.org/0000-0001-8624-4177
http://crossmark.crossref.org/dialog/?doi=10.1039/d3ma00246b&domain=pdf&date_stamp=2023-07-18
https://doi.org/10.1039/d3ma00246b
https://doi.org/10.1039/d3ma00246b
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00246b
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA004016

Open Access Article. Published on 10 July 2023. Downloaded on 3/23/2026 1:40:27 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Table 1 Potentiometric cadmium ion sensors with properties
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No. Composite Pollutant Method Observations Ref.
1 OAK BC-AUNPs liquid carbon paste Cd** Amperometry  Linear range of 0.5 pM to 6.0 uM for Cd**, Pb**, and Hg>* and the 14 and 15
electrode detection limit is 0.09 pM, 0.366 pM, and 0.489 uM respectively
2 Au/ZnS/ZnO cd** Potentiometric Concentration range from 0.1 to 100 pM and sensitivity is 16
153.3 pA mm ™' cm 2
3 Carbon quantum dots (CQDs) from Cd** Fluorescence  The linear range of 7.3 nM-12 uM 17
Polyalthia longifolia
4 PPy-GOx cd* Amperometric  The linear concentration range for Hg>* is 0.48-3.3 uM, 18
1.5-10 uM for Cu*’, 1.6-7.7 uM for Pb*>*, and 4-26 M for Cd>*
5  Schiff base-ZnS cd** Fluorometric The limit of detection is 64.56 pM 19
6. Zeolitic imidazolate frameworks cd* Electrochemical Adsorption capacities of 66.2-354.0 mg g~ * and a limit of 20
(ZIF-8) into cellulose (CelloZIF detection of 8 pM
Paper)
7  Chitosan grafted polyaniline pb** Potentiometric Pb>" ions ranging from 10™° M to 10~ M, sensitivity is 21
0.2379 mV uM ' em ™, response time is 40 s, and recovery time
is 10 s with a stability of 64 days
8  Carbon-based electrode/calcinated Cd** SWv Preconcentration, detection limits of 0.15513 umol L™ and 22
and acidified clay composite 0.24 227 pmol L™" were obtained for Pb** and Cd*" in the
(CPEACCQ) electrolyte solution and 0.08438 pmol L ™" and 0.46 522 pmol L™ *,
respectively
9  Carbon nanomaterial synthesized Cd>* Fluorescence 5.235 nM detection limit 23
from justicia wynaadensis
10 ZnO/SA-g-PPy cd** Potentiometric  Sensitivity, response, and recovery time are 0.255 mV pM~' cm™>,  This work

40 s, and 10 s. Sensing range of Cd>* ion from 0.1 UM to 1000 M

cost-effective sensors and recycling methods for heavy metals with
better features is important for society and industries.>®

In this context, several types of sensors (optical, electrical, and
mechanical) have been developed using metals, metal oxides,
conducting polymers, carbon nanostructures, and their compo-
sites for sensing heavy metals.”'® Among the different heavy metal
sensors, the potentiometric sensors exhibit zero consumption of
analytes, higher sensitivity, and are of a self-powered portable
nature."’ Several potentiometric sensors are also reported for
cadmium sensing with limited features using different electrode
materials and techniques, ie., voltammetry, amperometry, and
potentiometry.'>"* A comparison of representative potentiometric
cadmium sensors is made in Table 1, along with their limitations
and future need.

The above-mentioned findings and limitations of existing
cadmium sensors in terms of portability, effectiveness, and
extractability are confirming the need for the development of
efficient cadmium sensors along with extractability due to the
huge industrial importance and acute toxicity of cadmium as one
of the first eight most toxic substances.* The basic explored
strategy for effective cadmium sensing is to design surface-
responsive interactivity with optimum electrochemical reactivity
after incorporating an ionic centre with appropriate binding
energy.>® The integration of these properties is reported for
efficient cadmium sensing after making the composite structure
and designing metal-organic frameworks using different inor-
ganic and organic components like conducting polymers, supra-
molecules, and biopolymers.>**” Wang et al. have demonstrated a
processable hydrogel of sodium alginate composite for efficient
adsorption due to the evolution of abundant adsorption sites
along with compressibility.>® The indigenous and induced electro-
interactive nature of structurally engineered sodium alginate has
been reported for sensing cadmium ions with limited features like
sensing range and detection limits but confirms the potential of
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this valuable polymer structure.”>*° Therefore, along the lines of

the above developments, in the present study, efforts are made to
develop a chemically engineered sodium alginate composite for
improved interactivity towards cadmium ions to prepare a por-
table potentiometric sensor offering recycling of cadmium ions
with 81% extractability for up to 19 cycles.

2. Experimental

2.1. Materials

Pyrrole (99.9%), NaNO; (99.9%), KNO; (99.9%), cadmium sul-
phate (99.95%), ammonium persulfate (98%), zinc sulfate
(99.5%), hydrochloric acid (HCl; 34.5%), and sodium alginate
(SA; >75%, M,, 120-120k) were purchased from Sigma Aldrich,
and used without any further purification.

2.2 Synthesis of ZnO and ZnO/SA-g-PPy composite

2.2.1. ZnO nanoparticles. Nitrate eutectic melt method was
used to prepare nano-sized zinc oxide. In brief, 2.0 g dried zinc
sulfate was heated in 5.0 g sodium and potassium nitrate
eutectic melt prepared at 45:55 mass ratio in a silica crucible
at 450 °C for 90 minutes in a muffle furnace. Initially, the
synthesis was also performed at temperatures of 400, 450, and
500 °C, and the amount of ZnSO, was 1.0 g, 2.0 g, and 3.0 g. The
best results were obtained under the reported conditions.

The thus obtained white-colored product was collected,
ground, and washed repeatedly to remove the residual alkali
contents. Further, collected powder was dried in a vacuum oven
at 100 °C for 10 hours and then stored in an airtight glass tube
for future use.

2.2.2. ZnO/SA-g-PPy composite. The composites were pre-
pared using in situ chemical polymerization and composite
formation technique. For this purpose, 200 mg of sodium

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Proposed setup for electrochemical recycling and sensing.

alginate was dissolved in 20 mL of double-distilled water. In the
resultant solution, 2 mL pyrrole and 100 g prepared zinc oxide
nanoparticles were dispersed after stirring for 30 min on a
magnetic stirrer working at a speed of 1000 rpm. The resultant
mixed solution of pyrrole was polymerized by an acidified
aqueous solution of ammonium persulphate after maintaining
the temperature between 0 and 5 °C with the help of an ice bath
along with physical observation of the reaction progress.
Finally, a blue-black precipitate was obtained, which was col-
lected after filtration with Whatman no. 1 filter paper and dried
at 60 °C in a vacuum oven.’"

2.2.3. Characterisation. A PerkinElmer (RK1310) Fourier
transform infrared (FT-IR) spectrometer was used to assess
the chemical structure of the composite. The spectra were
recorded in attenuated total reflectance mode after aggregating
16 scans in the range of 4000 to 400 cm™ ' at a resolution of
2 ecm '.**> The X-ray diffraction (XRD) patterns were recorded
with a Bruker D8 Discover X-ray diffractometer at a scanning
rate of 2° per minute using Cu Kol (1 = 1.5405 A) radiation.** A
JSM-6610LV model scanning electron microscope (SEM) was
used to study the surface morphology and size of the compo-
site. Images were taken after coating the sample with a thin
layer of gold with an evaporator to prevent charge accumulation
during exposure of the sample to an electron beam.

2.2.4. Potentiometric sensing and recycling. First, 200 mg
ZnO/SA-g-PPy was dispersed in 25 mL N-methyl-2-pyrrolidone
in a 50 mL beaker by stirring for half an hour. The resultant
solution was cast on an ITO-coated glass slide measuring
1 cm x 1 cm x 0.1 cm with the help of a spin coater working
at a speed of 500 rpm. Further, on the obtained film, electrical
contacts were made with silver paste and used as an electrode
in the proposed three-chambered experimental setup shown in
Fig. 1.*

The sensing setup consists of three glass compartments
labeled M, N, and O with the same volume of 200 mL.
Compartment M is attached to both N and O through a tube of
diameter of 1 mm and length of 1 cm containing Nafion mem-
branes. Compartment M was filled with 100 mL of 0.1 M aqueous
cupric sulfate solution along with a pure copper wire to use as a
reference electrode, while in compartment N, ZnO/SA-g-PPy-based
electrode was inserted to use as a working electrode after con-
necting both electrodes with a potentiometer. To measure the
sensing response, iLe., induced potential, a 100 mL solution of
CdSO, with different concentrations from 10™° M to 10> M was

© 2023 The Author(s). Published by the Royal Society of Chemistry
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added in chamber N. The solution was stirred for 10 s, maintain-
ing the pH after adding a laboratory-prepared buffer, and the
potential was noted once the reading was stabilized.** Initially,
the optimum conditions were established by performing the
sensing experiment at different pH and temperatures using
identical analytical samples. The results revealed that a suitable
pH for sensing is 7 with a temperature of 25 to 30 °C. The sensing
of cadmium ions was also performed with wastewater samples in
the same setup using standard addition methods. The other
important sensing parameters, i.e., response time, recovery time,
reproducibility, stability, and repeatability, were determined by
reported standard methods under optimized conditions using the
requisite electrodes and sensing samples.*®

Further, for recycling of adsorbed cadmium ions, the sen-
sing electrode was pulled out from sensing compartment N and
inserted into compartment O and left for 5 to 10 s. After that,
a variable external potential was applied against electrodes
M and O with the help of a 20 W DC power supply. Further,
the concentration of desorbed cadmium metal was measured
by standard atomic absorption techniques to estimate the
desorbed and reduced cadmium metal from the electrodes.

2.2.5. Physical characterization of electrode. The basic
properties of the prepared electrode were measured before
using it for sensing and recycling. The weight difference
approach was used to assess the thickness of the cast ZnO/
SA-g-PPy electrode using eqn (1):

Z:A_p (1)

Here, t represents thickness, m is mass, p is density, and A is
the area.

A two-probe approach was used to estimate the conductivity
after measuring the current against applied voltage with the
help of a Scientech Digital Multimeter DM-97.>” The calculation
of conductivity was performed using eqn (2) and (3):

p—2nS (?) )

where S is pellet thickness in mm, I is current in milliamperes
(mA), and V is the voltage in millivolts (mV). In addition, the
conductivity was calculated using eqn (3):

oc=— (3)

where p and ¢ are the resistivity [ em™'] and conductivity
[S em™ '] respectively.!

Furthermore, standard ASTM procedures were used to deter-
mine the physico-mechanical parameters, i.e., porosity swelling
index and water adsorption capacity. For this purpose, a square
layer was sliced off the electrode using a surgical blade and
soaked in 20 mL of a 1 M sodium chloride aqueous solution for
24 hours. The weight of the film before and after soaking was
measured by a serious balance with minimum measurement of
0.1 mg. The water absorption capacity (%) of the films was

Mater. Adv., 2023, 4, 3521-3531 | 3523
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Fig. 2 Scheme for formation of ZnO/SA-g-PPy with the mechanism.

calculated using eqn (4):

Water adsorption capacity (%) =

Homogeneous
solution of
ZnO/SA-g-PPy

where W,, is the wet weight and Wy is the dry weight of the

sample.

Fig. 3

3524

IR spectra of (a) sodium alginate, (b) polypyrrole, (c) sodium alginate-
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The swelling index was calculated by comparing the average
thickness of the soaked and dried films.*® Eqn (5) was used to
determine the porosity®® (P) of the film using the measured
mass of film W, and W4 based on the volume of solvent
incorporated into the cavities per unit volume measured:

Wy — Wy
p- 2w W 5
AL oy, )

where Wy stands for the dry weight of the sample, W,, is the wet
weight of the sample, L is the thickness of the sample taken, J,,
is the density of water, and A is the area of the sample taken.

3. Results and discussion
3.1. Synthesis of ZnO/SA-g-PPy

Synthesis of composite with an in situ chemical oxidation
polymerization process involves better parameters, ie., change
in reaction yield, reaction temperature, and polymerization dura-
tion, compared with polymerization of polypyrrole (Table Si,
ESIt). It may be indicated that the dispersion of ZnO permits
the interaction between pyrrole and ZnO molecules, due to their
Lewis acid and basic nature respectively. This interaction between
ZnO and pyrrole destabilized the pyrrole molecules, which serve
as better polymerizing monomers for effective polymerization
with better parameters.*® Further, the increase in the pyrrole
chain reduces its mobility due to growth in the chain and, after
that, the resultant polypyrrole macro-ion combines with alginate
ions to produce alginate-grafted polypyrrole containing ZnO
centres. The change in reaction routes and composite structure
also depends on thermodynamic parameters of constituents and
associated energy during the transformation of monomer to
polymer.*>** The solvation energy is another aspect relating to
progress of the polymerization process and the formation of a
composite matrix if it is comprised of both polymeric and non-
polymeric constituents. In this context, the heat dissipated during
thermochemical interaction between Lewis base pyrrole and
Lewis acid ZnO in the presence of solvents responsible for an
improved polymerization process with better yield. Further, based

B (2 D ~
o o o o
N N N N

w
o
1

Transmittance (%T)
N
o

-
o
1

0

(a)

(b)

2000

1750

1500 1250 1000
Wavenumber (cm-')

750

500

(c)

8

(d)

&

“

Transmittance (%T)

8

10 1

2000 1750 1500 1250 1000 750 500
Wavenumber (cm™)

Mater. Adv., 2023, 4, 3521-353]

grafted polypyrrole, and (d) ZnO/sodium alginate-grafted polypyrrole.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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on the above, a schematic of the polymerization reaction is shown
in Fig. 2.

3.2. FT-IR spectra

Fig. 3 shows FT-IR spectra of sodium alginate, polypyrrole, SA-g-
PPy, and ZnO/SA-g-PPy, while Table S2 (ESIf) depicts the peak
positions along with the respective functional groups. The spec-
trum of PPy shows the characteristics peaks of PPy at 906 cm ™" for
in-plane C-N-H, 1043 cm ' for C-N-C, 1187 cm ' for C-C,
1221 em™ ! for C-H, 1361 cm™! for C-N, and 1552 cm ' for
C=N-H. Similarly, the IR curve of SA shows its characteristic
peaks at 927 cm™ ' for C-O-H, 1046 cm ' for C-O-C glycosidic
linkage, and 1556 cm ™" for hydrogen bonding COO. Further, the
spectrum of SA-g-PPy shows peaks for both PPy and SA with a
change in position and intensity like a significant peak at
1712 cm™ ", and the reduction in peak intensity of sharp peaks
appearing around 1400 cm™ " for both SA and PPy. However, the IR
spectrum of ZnO/SA-g-PPy shows complete disappearance of the
peak at 1712 cm™* and the appearance of a peak at 1400 cm ™' in
the spectrum of SA-g-PPy due to the chemical interaction with ZnO
as well as confirming the presence of ZnO in the composite.*>**

The interaction inferred from IR spectra between SA, PPy,
and ZnO is responsible for thermodynamic phase reorientation
and compatibility of the components in the composite matrix due
to a change of thermodynamically induced surface engineering,
ie, solvation and crystallization of the composite structure.
Although the evolution of mixed structures of eutectic salts is
reported based on thermodynamics and some weak interaction
rather than the formation of a single matrix of binary salt, it has
not explained been for polymer composites.**** In this context, a
common peak appears between 1552 and 1557 cm™ ' due to
hydrogen bonding between constituent polymers, which shows
significant improvement like the PPy peak from less intense and
broad to sharp and intense after grafting with SA.*® The evolution
of a sharper peak reveals the evolution of the thermodynamic-
oriented phase due to the transition from amorphous to crystal-
line nature. Further, the developing composite structure exhibits
a shift due to interaction with ZnO as proposed in Section 3.1 due
to improvement in crystallinity along with structural reorientation
of constituent polymeric phase during grafting in the presence of
Zn0.47’48

3.3. XRD

XRD curves of SA-g-PPy and ZnO/SA-g-PPy are shown in Fig. 4 and
XRD-derived parameters, ie., characteristic peaks (20 values),
corresponding planes, and d-values (A), are listed in Table S3
(ESIt). The ZnO curve is given in the inset, which depicts the
characteristic peaks at 26 values of 31.78, 34.44, 36.22, 47.55,
56.64, 62.91, 66.35, 67.97, 69.18 for (100), (002), (101), (102), (110),
(103), (200), (112), (201) planes and confirming the formation of
pure zinc oxide (JCPDS no. 36-1451). Further, the XRD pattern of
SA-g-PPy demonstrates an amorphous nature due to the presence
of single broad peaks around 25.1°. The XRD pattern of ZnO/SA-g-
PPy exhibits several peaks in the same range due to evolution of
induced crystallinity during composite formation in the presence

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 XRD patterns of (A) ZnO, (B) SA-g-PPy, and (C) ZnO/SA-g-PPy.

of ZnO; however, the peaks present at 30°, 32°, and 36° confirm
the presence of ZnO in the composite.*’

Further, a comparison of the peak intensity of pristine ZnO
with that of the composite reveals a significant increase in peak
intensity for 100 planes along with a shift towards lower 20
values due to aligned crystallinity at 100 plane by 97% due to
interaction between zinc and nitrogen atoms of pyrrole mole-
cules as well as expansion in the plane by 22.82% due to
encapsulation of the polymer chain. Further, the significant
shifts of peaks towards lower 20 values in the pattern of the
prepared composite also confirm the enhanced porosity, pro-
mising for better adsorption during sensing applications.

3.4. SEM

The microstructures of SA, polypyrrole, SA-g-PPy and ZnO/SA-g-
PPy are shown in Fig. 5.

The SEM image of the ZnO/SA-g-PPy composite demon-
strates the presence of a multi-component composite with a
porous nature along with a significant change in morphology
due to phase reorientation as proposed by spectroscopic
analysis.”®

L oo A
W B

Fig. 5 SEMimages of (A) SA, (B) PPy, (C) SA-g-PPy and (D) ZnO/SA-g-PPy.
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Table 2 Comparison between physical properties of composites
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No. Physical property Sodium alginate Polypyrrole ZnO/SA-g-PPy

1 Degree of swelling 24.2% 22.2% 40%

2 Porosity 0.0050 52.52 130

3 Electrical conductivity 6.01 x 1077 Sem™* 3.98 x 107°Sem™! 1.5x107*Sem™
3.5. Physicochemical properties Cathode reaction:

The observed electrical conductivities of SA, PPy, and ZnO/SA-g-
PPy were 6.01 x 107 Scm™ %, 3.98 x 107> Scem ™!, and 1.5 x
10~* S em ™. The increased conductivity of ZnO/SA-g-PPy is due
to the grafting of PPy with SA as well as the doping effect of ZnO
nanoparticles. The other physico-mechanical properties of the
composite, i.e., thickness, swelling degree, and porosity, shown
in Table 2, reveal the improvements due to the evolution of the
porous matrix of the composite and confirm the adsorption
capacity and suitability in sensing applications.

3.6. Cadmium ion sensing

The trend of the observed potential of the ZnO/SA-g-PPy elec-
trode against the concentration of Cd>" ions at different pH and
optimum pH is shown in Fig. 6. The trend shows better sensing
performance at pH 7.

A linear increasing trend in voltage with cadmium ion
concentration at pH 7 from 0.1 pM to 1000 uM reveals the
suitability of the electrode to potentiometrically detect cad-
mium ions in an aqueous medium.

The reduced Cd** ions generate a potential difference
against the used reference electrode owing to the difference
between the values for the electromotive force between zinc
and cadmium ions, which is directly related to cadmium ions.
The scheme for generation of potential is depicted through
eqn (6) and (7):

Anode reaction:

Zn — Zn*" +2e”

300

250 +

200 4

150 o

100 o

Voltage (mV)

50 4

3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0
-lg[Hg2+]

400 600 800 1000

Conc. of [Cd?*] (ppm)

200

o+

1200

Fig. 6 ZnO/SA-g-PPy electrode potential plotted against the Cd?* ion
concentration.
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In addition, the sensitivity of the proposed electrode was calcu-
lated by the slope of the curve depicted in Fig. 6, using eqn (8):**

Ve = Vi

Sensitivity :m
=G

(8)
where V; and V; are the induced potentials for the initial and
final concentrations C; and Cy of the analytes and A is the surface
area of the electrode film. The calculated value of sensitivity is
0.255 mV uM ™' cm ™2,

3.7. Sensing parameters

The sensing parameters, i.e., optimum pH and temperature,
response time, and interference effect, of developed sensors are
shown in Fig. 7.

The change in induced potential with pH for 100 pM cad-
mium ions at ambient temperature is shown in Fig. 7(a). The
graph indicates the best value of the potential at pH 7. This may
be because at low pH the electrode may get oxidized and lose its
properties, while at higher pH hydroxyl formation occurs which
reduces the mobility and is responsible for reduced potential.*?

Fig. 7(b) shows the change of induced potential at 100 M
concentration of cadmium ions with time. The curve indicates
the regular increase and decrease in potential with and without
cadmium ions, which confirms the repeated use of the
proposed electrode for sensing cadmium ions with better
reproducibility. Further, the 85% electrode potential was
increased in 45 s and again recovered its original value in
10 s, which reveals the response recovery times of the electrode
are 45 s and 10 s respectively.

The electrode was tested in the sensing of 10 samples under
optimum conditions. The obtained results reveal a deviation of
1.54% and it confirms the reproducibility of the proposed
electrode for cadmium sensing. The sensing response of seven
electrodes prepared by a similar method was explored for
sensing cadmium ions under identical conditions. The
observed values differ from each other by 3.56% and confirm
the repeatability of the proposed electrode.

The sensitivity of electrode was also monitored for 80 days at
intervals of 240 hours and the results are given in Fig. 7(c). The
trend confirms the consistent stability of the electrode for
80 days due to negligible deterioration in sensitivity from
0.255 to 0.240 mV pM ™' em ™2, i.e., 4%.

The developed sensing electrode was tested in a Cd*" solution
at a concentration of 0.1 mM in the presence of common

© 2023 The Author(s). Published by the Royal Society of Chemistry
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interfering compounds. The sensing response was investigated
after adding a 10-fold higher quantity of interferents, namely
ions (Cr**, Ni**, Cu**, Fe**, Pb*", Co*"), alkali metals, alkaline
earth metals, and glucose. The percentage interference was
calculated according to eqn (9):

Vi—-V,
Interference (%) = % )
u

The combined analyte and Cd>" alone have peak voltages of V;
and V,, respectively. Fig. 7(d) depicts the interference effect,
which confirms that interferents do not affect the sensing
performance of the proposed electrodes.

Table 3 Recovery analysis of Cd?*

Reported method

Added Recovery Recovery
No. Samples (uM)  (uM) £RSD (%)
1 Sewage water (Murthal) (a)  50.0 49.25 £ 0.03  98.50
(b) 100.0 100.30 £ 0.05 100.3
2 Sewage water (Dwarka) (a)  50.0 50.80 + 0.05 101.6
(b) 100.0  100.60 = 0.03 100.6
3 Yamuna river (Dwarka) (a) 50.0 49.40 £+ 0.05  99.8
(b) 100.0 99.0 + 0.03  99.0

© 2023 The Author(s). Published by the Royal Society of Chemistry

3.8. Real sample analysis

The presence of Cd** ions was also detected in natural water
samples collected from sewage water of Murthal (Sonipat), Dwarka
(New Delhi), and Yamuna river, New Delhi. The concentration of
Cd*" ions was determined using the above electrode and conditions
after the normal addition process. The results for the electrode are
given in Table 3 along with results determined by AAS methods.

3.9. Cadmium extraction

The amount of adsorbed cadmium ions extracted from the
surface of the electrode after applying an external potential
versus time is shown in Fig. 8(a). Initially, different voltages were
applied to the electrode and the desorbed concentration was
determined. It was found that 0.48 V is the optimum voltage for
maximum desorption of cadmium metal. Further, the amount of
desorption of metal ions with time is given in Fig. §(b), which
indicates that initially, the amount of desorption is higher and
further reduces and becomes negligible. Finally, the rate of
extraction was calculated using eqn (10), the rate of extraction
being 6.6 x 10> mM min " with an overall extraction of 72%:

. AC |G =G
Extraction rate = — = G =Gl (10)
At |t — 1o
Mater. Adv., 2023, 4, 3521-3531 | 3527
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3.10. Sensing mechanism

Further, to understand the sensing mechanism, the FT-IR
spectra of the proposed electrode before and after sensing were

recorded, which are shown in Fig. 9. The spectrum of the
electrode after sensing reveals the appearance of significantly
structural change peaks at 619 cm™ ', 1117 cm™ ' and 1617 cm ™,
which reveals a structural after the adsorption of Cd*>" ions
on ZnO/SA-g-PPy electrodes during sensing (Table S4, ESIT).
A comparison of both before and after sensing indicates the
evolution of a stronger peak at 1117 cm ™" due to the interaction
between cadmium ions and the C-O group during sensing.’*
Similarly, the increase in relative intensity of peaks present
between 1500 and 1700 cm™ " along with shifts in their position
indicates the structural alignment of the ZnO/SA-g-PPy structure
after the interaction of cadmium ions with a chain of SA-g-PPy.
Thus, this interactive adsorption of cadmium ions on the SA-g-
PPy composite matrix containing zinc ions is responsible for the
generation of a redox potential due to the difference in the
potential between cadmium and zinc ions. This induced
potential is proportional to the concentration of Cd™ ions
present in the solution and the basis for potentiometric sensing
without any external energy.

Further, after the electrode has been used for sensing, with
the application of an external potential on the surface of the
electrode, the weakly adsorbed cadmium ions can be desorbed
due to electrochemical reduction and be recovered for further
use. The extracted amount of cadmium was measured by atomic
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Fig. 10 Potential induced sensing and removal of cadmium ions.
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absorption spectroscopy after appropriate calibration and results
indicate the extraction of 81% of total adsorbed cadmium ions
after applying the potential. The complete mechanism for sen-
sing and recovery of cadmium for the proposed electrode is
illustrated in Fig. 10.

4. Conclusion and future prospects

A chemically functionalized, electrically responsive bio-nano-
composite comprised of ZnO, alginate, and polypyrrole has been
prepared and explored for potential mediated recycling and
sensing of cadmium ions in the concentration range of 0.1 uM
to 1000 puM, with better sensing parameters, ie., sensitivity of
0.255 mV uM ™' em ™2, response time of 50 s, and recovery time of
10 s with stability for 80 days. Further, the cadmium ions
adsorbed on the proposed electrode are extracted by an amount
of 72% after applying an external potential of 0.48 V. The
mechanism of sensing and extraction has been proposed in terms
of the surface electrochemical interaction between cadmium ions
and the electrode based on the infrared spectra of the electrode
before and after sensing. Thus, the proposed electrochemical
sensor shows promise for use in on-site application for sensing
and extraction of the Cd present in natural water samples in a
cost-effective manner compared with other traditional sensors
reported in the literature.
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