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Abstract

cadmium battery, and fish tissue samples).

Biological samples

Based on the highly toxic effects of Cd(ll) on the aquatic environment and the human health, identification and
evaluation of such pollutants is required. Efficient and economic electrodes for sensitive and selective detection of
this element are very important. In this study, carbon paste electrode (CPE) modified with lanthanum tungstate ion
exchanger was assembled for potentiometric assay of Cd(ll) ions. The prepared sensor exhibited a Nernstian
response for Cd(l) within a wide working range of 8 x 107°~1x 10" mol L™, with a slope of 29.4 + 0.12 mV/decade.
It has been specified by a low detection limit of 8 x 107 mol L' and a short response time of ~5s and can be
utilized efficiently up to 22 weeks without any significant errors in the potential determination. The standard
electrode potentials, £°, and the isothermal temperature coefficient (d£°/dt) of the sensor were estimated at various
temperatures. The obtained results indicated that the nominated electrode has efficient performance to estimate
Cd(ll) in its pure solutions and other various real samples (river water, plant foodstuff, industrial wastewater, nickel
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Introduction

Due to its high toxicity, cadmium displays a trace element
with high significance for efforts dedicated to ecological
security (Gonzédlez Vazquez et al. 2016). Cadmium’s quanti-
tative determination in environmental samples is of in-
creasing importance, since this heavy metal occurs as a
contaminant, and enters diverse habitats via municipal and
industrial waste streams. Exposure to cadmium and its
compounds through inhalation, food, drinks, and smoking
severely impacts the human cardiovascular (Larsson and
Wolk 2015), renal (Osawa et al. 2001), gastrointestinal,
neurological, reproductive, and respiratory systems (Friberg
2017) and even leads to several types of cancer in humans
(Nawrot et al. 2010). Cadmium is widely utilized in electro-
plating, nuclear reactors, some industrial paints, and
nickel-cadmium batteries. Reliable estimation of Cd(II) is
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extremely important because of its poisonous nature. In
addition, cadmium has many radioisotopes along with
199Cd: its half-life of 462.9 days and decays by electron cap-
ture to '®Ag with 88.03keV emission gamma photons.
This isotope is used as calibration source for X-ray and
gamma spectrometry. **>Cd is accelerated based on the nu-
clear reaction '“Ag(p, n) — '®Cd (Sheha et al. 2013).
Moreover, cadmium is used in reactors with other compo-
nents as rods for controlling and shields for neutrons
absorption. Various isotopes including *™Cd can be pro-
duced (Boffie et al. 2012).

Inductively coupled plasma mass spectrometry (Dehairs
et al. 1987), flame atomic absorption spectrometry
(Afkhami et al. 2006), electro thermal atomic absorption
spectrometry (Lopez-Garcia et al. 2013), spectrophoto-
metric (Ullah and Haque 2010), atomic fluorescence spec-
trometry (Wen et al. 2009), differential pulse polarography
(Taher 2003), and high-performance liquid chromatog-
raphy (Yang et al. 2005) are various instrumental methods
used for estimation of cadmium ions. All these methods
suffer from one or more major drawbacks like complexity,
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high cost operation and requirement for well-controlled
experimental conditions (Hamed et al. 2015).

Application of ion-selective electrodes (ISEs) continues
to be an interesting area of analytical research. The po-
tentiometric method for quantitative estimation of cad-
mium ions is the most appropriate technique for this
manner. Potentiometric method includes some advantages
such as high sensitivity, high selectivity, low cost, and
rapid determination. Comparing with the conventional
PVC polymeric membrane electrodes, potentiometric car-
bon paste electrode (CPE) has unique characteristics such
as convenient preparation, renewable surface, reaction sta-
bility without internal solution, and low ohmic resistance
(Zhang et al. 2012). Over the past years, various sensors
designed for estimation of Cd(II) have been developed to
suffice a request for Cd(II)-selective measuring devices,
which reliably enable the potentiometric monitoring of
cadmium ions in samples of various sources (Rezaei et al.
2008b). As a major drawback of reported developments,
the powerful share of these electrodes show at least one of
the subsequent frequently observed blemish: limited linear
range of concentration, insufficient stability, lack of selectiv-
ity, inadequate range of working pH value, and substantial
influences of other metal ions. The principle motivation be-
hind this work was to develop and describe a Cd(II)-CPE
sensor based on lanthanum tungstate ion exchanger as an
ionophore for efficient determination of Cd(II) ion in differ-
ent real samples. The suggested electrode was utilized to
detect Cd(II) in aqueous media through different operating
factors, namely the kind of plasticizers, the amount of the
sensing material, impact of diverse ions, and temperature.

Materials and experimental methods

Materials

Analytical reagents and bi-distilled water were utilized in all
tests. Cadmium chloride was provided from Merck. Lan-
thanum nitrate, sodium tungstate, sodium tetraphenylborate
(NaTPB), and o-Nitrophenyloctylether (o-NPOE) were pur-
chased from the company Fluka. Hydrochloric acid (HCI),
nitric acid (HNOj;), sodium hydroxide (NaOH), dibu-
tylphthalate (DBP), dioctylphthalate (DOP), and dioctylseba-
cate (DOS) were supplied from BDH. Tricresylphosphate
(TCP), synthetic graphite powder (1-2 pm), and high mo-
lecular weight polyvinyl chloride (PVC) powder were ob-
tained from Sigma-Aldrich.

Equipment/apparatus

To accomplish the potential determination, a Jenway
3505 pH-meter was utilized. The pH meter was con-
nected to a reference electrode (Ag-AgCl twofold inter-
section, Metrohm 6.0726.100), which was associated
with the suggested sensor. The Thermo-Orion 3 Stars,
USA, was utilized to follow the pH. A techno circulator
thermostat model C-100 (Cambridge-England) was used
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to control the temperature of the test solution. An in-
ductively coupled plasma optical emission spectrometry
(ICP-OES) was used to investigate the metal ions con-
centration in various solutions.

Preparation of ionophore lanthanum tungstate

To prepare the ionophore lanthanum tungstate, 0.05M so-
dium tungstate solution (200 ml) was added to 0.05M lan-
thanum nitrate solution (100 ml). To regulate the pH of
the reaction solution, dilute solutions of HCl or NaOH
were used. A gel was obtained during this process and set-
tled to the reaction vessel’s bottom within a reaction time
of 24-h. This gel was subsequently introduced to filtration,
washing using bi-distillated water, and then to drying at
50 °C. Conversion of the produced material into the suit-
able form was accomplished by changing the pH value of
the solution (Husain et al. 1982).

Selectivity (sorption) studies

To evaluate the selectivity of lanthanum tungstate material
over various metal ions, into Erlenmeyer flasks, add 200 mg
of lanthanum tungstate with 20 mL (0.001 M) of different
metal nitrates and shake for 24'h at 25°C. The metal ion
concentration left in the supernatant was estimated
utilizing inductively coupled plasma optical emission
spectrometry (ICP-OES). Mathematically, the K, values
can be expressed by the subsequent equation:

I-F
kg=—" x
1TF

II<

(mlg™)

Here, I represent the initial cation quantity in the
aqueous phase, F describes the final cation amount in
the solution, V is the solution’s volume (mL), whereas m
expresses the mass of cation-exchanger (g).

Preparation of the electrode

The produced ion-selective sensor was prepared by
blending the appropriate quantities of highly pure graph-
ite powder, lanthanum tungstate, and solvent mediator.
This mixture was carefully blended in the mortar. The
produced sensing carbon paste was introduced into the
electrode body. The surface of the paste was swept by a
piece of paper to obtain a perfect smooth surface. After
the designing process, the sensors were put in a dry and
cold place until utilization. Unmodified electrode was
prepared in a comparable way without incorporation of
lanthanum tungstate in graphite powder and immersed
in the fresh prepared solution of 10~*mol/L Cd(Il)
(Aglan et al. 2014; Aglan et al. 2012).

Samples analysis
The performance of the modified CPE was evaluated
compared with ICP-OES by determination of Cd(II) in
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several actual samples including river water, industrial
wastewater, plant foodstuff (carrot), rechargeable batter-
ies waste (nickel-cadmium battery), and fish tissue.

Whatman filter paper no. 40 was used to filtrate the
collected samples of wastewater before the analysis
process. Diluted solutions of HNOj; or NaOH were
added precisely to adjust the pH values of samples to
achieve the desired value (Afkhami et al. 2012). After-
wards, 10 mL of this solution was released and subjected
to analysis process using the candidate CPE.

For examination of cadmium in fish tissue sample, the
fish sample was bought from a local fish market. About
1g of dried fish tissue was transferred into a digestion
vessel before the addition of 6 mL of H,O, (30%) and 5
mL HNO; (70%) for complete digestion. After immedi-
ate assembling of the reaction vessel, it was slightly
swirled and put into a preheated furnace at 180 °C for
about 90 min. (Aglan et al. 2018). At that point, 6 mL of
1M K5S,0g4 was added, and the mixture was heated for
30 min. A while later, the processed fish sample was
cured for cooling at room temperature. Finally, the pH
value of the digestion cocktail was adjusted to the de-
sired value and diluted to the proper volume by using
bi-distilled water. A portion of the liquefied sample was
subjected to subsequent analysis processes.

The examination of cadmium in plant foodstuff (car-
rots) was accomplished by incineration of about 1 g car-
rot in at 500 °C for 6 h. By descending the temperature
to the room temperature, the remaining ash was care-
fully liquefied by adding 5mL of HNO; diluted with
water (1 + 1 v/v). This mixture was heated on a hotplate
until almost complete desiccation was reached. The ob-
tained residues were dissolved in 20 mL of bi-distilled
water and filtrated by filter paper. The filtrate was di-
luted by 50 mL of bi-distilled water (Khaloo et al. 2012).
Aliquots of the solution were introduced to the pro-
posed methodology for Cd(II) investigation.

Moreover, Cd(II) was introduced to further determin-
ation in rechargeable batteries by using spent Ni-Cd bat-
tery. The spent batteries were collected and dismounted
in the different parts of the cell including the steel case,
cathodes, polymeric separators, and dynamic cell mater-
ial. After digestion, treatment, and liquefaction, the pH
values of the sample solutions were adjusted to the re-
quired value as reported in literature (Reddy and Priya
2006). Then, the cadmium concentration was evaluated
using the developed CPE sensor.

Results and discussion

A lanthanum tungstate cation-exchanger was prepared for
using in preparation of selective CPE aims to qualify the se-
lectivity of this innovative electrode towards separate cations.
In this manner, distribution coefficient (K;) of lanthanum
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tungstate cation exchanger towards different metal ions was
determined in different aqueous media as illustrated in
Table 1.

Based on the reported values of K, it is clearly ob-
served that Cd(Il) is strongly adsorbed from all investi-
gated aqueous media. On the other side, other twenty
cations have showing low K, values according to their
weak adsorption. The superior isolation of Cd(II) from
various examined media confirmed the efficiency and se-
lectivity of exchanger material for this element and dem-
onstrated characteristic adsorption and ion selectivity.
Therefore, it can be concluded that lanthanum tungstate
displayed high selectivity for cadmium and can be desig-
nated as an appropriate sensing material in the prepar-
ation of Cd(II)-CPE.

The ISE response is attributed to the electron-
exchange mechanism at the membrane- contact inter-
face and ion exchange at the membrane-solution
interface (Bailey 1980).

Impact of amount of the sensing electrode material

The quantity of the sensing electrode material (iono-
phore) is one of most significant imperative parameters
affect the performance of potentiometric sensors. The
importance of quantity is due to the quite influences on

Table 1 K (ml/g) of metal ions on lanthanum tungstate as a
cation exchange material

No.  Metal ions  De-mineralized water 0.1 M HNOs; 0.5 M HNO3
1 Cd( 1650.0 1100.5 920.0
2 Al 149.2 130.5 56.5
3 Ag(l) 3500 3202 2305
4 Na(l) 120.0 105.5 89.5
5 Sr(ll) 200.5 185.5 79.5
6 Fe(lll) 120.5 1025 89.5
7 Mn(ll) 130.5 90.6 60.5
8 Pb(ll) 156.5 110.2 486
9 Co(ll) 1375 109.2 86.5
10 Gd(ll) 2103 189.5 120.5
11 Zn(ll) 156.5 1253 99.8
12 Cu(ln 158.6 1185 89.5
13 Hg(ll) 2104 189.3 1025
14 In(lin) 1022 89.5 758
15 La(lln 410.7 3203 269.5
16 Ni(l) 284.5 2105 1855
17 Be(ll) 2159 160.5 120.5
18 Cs(l) 1325 859 559
19 Bi(llN 2155 160.2 120.2
20 Smlll) 410.5 3205 250.2
21 Th(IV) 550 451 375
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the efficiency of sensors despite their selectivity and de-
tection limits. Therefore, the performance of developed
CPE was investigated due to the impact of the quantity
of the sensing material at different ratios (1%, 2%, 3%,
4%, and 5%) relative to o-NPOE as a solvent mediator.
Figure 1 is showing the calibration diagrams and indicat-
ing that the best performance was achieved in the case
of using 4% of the sensing electrode material as it gives
the closest slope to the Nernstian value (29.4 + 0.12 mV/
decade) in a linear range (8 x 10%-1 x 10" mol/L), and
the lowest limit of detection (LOD) (8 x 10~8 mol/L). Ac-
cordingly, 4% lanthanum tungstate was the optimum ratio
suitable for the preparation of the modified electrode used
in the following experiments.

Influence of solvent mediators

Various solvent mediators (o-NPOE, DBP, DOP, TCP,
and DOS) were introduced to potentiometric deter-
mination, and the acquired results were presented in
Fig. 2. The subsequent calibration diagram was ap-
plied to assess the potentiometric performance of the
CPE for various solvents by determining the Nerns-
tian response, linear domains, and LODs. Moreover,
the CPE’s life span can be expected for the most ap-
propriate CPE. The results revealed that o-NPOE is
the most suitable solvent mediator for potentiometric
determination of Cd(II) ions in aqueous solutions.
This outcome agrees with the normal pattern of
affectability from the dielectric consistent estimations
of these plasticizers (Ali et al. 2014). The most ele-
vated affectability was acquired by using o-NPOE
(dielectric consistent =24) as solvent mediator. In
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view of the above result, o-NPOE is recommended as
solvent mediator in the case of using CPE sensors for
determination of Cd(II) ions.

Effect of hydrogen ion concentration

In order to investigate the effect of hydrogen ion con-
centration on the response behavior of the modified
Cd(II)-CPE, the potentials were measured for 1.0 x 1073
and 1.0x 10°*mol L™ of Cd(Il) ions in different solu-
tions of different pH values (1-10). As previously men-
tioned in experimental section, dilute solutions of HCI
or NaOH were used to adjust the pH value. The results
conducted that the potential response remained constant
within the range of 2.0-7.5 as shown in Fig. 3. However,
the modified Cd(II)-CPE performed significantly in the
pH range of 2.0-7.5 as a result of noninterference be-
tween H" or OH™ within this range. The fluctuations oc-
curred at pH values less than 2 or more than 7.5 as a
result of decreasing the efficiency of Cd(II)-CPE, and
this behavior could be explained as due to the competi-
tion with hydrogen ion in high acidity and the formation
of the soluble and insoluble Cd(II) ion hydroxyl com-
plexes in high alkalinity (Aglan et al. 2012).

Influence of test solution temperature

In this experiment, the modified Cd-ISE was evaluated
in test solutions at different temperatures (10, 25, 30, 40,
50, and 60 °C). The electrode exhibited a good Nernstian
behavior in the temperature range (10-60°C). The
standard cell potentials (E°.) were estimated at various
temperatures from the respective calibration plots as the
intercepts of these plots at pCd (II) = 0 and were used to
estimate the isothermal temperature coefficient (dE°/dt)
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of the cell according to the following equation E° ag/agciskcl = 0.22234-0.000669 (t-25)
(Antropov 1972):
The standard potential of the reference electrode at

. . . ) 25°C amounts to 0.22234V and its isothermal
E’cel = E%ca(25 C) & (dE°/dlt) . (£-25) temperature coefficient amounts to 0.000669 V/°C. The
values of the standard potentials of Cd(Il)-selective elec-
Plot of E°.y versus (t - 25) produced a beeline as dem- trode were evaluated at various temperatures corre-
onstrated in Fig. 4. The slope of this beeline was taken  sponding to the following relation:
zfn ';l:len ti:(izhgr(r)r(l)?);;e\ry/g(e:rature coefficient of the cell. It E°orence + E°eell = E%atoctrode (5)
The standard potential of the reference electrode (Ag/ A plot of E° electrode versus (¢ — 25) gave a beeline. The
AgCl, 3KCl) was calculated at the different temperatures  slope of this beeline was taken as isothermal temperature

using the following equation: coefficient of the Cd(II) electrode. It amounts to 0.00064
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V/°C. The small values of (dE°/dt) cell and (dE°/dt) elec-
trode reveal the high thermal stability of the electrode
within the investigated temperature range.

Response time, reversibility, lifetime, and reproducibility
of the modified Cd(Il)-CPE

Response time, reversibility, and duration of an elec-
trode’s life are essential factors for any potentiometric
sensors in analytical performance (Bagheri et al. 2016).
The average response time reflects the time needed by a
sensor, until a stable potential + 1 mV of the final value
of equilibrium is reached; this value was determined by
successively immersing the electrode in a set of solutions
of the target ion, each differing in their concentration by

a factor of ten (Ganjali et al. 2009). The response time of
the optimal modified Cd(II)-CPE was recorded by
varying the Cd(II) ion concentration from 10~ to 107>
mol L™ (Fig. 5). As a result, the electrode reached the
equilibrium value very quickly after ~ 5.

In order to determine the electrode’s reversibility, a
comparable technique was completed in the reverse
order of concentrations, hence, starting with the highest
concentration and ending with the lowest concentration.
The reversibility of the electrode response was clearly
demonstrated by this approach. However, the time re-
quired until equilibrium value was reached (~15s). It
was longer when starting with higher concentration than
observed for the low to high concentration order (~ 65s).
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This behavior can be explained by the fact that residual
Cd(II) ions might still be attached to the CPE surface,
which significantly occupies the free sites at the surface.
Hence, the proposed Cd(II)-CPE is not able to rapidly
detect those Cd(II) ions present in the majority of the
solution and consequently reduced the response time.
The lifetime of the modified CPE was estimated by devel-
oping the calibration diagram under optimum conditions at
extended time. The lifetime of proposed CPE reached 22
weeks without critical change in slopes of the calibration
diagram as shown in Fig. 6. After this period, the slope of
the calibration diagram was fallen dramatically. Sets of six
electrodes with best content of the sensing electrode mater-
ial were prepared, and their performances were investigated
in contact with Cd(II) ions to validate the reproducibility of
the fabricated Cd(II)-CPE sensor. The results presented the

average of slopes, detection limits, and linear dynamic
ranges as 29.40 +0.12mV decade ™!, 8 x 10 ®mol L™, and
8 x 107%-1 x 10" mol L™, respectively.

Evaluation of the selectivity

The most essential characteristic of sensors is their se-
lectivity controlling its utilization scope and applicability
in real sample determination. “Selectivity” is known as
the response of ion-selective sensors towards the target
ion when interfering ions exist as mixture in the solu-
tion. Selectivity coefficients for Cd(II)-CPE towards vari-
ous inorganic cations were assessed using the “matched
potential method” (Gupta et al. 2006). The log Kcaan, 5
values were measured by the MPM within the range of
107°~10*as presented in Fig. 7.
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Fig. 7 Potentiometric selectivity coefficient values of Cd(l)-CPE sensor
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This illustration confirmed that all tested ions cause
neglected disturbance for the working Cd(II)-CPE. Moreover,

the performance of the suggested sensor was validated at

different concentrations of various cations. Non-significant
distinction can be defined for slopes presented in the calibra-
tion graph of tested cations except the target cation, Cd(II),
as shown in Fig. 8. Consequently, the modified sensor

Table 2 illustrated

Table 2 Potentiometric parameters of the modified Cd(ll)-CPE and other electrodes

achieved high efficiency and proper selectivity to determine
Cd(II) ions dissolved with various interfering cations.

The modified CPE compared with other previously
designed electrodes

the proposed Cd(II)-CPE and some of

the previously reported sensor systems corresponding to

No. lonophore name Working concentration Slope pH Lifetime Response Reference
range (molL™") (mV/decade) range (week) time(s)

1. Tetrathia-12-crown-4 40%x1077-1.0x 107" 20+ 1 25-85 6 10 (Shamsipur et al. 2011)

2 NN“-Bis(salicylaldehyde) phenylenediamine, 57x107%-37%x107°  289+04 25-75 8 14 (Mizani and Komeh 2012)
PVC membrane and coated platinum 30%10°8-30x107°  292+06

3 (13B)-N-Benzylidene-2- (3-((F)-2- 10x107°%-10x107" 291 +1 35-79 13 35 (Rezaei et al. 2008b)
(benzylideneamino) ethyl)-2-
phenylimidazolidin -1-yl) ethanamine

4 NN-(4 methyl 1,2 phenylene) diquinoline2 ~ 10x10°-1.0x107" 299405 49 8 3-8 (Ensafi et al. 2009)
carboxamide

5 4-Hydroxy salophen 10x107°-10x107" 301 +1 28-81 8 20 (Mohan et al. 2016)

6  2-Acetylthiophene Semicarbazone 1.0x107°-1.0%x 107" 204+02 34-76 5 10 (Gupta et al. 2007)

7 NN-[bis (pyridin-2-yhformylidene]butane-14- 7.9 x 1078-1.0%x 107" 29 20-80 8 10 (Zamani et al. 2006)
diamine

8  N-p-[1-(2-furyl)methylidene]-2-furohydrazide 1.0x107°-10%x 107" 29 28-86 9 10 (Mashhadizadeh et al. 2005)

9 5{(4Methyl phenyl) azo)-N-(6-amino-2- 75%1077-10x 107" 28 35-9 12 - (Chandra et al. 2014)
pyridin) salicylaldimine], and 40%x1077-20x 107" 22
5-[((4-methyl phenyl) azo)-N-(2-diamino-2-
cyano-1-ethyl cyanide) salicylaldehyde]

10 Benzilbis (carbohydrazone) 10x1077-10x107" 30 2-9 - 8 (Khamjumphol et al. 2011)

11 p-Tert-butylcalix[4larene 16x10°°-10x1072 29 6-9 1 10 (Rezaei et al. 2008a)

12 1, 2-Bis (quinoline-2-carboxamido)-4- 1.0x107°-1.0x 107" 30 24-9 8 10 (Hajiaghababaei et al. 2015)
chlorobenzene

13 4b,6,7,9b-Tetrahydroxy-4bH-indeno 1X107%-1.0%x 107" 28 3-7 13 15 (Ivari et al. 2017)
[1,2-b]benzofuran-10(9bH)-one

14 Cadmium(ll) IP 20x107-10x 1072 299 4-7 - 15 (Husain et al. 1982)

15 Lanthanum tungstate 80x108-10x107" 293 2-75 22 5 This work
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Table 3 Potentiometric determination of Cd(ll) ion using the proposed modified electrode

Samples [Hg(N] (ug L™

Taken Cd(In-CPE ICP-OES

Found Recovery (%) RSD (%) Found Recovery (%) RSD (%)

River water 50 4.945 98.9 0.948 501 100.2 1.125

7.5 7.395 98.6 0211 7448 99.3 1.005
Industrial wastewater 50 4915 98.3 0.708 4970 994 0.104

75 3.358 98.1 0512 7432 99.1 1.006
Rechargeable battery waste 50 4.895 979 0.197 4.985 99.7 1.125

7.5 7.313 97.5 0.221 7418 98.9 1.256
Plant foodstuff (carrot) 50 4910 98.2 0.194 4995 99.9 1.258

7.5 7.313 97.5 0.198 7.665 102.2 1.369
Fish tissue 50 4915 983 1.004 4.96 99.2 1.024

7.5 7.380 984 1.215 7.59 101.2 1.257

linearity range, the Nernstian slope, the range of working
pH value, response time, and service time.

This comparison has clearly indicated that the modi-
fied Cd(II)-CPE sensor is favorable and that the previ-
ously reported sensors in terms of response service time
and response time are the two most significant criteria
characterizing ion selective electrodes (Rezaei et al
2008b). Among the compared sensors, the modified
Cd(II)-CPE sensor displayed the fastest response (5s)
and the longest durability (22 weeks). Moreover, it
should be emphasized that the Cd(II)-CPE sensor per-
formed suitably with stable performance within the ex-
tend range of pH value (2.0-7.5). As regards to its
Nernstian slope, the modified Cd(II)-CPE sensor was in
agreement with the other previously reported electrodes.

Application of the modified CPE in determination of Cd(ll)
ions in authentic samples

The suggested CPE was examined to determine Cd(II) ions
in broad variety of true samples, such as river water, indus-
trial wastewater, plant foodstuff (carrot), rechargeable battery
waste, and fish tissue. These samples were also analyzed by
ICP-OES to evaluate the quality of the nominated electrode.
The experimental data obtained by the suggested CPE were
in perfect agreement with the results of ICP-OES.

Table 3 illustrated the recovery values of 97.5-98.9% for
the proposed Cd(II)-CPE sensor. Furthermore, the relative
standard deviation (RSD) values for four replicate estima-
tions were not more than 1.2. These values confirmed the
reproducibility and precision of the suggested sensor with
certainly expedient recovery values. Thus, the proposed

Table 4 Evaluation of intra- and inter-day precision and accuracy of the Cd(ll)-CPE sensor

Samples [Cd(]  Intra-day Inter-day
Efﬁge” [ found (mg Recovery  SD  RSD’ [ found (mg Recovery  SD  RSD™
mL) mL™) (%) (%) mL™) (%) (%)
Pure solution 025 0247 988 0003 126 0247 9838 0005 202
030 029 986 0007 236 029 986 0002 067
River water 025 0249 996 0007 281 0247 988 0003 121
030 0294 980 0005 1.70 0299 996 0004 134
Industrial wastewater 025 0243 97.2 0006 247 0245 980 0006 245
030 0293 976 0008 273 029 986 0008 2.70
Rechargeable battery 0.25 0.248 99.2 0.006 242 0.247 98.8 0.006 243
waste 030 0291 970 0005 170 0294 980 0001 034
Plant foodstuff (carrot) 025 0243 97.2 0003 123 0.245 980 0009 367
030 0292 973 0004 137 0293 976 0006 205
Fish tissue 025 0245 980 0004 163 0248 99.2 0003 121
030 0293 976 0005 1.70 0298 993 0006 201

“Mean of four experiments carried out on the same day
“Mean of four experiments carried out on different four day
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Table 5 Response characteristics of Cd(I)-CPE sensor

Parameter

Plasticizer 0-NPOE
lonophore Lanthanum tungstate
Slope mV/decade 294+0.12
Correlation coefficient 0.999

Linearity range (mol L 8x107%-1x 107"
Lower detection limit (mol L™") 8x107®
Response time(s) 5

Working pH range 20-75
Temperature °C 25

Life time (weeks) 22

sensor can be nominated for accurate and precise evalu-
ation of Cd(II) ions in aqueous solutions.

Method validation

Concentration range and linearity

Calibration graphs resulting from plotting the poten-
tial values in dependence to the corresponding final
concentration values turned out to be linear in a con-
centration range as referred to in Fig. 1.

Detection and quantification limit
The quantification limit (LOQ) was evaluated due to the
determination of minimum concentration, which can be
estimated corresponding to ICH Q2(R1) recommenda-
tions; below this concentration, the calibration graph is
no more linear. For the proposed sensor, this value was
determined as 8.0 x 10 ®molL™". The detection limit
(LOD) was established by estimating the lowest concen-
tration of Cd(II) ions, which can be readily detected; this
value amounted to 8.0x10®molL™". The following
equations were applied according to ICH 2005 to calcu-
late LOQ and LOD, respectively (Gumustas and A.
Ozkan 2011):

LOQ =10 S,/b

LOD =33 S,/b

S. reflects the standard deviation of the regression
line’s intercept, b quantifies the calibration curve’s slope.

Specificity

The specificity was studied by detecting any interference
caused by frequently occurring metal ions. As illustrated
in Fig. 7, it turned out that these metal ions have not nega-
tively impacted the results of the nominated method.

Precision and accuracy

To provide profound data on the proposed method’s ac-
curacy, results of the assay for Cd(II) determination in
various real samples were compared with results obtained
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by ICP-OES measurements. By statistical analysis of the
results in terms of calculating recovery and relative stand-
ard deviations, no significant deviations in terms of accur-
acy and precision were observed (see Table 3).

Precisions were identified using two concentrations of
Cd(II) with four replicates; these tests were carried out
at both inter-day and intra-day. The resulting relative
standard deviations were outstandingly low (Table 4), as
a clear indication of the considerable repeatability of
intended method.

The response characteristics of the developed carbon
paste electrode were investigated and collected in
Table 5.

Conclusion

The fabricated Cd(II)-CPE modified with lanthanum
tungstate was prepared for the potentiometric measure-
ment of Cd(II) ions in several aqueous real samples.
With high performance and selectivity, the suggested
sensor electrode has been efficiently determined Cd(II)
ions present in various real samples. The proposed CPE
has many beneficial characteristics in comparison to
alternative techniques, such as high performance, select-
ivity, and sensitivity in a vast variety of applications.
Moreover, it is long-lived for more than 22 weeks and
stable in wide range of pH values with high calibration
graph slope. The suggested CPE was used efficiently for
the estimation of Cd(II) ion in river water, industrial
wastewater, vegetable food products, spent nickel cad-
mium battery, and fish tissue samples.
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