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ABSTRACT 

A new chemically modified carbon paste electrode for cesium(I) ion determination based on potassium zinc hexacyan- 
oferrate (PZHCF) as an ionophore was prepared. The electrode exhibits a Nernstian response for Cs(I) ions over a wide 
concentration range from 1 × 10–6 to 1 × 10–1 mol·L–1 with a slope of 58 ± 0.5 mV·decade–1. It has a response time of about 
35 s and can be used for a period of 3 months with good reproducibility. Detection limit obtained in the optimal conditions 
was 3 × 10–7 mol·L–1. The potentiometric response is independent of the pH of the solution in the pH range 4.0 - 8.0. The 
electrode possesses the advantages of low resistance, fast response over a variety of other cations. The proposed electrode 
is applied as a sensor for the determination of Cs(I) ion concentration in different samples solutions. The results showed a 
good correlation with the data obtained by atomic absorption spectrometric method. 
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1. Introduction 

Carbon paste electrodes (CPEs) are among the most 
popular types of carbon electrodes which have been 
widely used in electroanalysis, mainly  due to such inter- 
esting properties as chemical inertness, low cost, wide 
potential window and suitable for a variety of sensing 
and detection application. The operational mechanism of 
the carbon paste electrodes depends on the properties of 
the modifier materials used to import selectivity towards 
the target species [1,2]. Such chemically modified carbon 
paste electrodes (CMCPEs) posses several advantages 
over the polymeric membrane ion selective electrodes, 
including ease of preparation, low ohmic resistance, low 
background contributions, renew ability, stable response 
and no need for an internal solution [3,4]. A number of 
potentiometric chemically modified carbon paste elec- 
trodes for the determination of different cations [5], ani- 
ons [3,6,7] and biologically important molecules [4,8,9] 
have been reported. Modified carbon electrodes have 
been widely used as sensitive and selective sensors in 
various electroanalytical methods. Among the various 
mediators used for electrode modification, solid metal 
hexacyanoferrates (MHCFs) were used as suitable modi- 
fier due to excellent electron transfer properties. There- 
fore, various transition metal cations have been used with 
hexacyanoferrate to fabricate MHCF modified elec- 

trodes. The selectivity of hexacyanoferrate(II) as ion ex- 
changers for cesium makes hexacyanoferrate(II) an im- 
portant exchange material for isolation and separation of 
cesium ion [1]. More stringent requirements are needed for 
the monitoring and determination of cesium ion in min-
eral rocks, thermal water in nuclear and industrial wastes, 
soil, plants, biological, and botanical samples. Various 
methods have been reported for cesium ion determin- 
ation in aqueous and non-aqueous solutions including 
spectrophotometry [10], atomic absorption spectrometry 
[11,12], radioanalysis [13-15]. However, these methods 
required expensive instruments, well-controlled experi-
mental conditions, and frequent maintenance and calibra- 
tion. On the other hand, ion selective electrodes are ver-
satile devices with a variety of chemical and medical 
applications in the analysis of inorganic [16-20] and or-
ganic ions [21,22]. Many areas of applied analytical 
chemistry such as process control, clinical, food, bever- 
age, and environmental samples require a fast and simple 
method for the determination of the concentration of 
ionic species in aqueous systems. Potentiometric ion se- 
lective electrodes are considered as simple, quick, and 
inexpensive methods of analysis. Measurement of cesium 
ion concentration based on potentiometric sensors [23-
28] has been thoroughly investigated. However, a litera- 
ture search showed that no ion selective carbon paste 
cesium electrodes based on potassium zinc hexacyan- 
oferrate (PZHCF) as ionophore have been published to *Corresponding author. 
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date. Therefore, a modified carbon paste electrode was 
used for potentiometric determination of cesium ion in 
pure and in different samples concentrations of labora- 
tory made CsNO3 solutions and different real samples of 
water and simulated nuclear waste using PZHCF ion 
exchanger. 

2. Experimental 

2.1. Reagents 

Solutions were prepared from a stock solution of 0.1 
mol·L–1 Cs(I) ion, prepared from a sufficient quantity of 
cesium nitrate (Merck) in bi-distilled water. The working 
solutions were prepared daily by suitable dilution of 
stock solution. All other solutions used in interference 
studies were prepared from analytical grade nitrate salts 
supplied from Merck. Graphite fine powder extra pure, 
dibutyl phthalate (DBP), dioctyl phthalate (DOP), dioctyl 
sebacate (DOS), tricresyl phosphate (TCP), o-nitro- 
phenyloctyl ether (o-NPOE) were used as received from 
Aldrich. 

2.2. Preparation of Potassium Zinc  
Hexacyanoferrate(II) 

Potassium zinc hexacyanoferrate(II); K2Zn[Fe(CN)6], 
PZHCF, was prepared according to the method of Vas- 
selaer et al. [29]. Saturated solution (~1 mol·L–1) of po- 
tassium hexacyanoferrate(II) was mixed dropwise with 1 
mol·L–1 zinc sulphate (volume ratio 1:4) under continu- 
ous stirring at room temperature. The precipitate was 
allowed to stand for 7 days, and then filtered. The pre- 
cipitate was dried at 70˚C for 2 days. After pulverizing, 
the precipitate was washed thoroughly with distilled wa- 
ter, filtered, dried again at 70˚C for 2 days and ground to 
fine powder. 

2.3. Preparation of the Electrode 

A Teflon holder (12 cm length) with a hole at one end (7 
mm diameter and 3.5 mm deep) for the carbon paste fill- 
ing served as the electrode body. Electrical contact was 
made with a stainless steel rod through the center of the 
holder. This rod can move up and down by screw move- 
ment to press the paste down when renewal of the elec- 
trode surface is needed. Carbon paste was prepared by 
thoroughly mixing the potassium zinc hexacyanoferrate 
(II) ion exchanger (20 mg) with graphite powder (500 
mg) and different plasticizers (0.2 ml of DOP, TCP, 
DBP, DOS or o-NPOE). Very intimate homogenization 
is then achieved by careful mixing using agate pestle and 
mortar and afterwards rubbed by intensive pressing with 
the pestle. The ready prepared paste is then packed into 
the hole of the electrode body the carbon paste was 
smoothed onto a wet filter paper until it had a shiny ap- 

pearance. The fabricated CPEs were conditioned in 10–4 

mol·L–1 Cs(I) solution for 2 hr. After several times of 
use, a fresh electrode surface can be obtained by squeez- 
ing out a small amount of the paste, scrapping off the 
excess against a conventional paper and polishing the 
electrode on a smooth paper to obtain a shiny appearance 
again. Unmodified carbon paste electrode was prepared 
in a similar fashion, without the addition of potassium 
zinc hexacyanoferrate in graphite powder and soaked in 
freshly prepared 10–4 mol·L–1 Cs(I) solution. 

2.4. Apparatus 

Potential measurements were carried out at 25˚C ± 1˚C 
using a 692-pH meter (Metrohm). A techne circulator 
thermostat Model C-100 (Cambridge, England) was used 
to control the temperature of the test solution. A double–
junction silver-silver chloride reference electrode (Me- 
trohm 6.0726.100) and cesium modified carbon paste as 
the indicator electrode. The carbon paste electrode was 
calibrated by immersion in conjunction with the refer-
ence electrode in a 50-ml beaker containing 10 ml of 
CsNO3 solution of concentration ranging from 1 × 10−1 
to 1 × 10−7 mol·L–1 was added with continuous stirring 
and the potential was recorded after stabilization to ±1.0 
mV. A calibration graph was then constructed by plotting 
the recorded potentials as a function of log [Cs(I)]. The 
resulting graph was used for subsequent determination of 
unknown cesium (I) ion concentration. In order to deter- 
mine the reliability of the suggested electrode, it was 
used in the quantification of Cs(I) ion in some different 
concentrations of CsNO3 solutions. The tested samples 
were also determined by atomic absorption spectrometric 
method for comparison. 

2.5. Determination of Cs(I) Concentration in 
Simulated Nuclear Waste Solutions 

Two types of high level simulated active waste solutions 
designated as SIM 1 and SIM 2 were used for these ex- 
periments. Between these, only SIM 1 contained U(VI), 
while the compositions (Table 1) of the other metal ions 
were the same. As these solutions are highly acidic (~3 
M HNO3 media), their pHs were brought up between 4 to 
8 prior to the measurements. For the calibration purpose, 
high level simulated waste solutions were also prepared 
with the same composition and acidity without adding 
the Cs salt. The Cs(I) content in the original simulated 
waste solutions was determined with CMCP electrode 
employing three different procedures [30]. 

Procedure 1: 
Eight well-cleaned 100 ml glass beakers were num- 

bered sequentially. Aliquots (5 ml) of two sets of simu- 
lated waste solution were taken in duplicate in the beakers 
(nos. 1 - 4). Similarly, the waste solutions without Cs-salt  
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Table 1. Composition of the simulated high level active 
waste. 

Element 
Concentration 

(g/L) 
Element 

Concentration 
(g/L) 

Fe 0.72 La 0.18 

Cr 0.12 Pr 0.09 

Ni 0.11 Nd 0.12 

Na 5.5 Sm 0.086 

K 0.22 Cs 0.24 

Mn 0.43 Y 0.06 

U 6.34 Zr 0.004 

Sr 0.03 Mo 0.14 

Ba 0.06 Ce 0.06 

 
(5 ml), prepared for calibration, were taken in another set 
of beakers numbers (5 - 8). Aqueous CsCl solution (3 ml, 
10–2 mol·L–1) was added to the beakers 5 and 6, while 
CsCl solution (3 ml, 10–3 mol·L–1) was added to the 
beakers 7 and 8. The solutions in all beakers were evapo- 
rated to dryness over a hot plate. After cooling to room 
temperature, de-ionized water (5.0 ml) was added to each 
of the beakers, followed by heating to dryness again. The 
procedure was repeated two times. Finally, de-ionized 
water was added to the salts left over in beakers and di-
luted to 30 ml. The pH was measured and found to be in 
the range of 4 to 5. The potential was measured with 
CMCP electrode. 

Procedure 2: 
Aliquots of simulated waste solutions without and with 

standard CsCl solutions were taken in eight beakers as 
mentioned in procedure 1. De-ionized water (12 ml) and 
two drops of phenolphthalein solution were added to all 
the beakers. After neutralizing the solutions with 3 
mol·L–1 LiOH solution, the final volume was made up to 
30 ml, and the potential was measured with CMCP elec-
trode. 

Procedure 3: 
The Cs(I) concentration was determined by standard 

addition and subsequent dilution method. In this, 5.0 ml 
aliquots from the two test simulated waste solutions in 
quadruplicates were taken in eight beakers. Aqueous 
CsCl solution (3.0 ml, 10–2 mol·L–1) was added to the 
beakers numbers 3, 4, 7 and 8. All the solutions were 
neutralized with 3 mol·L–1 LiOH and diluted to a final 
volume of 30 ml. The potential in all the solutions was 
measured with CMCP electrode. The solutions in beakers 
3, 4, 7 and 8 were further diluted with de-ionized water 
up to 60 ml, and the responses were measured. 

3. Results and Discussion 

3.1. Optimization of the Modified Potassium 
Zinc Hexacyanoferrate Carbon Paste 
Electrode Composition 

In the preliminary experiments, potassium zinc hexa- 
cyanoferrate (PZHCF) was used as an electroactive mate- 
rial to prepare carbon paste electrodes for a variety of 
metal ions. The potential responses of the most sensitive 
electrodes, prepared under the same experimental condi- 
tions are shown in Figure 1. As it is seen, among diffe- 
rent tested cations, Cs(I) with the most sensitive response 
seems to be suitably determined with the carbon paste 
electrode and the emf responses obtained for all other 
cations are much lower than that predicted by the Nernst 
equation. Also, carbon pastes with and without PZHCF 
were constructed. The carbon pastes with no PZHCF 
ionophor displayed insignificant selectivity toward ce- 
sium ion, and the response was not reliable, (Figure 2), 
whereas in the presence of the proposed modified elec- 
trode, the optimized carbon paste demonstrated a Nern- 
stian response and remarkable selectivity for cesium ion 
over several common inorganic ions. Thus, this electrode 
composition was used for subsequent studies. The poten- 
tial response of the optimized Cs(I) ions was examined. 
The average slope of the calibration plot was 58.0 ± 0.5 
mV·decade–1. The calibration plot is shown in Figure 2, 
which indicates that the modified sensor shows a linear 
range from 1 × 10–6 to 1 × 10–1 mol·L–1. The practical 
limit of detection, defined as the concentration of cesium 
ion obtained from the intersection of two extrapolated 
segments of the calibration graph, was about 3 × 10–7 
mol·L–1. The optimum equilibration times for cesium 
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Figure 1. Calibration graphs of some inorganic cations us-
ing CMCP electrode. 
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Figure 2. Potentiometric calibration response of Cs-pota- 
ssium zinc ferrocyanide based Cesium electrode. 
 
selective electrode in the presence of 10–4 mol·L–1 ce- 
sium ion was 1 h, after which the electrode would gener- 
ate stable potentials in contact with Cs(I) solutions. The 
characteristic properties of the optimized paste are sum- 
marized in Table 1. The stability and reproducibility of 
the electrodes were also tested. The standard deviation of 
10 replicate measurements at 10–3 mol·L–1 Cs(I) was ±0.9 
mV. The long term stability of the electrode was studied 
by periodically recalibrating in standard solutions and 
calculating the response slope over the range of 10–6 - 10–1 
mol·L–1. The detection electrode was very stable and 
could be used over a period of at least 3 months. The 
slopes of the electrode response decreased from 58 to 50 
mV·decade–1 over a period of 3 months. The data ob- 
tained is summarized in Table 2. 

3.2. Effect of Plasticizer Type 

Besides the critical role of the nature and the amount of 
PZHCF ionophore on the characteristics of the sensors, 
some other important features such as the nature of the 
solvent mediator, the plasticizer/PVC ratio and the nature 
of any additives used, are known to significantly influ- 
ence the sensitivity and selectivity of ion-selective elec- 
trodes. 

The nature of the plasticizer influences both dielectric 
constant of the membrane and the mobility of the iono- 
phore. 

The solvent mediator has a dual function, it acts as li- 
quefying agent, enabling homogeneous solubilization 
and modifying the distribution constant of the PZHCF  

Table 2. Potentiometric response characteristics of the mo- 
dified carbon paste electrode. 

Parameter Value 

Slope, (mV·decade–1) 58.0 ± 0.5 

Linear range, mol·L–1 1 × 10–6 - 1 × 10–1 

Lower limit of Linear range, mol·L–1 1 × 10–6 

Lower limit of detection, mol·L–1 3 × 10–7 

Lower limit of quantification, mol·L–1 9.99 × 10–7 

Response time, s <35 

Working pH range 4 - 8 

Life time, month 3 

Percent recovery 96.85 - 98.20 

Standard deviation 0.035 - 0.052 

Relative standard deviation (%) 0.86 - 1.29 

 
ionophore used. For plasticizer to be adequate for use in 
sensors, it should gather certain properties and character- 
istics, such as having high lipophilicity, high molecular 
weight, low vapor pressure, and high capacity to dissolve 
the substrate and other additives present in the matrix 
[31]. The influence of the plasticizer type and its quantity 
on the characteristics of the studied sensors was investi-
gated using five plasticizers with different polarities in-
cluding DBP, DOP, DOS, TCP and o-NPOE. As shown 
in Figure 3, the electrode containing TCP generally 
shows better potentiometric responses, i.e. sensitivity and 
linearity range of the calibration plots. This is due to its 
high dielectric constant and relatively high molecular 
weight. 

3.3. Effect of pH 

The effect of pH on the response of the modified Cs car-
bon paste electrode was examined at 1 × 10–2 and 1 × 10–3 
mol·L–1 concentrations of Cs(I). The pH was adjusted 
with dilute nitric acid and sodium hydroxide as required. 
As illustrated in Figure 4, the potentials remained con-
stant within the pH range of approximately 4 - 8; the po-
tential did not vary by more than ±1 mV. The significant 
effect of pH on the electrode potential at pH < 4 and pH 
> 8 is attributed to the competition of H+ ions at low pH 
and to instability of the exchanger based carbon paste at 
high pH, respectively.  

3.4. Response Time 

For analytical applications, the response time of an elec-
trode is of critical importance. The response time is de-
fined as the time elapsed from the dropping of the elec-
trode in the solution until the equilibrium potential was 
reached. Also the average time required for the electrode 
to reach a steady potential response within ±1 mV of the 
final equilibrium value. After successive immersion of a  
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Figure 3. Effect of plasticizer on potential response of 
CMCP electrode. 
 

2 3 4 5 6 7 8 9

20 mV 

10–3 mol·L–1 

10–2 mol·L–1 

E
, 

m
V

pH  

Figure 4. Effect of pH on the potentiometric response of 
Cs-potassium zinc ferrocyanide based Cesium electrode. 
 
series of Cs(I) solutions, each having a tenfold difference 
in concentration was investigated. Response time inher- 
ent to ion selective electrodes are only measurable if the 
overall response time of the potentiometric system is 
governed by the properties of the paste of electrode, i.e. 
if the time constant of the response function of the elec- 
trode is much larger than the time constant of the electro- 
chemical cell and the electronic EMF-measuring device. 
Indeed, the overall response time is affected by a series 
of factors, for example the constant of the measuring 
instrument, the impedance of the equivalent electric cir- 
cuit of the paste, the rate of the ion transfer reaction 

across the paste—sample interface, the establishment of 
a liquid-junction potential at the reference electrode [32]. 
The result clearly indicate that, Figure 5, all the potenti- 
ometric response times of the electrode in the concentra- 
tion range of 1 × 10–6 - 1 × 10–1 mol·L–1 Cs(I) were less 
than 1 min. However, in most cases the resulting poten- 
tial time response was obtained upon changing the target 
ion concentration from 1 × 10–3 to 1 × 10–2 mol·L–1. 
Thus, we concluded that the potentiometric response 
time of the electrode was a bout 35 sec.  

3.5. Electrode Selectivity 

The selectivity behaviour is one of the most important 
characteristics of an ion-selective electrode, which is the 
relative electrode response to a specific ion (A) over 
other ions present in solution (B). This is measured in 
terms of potentiometric selectivity coefficients (Kpot

A, B). 
In this work, the separate solution method (SSM) [33] 
was used to determine selectivity coefficients of the pro-
posed electrode. It is calculated as: 

( ) ( )( )pot
A,B B A B A Alog K E E S 1 Z Z  loga= − + −    

EA and EB mean the potentiometric response of aA and aB, 
respectively. aA is the primary ion activity and aB is the 
activity of an interfering ion. The single ion activities 
were calculated by the extended Debye-Hückel equation 
[34]. In this work, aA (1.0 × 10−3 mol·L–1 Cs(I) ion) and 
aB (1.0 × 10−3 mol·L–1 interfering ion) were used to 
measure the selectivity coefficients. S, Nernstian slope, 
ZA and ZB are the charge of the primary and interfering 
ions, respectively. 

Also, matched potential method (MPM) was used to 
measure the selectivity coefficient. According to this 
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Figure 5. Potential-time plot for the response of CMCP 
electrode. 
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method, the activity of Cs(I)  was increased from aA = 
1.0 × 10−5 mol·L–1 (reference solution) to A  = 1.0 × 
10−3 mol·L–1, and the change in potential (ΔE) corre-
sponding to this increase in activity is measured. Then, 
0.1 mol·L–1 solution of an interfering ion is added to a 
new 1.0 × 10−5 mol·L–1 Cs(I)  reference solution until the 
same potential change (ΔE) is recorded, the concentra-
tion of the added amount is thus aB. The selectivity coef-
ficient  for each interferent was calculated using 
the following equation: 

a′

MPM
A,BK

( )pot
A,B A A BK a a a′= −  

Possible interferences from a number of cations were 
studied and the results are shown in Table 3. It is obvi- 
ous from Table 3 that most of the selectivity coefficients 
are very low, indicating no significant interference in the 
performance of the electrode performance for determin-
ing the Cs(I) ion. 
 
Table 3. Potentiometric selectivity coefficient values of 
Cs-ZHCF carbon paste electrode. 

+

pot

CS ,B
LogK  

Interfering Species 
SSM MPM 

Na –2.5 –2.32 

Ca –6.9 –6.75 

K –2.43 –2.22 

Cd –6.68 –6.84 

Ni –4.53 –4.67 

Co –4.70 –4.62 

Al –7.46 –7.29 

Hg –7.94 –8.00 

Pb –6.29 –6.05 

Zn –5.48 –5.65 

Li –2.90 –3.12 

Rb –2.60 –2.43 

NH4 –2.49 –2.55 

Ba –1.90 –2.11 

Sr –1.98 –2.09 

Mn –2.40 –2.49 

U –2.41 –2.48 

La –2.42 –2.46 

Pr –3.43 –3.40 

Nd –2.44 –2.49 

Sm –2.49 –3.40 

Y –3.40 –2.48 

Zr –3.40 –2.41 

Mo –2.46 –2.90 

Ce –2.44 –2.99 

3.6. Effect of Temperature 

To investigate the thermal stability of the modified elec-
trode, calibration graphs [Ecell versus p[Cs]] were con-
structed at different test solution temperature covering 
the range 25˚C - 55˚C. The electrode exhibits good Nern-
stian behaviour in the temperature range. The standard 
cell potentials ( ), were determined at different tem-
peratures from the respective calibration plots as the in-
tercepts of these plots at PCs = 0, and were used to deter-
mine the thermal temperature coefficient (dEº/dt) of the 
cell with the aid of the following equation [35], 

º
cellE

( ) ( ) ( )º º
cell cell cell

E E 25 C dE dt t 25 = +  
 −  

Plot of Eºcell versus (t–25) produced a straight line of 
slope equals to 3.1 × 10–4 V/˚C, Figure 6. This value is 
the thermal temperature coefficient of the cell. The values 
of the standard potentials of Cs-CMCP electrode were 
calculated at different temperatures from the relation: 

º º º
electrode cell referenceE E E= +  

Plot of  versus (t – 25) gave a straight line; its 
slope was taken as the thermal temperature coefficient of 
the electrode which amounts to 0.5 × 10–5 V/˚C. The 
small values of (dEº/dt)cell  and (dEº/dt)electrode reveal the 
high thermal stability of the electrode within the investi- 
gated temperature range. 

º
electrodeE

3.7. Determination of Cesium Ion in Some Water 
Samples 

Cesium determination was made in three different sam-  
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Figure 6. Variation of the cell emf with the temperature for 
the CPCP electrode. 
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ples, Nile River, rainwater and tap water. Same samples 
were analyzed with atomic absorption and results were 
compared. The aim of the sample study is to test the ac- 
curacy of the results achieved by the analyses done with 
the cesium electrode. Therefore, simple treatments were 
chosen to prepare the samples. The Nile river sample was 
collected in a 500 mL polyethylene container that was 
previously soaked in 10% sulfuric acid for one hour and 
subsequently rinsed with bidistilled water. The rainwater 
sample was collected in a glass container that had been 
treated with 1 M nitric acid and washed with bidistilled 
water. Prior to analysis, natural water samples were fil-
tered to eliminate visible impurities, while the tap water 
sample was used without filtering. The pH was adjusted 
by nitric acid and sodium hydroxide. Standard additions 
of cesium ion solutions were made and cesium ion quan-
tities were calculated by using:  

solutions in the beakers numbers from 5 to 8 and em- 
ploying the procedures 1 and 2 given in the experimental 
section. The procedures 1 and 2 gave the calibration 
slope as 55.6 ± 0.4 and 56.2 ± 0.3 mV·decade–1, respec- 
tively. The response of the CMCP electrode to Cs ions 
was then measured using the solutions in beakers num- 
bers from 1 to 4. Using procedure 3, the CMCP electrode 
was calibrated from the potential response in beakers 3, 4, 
7 and 8 before and after dilution. The calibration slope 
was found to be 55.6 ± 0.5 mV·decade–1. From the cali- 
bration data and potential responses in beakers 1, 2, 5 
and 6, the Cs(I) concentration was determined in the si- 
mulated waste solutions (SIM 1 and SIM 2). In all the 
three procedures, only the Cs ions concentration was 
considered for calibration. Due to the high ionic strength 
of the solutions (presence of large amount of salts), ac- 
tivity of Cs(I) got reduced, and hence the slope of cali- 
bration deviated more from the Nernstian response. Re- 
sults for all the three procedures are given in Table 5. 
The present method was validated with AAS. Our CMCP 
electrode results agreed well with the AAS values (Table 
5). 

( ) E S
x s s x sC C V V V 10 VΔ= + x−  

where Cs concentration of the standard which is added, 
Cx concentration of the sample, Vx volume of the sample, 
Vs volume of the standard which is added, ΔE change in 
the cell potential, S slope of the electrode against X ion. 
An aliquot (unknown to the analyst) of 1 × 10–5 mol·L–1 
Cs(I) standard was added to the sample and the cesium 
concentrations were determined. Table 4 summarizes the 
results obtained for all of the water samples. The results 
show a good correlation with the data obtained by atomic 
absorption spectrometric method. 

4. Method Validation 

4.1. Linearity and Range 

The calibration graphs obtained by plotting the potential 
values versus the final concentration were found to be 
rectilinear over the concentration range cited in Figure 1.  

4.2. Limit of quantification and Limit of Detection 3.8. Determination of Cs in Simulated High 
Level Active Waste 

The limit of quantification (LOQ) was determined by 
establishing the least concentration that can be measured  The proposed CMCP electrode was calibrated using the  

 
Table 4. Determination of cesium(I) in different water samples using the proposed electrode. 

[Cs(I)] Found, mol·L–1 RSD, % Recovery, % 

Sample 
[Cs(I)] 
Added, 
mol·L–1 MCPE method* AAS** method 

MCPE 
method* 

AAS** 
method 

MCPE 
method* 

AAS** 
method 

Nile river 1.0 × 10–5 9.50 × 10–6 9.90 × 10–6 0.32 0.42 95.00 99.00 

Rain water 1.0 × 10–5 9.60 × 10–6 9.80 × 10–5 0.67 0.62 96.00 98.00 

Tap water 1.0 × 10–5 9.89 × 10–6 9.93 × 10–6 0.35 0.52 98.90 99.30 

*Developed method; **Standard method. 

 
Table 5. Determination of cesium in simulated high level active waste solution and comparison with AAS. 

Sample 
ID 

[Cs(I)] Taken 
(mg·L–1) 

[Cs(I)] Found (mg·L–1) Percentage recovery ± RSD(%) 

MCPE method* 
AAS** 
method 

MCPE method* 
AAS** 
method   

Method 1 Method 2 Method 3  Method 1 Method 2 Method 3  
SIM 1 0.090 0.088 0.087 0.090 0.087 97.78 ± 2.05 96.67 ± 1.99 100.0 ± 2.36 96.67 ± 1.76

SIM 2 0.220 0.223 0.212 0.222 0.218 101.4 ± 1.68 96.36 ± 2.43 100.9 ± 1.85 99.09 ± 2.01

*Mean of five determinations; **Mean of two determinations. 
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according to ICH Q2(R1) recommendations, below 
which the calibration range is non linear. It was found to 
be 1 × 10–6 mol·L–1. The limit of detection (LOD) was 
determined by evaluating the lowest concentration of the 
Cs(I) ion analyte that can be readily detected and was 
found to be 3 × 10–7 mol·L–1. The LOQ and LOD were 
calculated according to the following equations (ICH 
2005): 

a

a

LOQ 10S b

LOD 3.3S b

=
=

 

where (Sa) is the standard deviation of the intercept of the 
regression line and (b) is the slope of the calibration 
curve. 

4.3. Specificity 

The specificity of the method was investigated by ob- 
serving any interference encountered from the common 
inorganic cations (Table 3). It was found that these 
cations did not interfere with the results of the proposed 
method as shown in Table 3. 

4.4. Accuracy and Precision 

To prove the accuracy of the proposed method, the re- 
sults of the assay of the studied Cs(I) in different real 
samples were compared with the atomic absorption 
method, the statistical analysis of the results using per- 
cent recovery and relative standard deviation values 
showed no significant differences between them regard- 
ing accuracy and precision, Tables 4, 5. Intra- and inter- 
day precisions were assessed using three concentrations 
and four replicates of each concentration, the relative 
standard deviations were found to be very small indicat-  

ing reasonable repeatability of the proposed method as 
shown in Table 6.  

4.5. Ruggedness and Robustness 

The ruggedness of the proposed method was assessed by 
applying the procedures using two different instruments 
in two different laboratories at different elapsed time. 
Results obtained from lab-to-lab and day-to-day varia- 
tions were found to be reproducible as RSD did not ex- 
ceed 2%. While robustness was assessed by evaluating 
the influence of small concentration variation of Cs(I) 
and pH. The small variations in any of the variables did 
not significantly affect the results. The mean recoveries 
were found to be 97.77% ± 0.887% - 99.32% ± 0.657%. 

5. Comparison with Other Electrodes 

A comparative study of the response characteristics of 
the proposed electrode with the reported Cs(I) ion selec- 
tive electrodes based on other carriers is shown in Table 
7. The results indicate that the proposed electrode is su- 
perior to the previous reported Cs(I) ion selective elec- 
trodes with regard to the linear range, detection limit, 
slope and selectivity over a number of cations. 

6. Conclusion 

A novel electrochemical sensor incorporating potassium 
zinc hexacyanoferrate as a sensing material and o-NPOE 
as solvent mediator in carbon paste matrix could be used 
to determine Cs(I)  ion in the concentration range 1.0 × 
10–6 - 1.0 × 10–1 mol·L–1 with a slope of 58 ± 0.5 
mV·decade–1. This electrode is very easy to prepare, 
show high selectivity and sensitivity, wide dynamic range,

 
Table 6. Intra- and Inter-days precision of the determination of Cs(I) in pure and water samples using the modified CPE. 

Intra day Inter day 

 
Taken, 

mg·mL–1 Found, 
mg·mL–1 

Recovery 
% 

SD* 
RSD 

% 
Found, 

mg·mL–1 
Recovery 

% 
SD 

RSD 
% 

0.050 0.0496 99.20 0.003 1.24 0.0498 99.60 0.005 2.06 

0.118 0.1168 98.96 0.007 1.75 0.1186 100.5 0.004 0.99 Pure 

0.240 0.2395 99.81 0.012 2.29 0.2391 99.63 0.008 1.51 

0.050 0.0494 98.80 0.004 1.55 0.0492 98.40 0.004 1.69 

0.118 0.1177 99.74 0.008 2.15 0.1189 100.8 0.008 2.05 Nile river 

0.240 0.2391 99.63 0.012 2.24 0.2405 100.2 0.012 2.26 

0.050 0.0498 99.60 0.004 1.44 0.0490 98.00 0.004 1.48 

0.118 0.1177 99.74 0.010 2.56 0.1171 99.22 0.008 2.10 Rain water 

0.240 0.2409 100.4 0.015 2.85 0.2387 99.44 0.014 2.65 

0.050 0.0492 98.40 0.003 1.39 0.0488 97.60 0.005 1.87 

0.118 0.1165 98.70 0.008 2.05 0.1171 99.22 0.008 2.09 Tap water 

0.240 0.2405 100.2 0.011 1.98 0.2382 99.26 0.010 1.87 

Copyright © 2012 SciRes.                                                                                AJAC 
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Table 7. Comparative studies of cesium carbon paste ion selective electrode based on potassium zinc hexacyanoferrate iono-
phore and the previously described ionophores. 

Selectivity 
Ionophore 

Linearity, 
mol·L–1 

LOD*, 
mol·L–1 

Slope, 
mV·decade–1

Li+ Na+ K+ Rb+ 
4NH+  

15-Crown-5-phoshotungestic  
acid reciitate [36] 

0.1 - 1.0 × 10–4 1.0 × 10–5 60 –0.89 –0.46 –0.31 –0.46 - 

2,3- Benzoquino-15- 
Crown-5 [37] 

0.1 - 1.0 × 10–4 1.0 × 10–5 51.9 –3.00 –2.38 –0.99 –0.47 –1.40 

p-Methoxy-anilino 
(1,3-dioxo-2-indenylidene) 
acetonitrile [38] 

0.1 - 2.5 × 10–5 6.3 × 10–6 52 –3.33 –2.72 –1.22 –0.70 –1.59 

14,15-Crown- formazans[39] 0.1 - 5.0 × 10–4 2.0 × 10–4 47 - 50 –2.5 –2.85 –1.46 - –1.39 

Calix{4}arene dibenzo-crown-6 [40] 0.1 - 1.0 × 10–6 <10–6 58.7 –4.80 –4.90 –2.30 –0.8 –1.90 

Calix{6}arene tetraester[40] 0.1 - 1.0 × 10–6 <10–6 55.7 –5.12 –3.25 –2.23 –1.88 –3.01 

calix[4]arene-crown-6 
compounds [41] 

0.01 - 1 × 10–6 8.4 × 10–8 56.6 –5.2 –4.68 2.37 –1.22 –2.14 

1,3-alternate thiacalix{4} 
biscrown-6,6 [29] 

3.2 × 10–2 

- 1.0 × 10–6 
3.8 × 10–7 57.6 –4.1 –4.3 –3.7 –1.4 –2.5 

Crown bridged thiacalix 
{4}arenes [27] 

0.1 - 9.0 × 10–8 <10–7 58.0 - –5.10 –3.50 –2.20 –3.10 

Diisopropyl dihydroxy 
Calix{4}mono azo para  
nitrophenyl aniline [24] 

0.1 - 1.0 × 10–5 4.6 × 10–6 56.0 - –3.13 –2.27 –0.85 –1.58 

Potassiun zinc hexacyanoferrate 
[this work] 

0.1 - 1.0 × 10–6 <10–6 58 –2.90 –2.50 –2.43 –2.60 –2.49 

 
and low detection limit. The working pH range of this 
electrode is 4 - 6. The response time for the static poten-
tial was found to be significantly low, hence the elec-
trode can be also applied for cesium ion estimation in 
dynamic conditions. The results agreed with those given 
by an atomic absorption spectrometric method. 
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