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A newly designed carbon paste electrode which was modified by nanocomposite structure including 

multi-walled carbon nanotube (MWCNT) and nanosilica (NS) was developed in order to mensuration 

the difference of potential versus lutetium(III) ion concentration changes. According to our previous 

work which introduced 2, 2'-Dithiobis (4-methylthiazole) (TMT) as an active material with strong 

interaction accompanied by Lu
3+

 ions, TMT was applied as a selector in construction of a nano-

composite Lu
3+

-carbon paste electrode (LuCPE). The pastes were prepared by various ingredients such 

as MWCNT, NS, graphite powder, and paraffin oil. Pursuant to optimization stage, the best response 

was illustrated by Lu (III)-carbon paste electrode composed of 3% TMT, 25% paraffin oil, 3% 

MWCNT, 0.5% NS, and 68.5% graphite powder. The new Lu
3+

-CPE displayed a Nernstian response 

(19.9±0.3 mV decade
-1

) toward Lu
3+

 ions in widish linear range of 5.0×10
-8

-1.0×10
-2

 mol L
-1

 with a 

detection limit of 1.5×10
-8

 mol L
-1

. The proposed Lu
3+

-CP sensor could employ over the working pH 

range of 2.8 to 9.3, with a relatively fast response time (~5 s). The matched potential method (K
MPM

) 

was applied to assessment the selectivity coefficients for different cations toward new prepared 

electrode. According to obtained results this Lu
3+

 nano-composite carbon paste sensor exhibited good 

selectivity with respect to a number of lanthanide and transition metal ions. The constructed Lu
+3

-CPE 

was successfully used as an indicator electrode in analytical applications such as potentiometric 

titration of Lu
3+

 ions with EDTA and determination of Lu
3+

 content in various mixtures of different 

ions. 

 

 

Keywords: Ion Selective Electrode, Lutetium(III), 2,2'-Dithiobis(4-methylthiazole), Multi-Walled 

Carbon Nanotubes, Sensor, Carbon Paste Electrode, PVC Membrane, Potentiometry, Nanocomposite  

 

1. INTRODUCTION 

Lutetium is the fifteenth and the last element in the lanthanide series with atomic number 71. 

The small amounts of lutetium are extracted in combination with other lanthanides. Since, the 

separation of lutetium from other rare elements in order to obtain on useful quantities are very difficult, 

therefore it is extremely expensive which result in very few commercial usage. Nevertheless, like the 
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other lanthanides which have a vast range of applications in various fields from the ceramics industry 

to iron and steel (metallurgy), electronics, and agriculture; lutetium also is usually employed 

accompanied by yttrium in metal alloys in the metallurgy industry and as a catalyst in various chemical 

reactions. One of the most important problems in quantitative analysis of lanthanides is choosing the 

methods, which show the best selectivity toward this family of elements. During different instrumental 

methods have been reported for determination of lutetium which most of them are costly, prolonged, 

involving multiple sample manipulations, and etc. such as either spectroscopic methods including 

inductively couple plasma mass spectrometry (ICP-MS), isotope dilution mass spectrometry, mass 

spectrometry (MS), X-ray, inductively couple plasma atomic emission spectrometry (ICP-AES), 

fluorescence spectrometry [1-3], or  some electrochemical methods, the ion selective sensors based on  

potentiometric method due to some advantages such as portability, working fast, plainness in prepare 

and use, sufficient accuracy in response, low cost, widish range of responsiveness and performance, 

high and acceptable selectivity and sensitivity and etc. are used as an approved analytical method in 

analysis of a wide variety of ions [4-50]. In the meantime, in comparison of PVC membrane electrodes 

the carbon paste electrodes (CPEs) are one of the subgroup of potentiometric sensors which offer 

renewable surface, stable response, and low ohmic resistance electrodes. This kind of potentiometric 

sensors are mostly consisting of the ionophore into a carbon paste matrix including graphite powder 

dispersed in a non-conductive mineral oil. From the standpoint of mechanical stability, the CPEs can 

be located between membrane electrodes and all solid state electrodes. According to references and 

reports the addition of modifier materials such as multiwall carbon nanotubes (MWCNTs) with special 

physicochemical properties such as ultra-light weights, high mechanical strengths, high electrical 

conductivities, high thermal conductivities, metallic or semi-metallic behaviors and high surface areas 

to CPEs, improve the response of this type of sensor [51-54]. Multi-walled carbon nanotubes 

(MWCNTs) have been recently used in composition of carbon paste electrodes. Using MWCNTs in 

the carbon paste improves the conductivity and, therefore, conversion of the chemical signal to an 

electrical signal [55-58]. Literature survey revealed that only one of Lu
3+

-CPE based on different 

ionophores have been reported [3]. In this work, basede on our previous studies [59], a highly selective 

and sensitive nano-composite carbon paste composition based on TMT as the sensing material, 

nanosilica, multi-walled carbon nanotubes (MWCNTs) and paraffin oil has been developed and tested 

for the monitoring of Lu (III) ion. 

 

N

S
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Figure 1. Structure of the ligand TMT. 

 

2. EXPERIMENTAL 

2.1. Electromotive force (EMF) measurements  

To electromotive force measurement a potentiometric cell was employed including the Lu
3+

-

CPE as the working electrode, an Ag/AgCl electrode (Azar electrode, Iran) as a reference electrode 



Int. J. Electrochem. Sci., Vol. 10, 2015 

  

8126 

which both electrodes were placed to the glass cell containing 1.0 × 10
−3

 mol L
−1

 Lu (NO3)3 and 

connected to a mili-voltmeter. All electromotive force was carried out with the membrane sensor using 

the following cell assembly: 

Carbon paste electrode | 1.0 × 10
−3

 mol L
−1

 Lu (NO3)3 | Ag/AgCl–KCl (satd.) 

As well as, the Debye–Huckel equation ( 










 




 2.0

5.11
511.0log

2/1

2/1
2z ) was applied to 

calculate the activities.  

 

2.2. Chemicals and reagents 

The nano materials such as nanosilica (NS), and multi-wall carbon nanotubes (MWCNTs) with 

10-40 nm diameters, 1-25 μm length, SBET: 40-600 m2/g and with 95% purity were purchased from 

Research Institute of the Petroleum Industry (Iran), graphite powder with a 1–2 μm particle size 

(Merck), 2, 2'-Dithiobis (4-methylthiazole) and high-purity paraffin oil (Aldrich) were used for the 

construction of the carbon pastes. The chloride and nitrate salts of the cations were all purchased from 

Merck Co.  Doubly distilled de-ionized water was used throughout. 

 

2.3. Carbon paste electrode preparation  

For the purpose of preparing the carbon paste electrode the following proceeding was carried 

out respectively: First, different amounts of the paste ingredients such as ionophore (TMT), binder 

(paraffin oil), graphite powder as an inert matrix, NS and MWCNTs as modifier entirely were pooled. 

Next, the resulting mixture was stirred to get homogenization paste about 30-40 min. Then, the final 

paste was transferred to the tip of a tube while a copper wire was put into the opposite side of the tube 

to electrical contact. It should be noted, in order to avoid possible air gaps which mostly lead to boost 

the electrode resistance, it is necessary to pack up the paste carefully and thoroughly into the tube tip. 

Last, to replace the new smoothed surface CPE by the old one, the external layer of the carbon paste 

was polished with soft paper. In the final stage, the electrode was conditioned for 48 h by soaking it in 

a 1.0×10
-3

 mol L
-1

 Lu(NO3)3 solution. 

 

3. RESULTS AND DISCUSSION 

 

3.1. Potential response of the electrode 

 

To study the selectivity behavior of designed electrode by potentiometric method, TMT was 

employed as a sensing element in preparation of some PVC membrane electrodes for all of the 

lanthanide and some of other cations. Lutetium ion due to its appropriate size to the semi cavity of 

TMT and the rapid exchange kinetics of the resulting its complexation with ionophore, show the best 

Nernstian response among all other cations, Fig. 2. 
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Figure 2. Potential responses of various ion-selective electrodes based on TMT. 

 

3.2. Optimization of the LuCPE 

One of the main component in ISE (ion selective electrode) which change the amount of it 

show the strong effect on the selectivity of electrode, is known as ionophore or ion carrier (here TMT).  

To evaluate the role and determine the best value of TMT in composite concentration, the diverse 

amount of TMT was employed to fabricate a numbers of nano-composite CPEs, according to Table. 1 

addition of 3% TMT to CP displays the best response toward the other amounts (No. 2 with the slope 

of 19.8±0.3 mV decade
-1

). Ordinarily, the addition of ionophore to the compositions results in 

increasing the potential responses of the CP electrodes. One of the other ingredients in the composition 

of the carbon paste which cause to enhance the conductivity of the sensor, and increases the 

transduction of the chemical signal to electrical signal is MWCNT that adding the proper amount of 

this material leads to make better the dynamic working range of the sensor. The electrode 

compositions were modified by adding %1, %2, %3 and %5 wt. of MWCNT to the composition (No. 2 

& Nos. 5-7) which led to improvements in the sensitivity of the sensor from the sub-Nerstian value of 

15.0±0.6 mV decade
-1

 to 21.6±0.5 mV decade
-1

. On the other hand, it was observed that changing the 

amounts of the graphite powder as the filler and paraffin, does not significantly change the potential 

response of the sensor. Finally, the nanosilica because of its high specific surface area has a 

hydrophobic property that helps to extraction of the ions into the surface of the CPE, so addition of 0-

1% wt. of NS (Nos. 9-12) was found to improve the potential response of Lu (III) activity. In 

accordance to Table 1, the best response (CPE No. 6) was put out by modified carbon paste electrode 

based on 0.5% nanosilica, 3% MWCNT, 3% TMT, 25% paraffin oil and 68.5% graphite powder. 

 

 

 



Int. J. Electrochem. Sci., Vol. 10, 2015 

  

8128 

Table 1. Optimization of the Lu
3+

-CPE ingredients. 

 

Dynamic linear 

range (mol L
-1

) 

Slope 

(mV decade
-1

) 

Composition of Carbon Paste (wt.%) 
Electrode 

No. 
Nano-

Silicon 
MWCNTs 

Graphite 

Powder 
TMT 

Binder 

(Paraffin oil) 

1.0×10
-6

-1.0×10
-2

 22.6±0.2 0.5 2 70.5 2 25 1 

1.0×10
-6

-1.0×10
-2

 19.8±0.3 0.5 2 69.5 3 25 2 

1.0×10
-6

-1.0×10
-2

 21.0±0.8 0.5 2 68.5 4 25 3 

1.0×10
-6

-1.0×10
-2

 21.6±0.3 0.5 2 67.5 5 25 4 

1.0×10
-6

-1.0×10
-2

 21.1±0.5 0.5 1 70.5 3 25 5 

5.0×10
-8

 - 1.0×10
-2

 19.9±0.3 0.5 3 68.5 3 25 6 

3.0×10
-8

-1.0×10
-2

 15.0±0.6 0.5 5 66.5 3 25 7 

1.0×10
-7

-1.0×10
-2

 18.6±0.8 0.5 3 73.5 3 20 8 

1.0×10
-7

-1.0×10
-2

 20.3±0.7 0.5 3 63.5 3 30 9 

1.0×10
-7

-1.0×10
-2

 22.3±0.4 0 3 69 3 25 10 

1.0×10
-7

-1.0×10
-2

 21.0 ± 0.6 0.1 3 68.9 3 25 11 

1.0×10
-7

-1.0×10
-2

 18.2±0.8 1 3 68 3 25 12 

5.0×10
-8

-1.0×10
-2

 16.8±0.4 0.5 5 61.5 3 30 13 

4.0×10
-8

-1.0×10
-2

 21.7±0.4 0 5 62 3 30 14 

1.0×10
-7

-1.0×10
-2

 15.9±0.2 1 5 61 3 30 15 

5.0×10
-8

-1.0×10
-2

 19.7 ± 0.3 0.1 5 61.9 3 30 16 

5.0×10
-8

-1.0×10
-2

 16.3 ± 0.3 0.1 5 66.9 3 25 17 

1.0×10
-6

-1.0×10
-2

 26.0 ± 0.3 0.1 5 64.9 5 25 18 

1.0×10
-7

-1.0×10
-2

 20.4 ± 0.2 0.1 5 59.9 5 30 19 

 

3.3. Calibration curve  

 

The potential response of the Lu
3+

-CP electrode based on TMT, Fig. 3, which is known in 

terms of calibration curve displays the widish working linear range from 5.0×10
-8

 to 1.0×10
-2

 mol L
-1

 

for optimized TMT-based lutetium (III) carbon paste electrode, while according to Nernstian equation 

the slope of linear part of calibration curve is 19.9±0.3 mV per decade with detection limit of 1.5×10
−8

 

mol L
-1

 of lutetium ions concentration which pursuant to the IUPAC recommendations is calculated by 

crossing of two extrapolated segments of the calibration curve [60-72]. The standard deviation for ten 

replicate measurements was ±0.6 mV. 
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Figure 3. Calibration curves of the TMT-based Lu
3+

-CPE sensor.  

 

3.4. pH  influence 

 

 

Figure 4. The effect of pH in 1.0×10
-3

 mol L
-1

 of Lu
3+

 ion on the potential response of the Lu
3+

-CPE 

based on TMT. 

 

The impact of hydronium ion concentration changes in the potential response of designed   

LuCPE for 1.0×10
−3

 mol L
-1

 of test solution was assayed over the pH range of 1.0–11.0 [73-88]. 

Pursuant to Fig.4 which is illustrated the obtained results the operational pH range that the potential 

remains constant is over 2.8–9.3. 

The observed drift at pH values higher than 9.3 could be attributed to formation of some 

hydroxyl complexes of Lu
3+

 ions which results in reduce the free lutetium ion in solution, while losing 

the capability of TMT to complex with lutetium ions in the solution that arising from protonation of 

the heteroatoms of ionophore such as nitrogen, cause to the potential drift at pH lower than 2.8. 
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3.5. Dynamic response time the LuCPE  

One of the most important specs of ISE is the average elapsed time that the electrode shows the 

stable potential response at various concentrations which is known in terms of dynamic response time 

[89-102]. In order to assay this parameter for newly designed Lu
+3

-CP electrode the different 

concentration of Lu
+3

 solutions from lower to higher (0.0000001, 0.000001, 0.00001, 0.0001, 0.001 

and 0.01 mol L
-1

) was employed respectively.  The results that displayed in Fig. 5 represent a very 

short equilibrium response time (~5 s) in the whole concentration range. 

 

 

Figure 5. Dynamic response time of Lu
3+

-CP
 
sensor based on TMT. 

 

3.6. Selectivity studies of the LuCPE   

The priority of primary ion over interfering ions (alkaline, alkaline earth, lanthanides, transition 

and heavy metals) is known as the selectivity coefficients which indicate the disturbance of other ions 

on the response of designed electrode [103-108]. This main factor of ISE was measured graphically at 

this work by the match potential method (MPM). to determine the selectivity coefficients by matched 

potential method, first, the potential of the specific activity of Lu
+3

 ions solution while adding to a 

reference solution was measured, next, the apparent amount of interfering ions solution was 

sequentially added to the same reference solution in the other experiment to obtain the potential 

response which matches the one acquired previously by adding Lu
+3

 ion. In the last stage, the final 

results getting by the following equation that is the ratio of primary ion (A) activity changes to the 

interfering ion (B). 
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The resulting selectivity coefficients, which are listed in Table 2, demonstrated the negligible 

disturbance of various cations for the proposed electrode which bodes a good performance of the 

designed CPE toward the Lu
+3 

ions and specific interaction between Lu
+3

 ions and TMT. 

 

Table 2. Selectivity coefficients ( ) of proposed Lu
3+

-CP sensor. 

 

 Interfering Ion (B)  Interfering Ion (B) 

4.2×10
-4

 Yb
+3

 1.0×10
-4

 Pr
+3

 

9.0×10
-4

 Mg
+2

 9.0×10
-4

 La
+3

 

7.8×10
-4

 Pb
+2

 8.3×10
-4

 Tm
+3

 

6.0×10
-4

 Na
+
 7.1×10

-4
 Nd

+3
 

8.7×10
-4

 K
+
 8.4×10

-4
 Eu

+3
 

7.6×10
-4

 Co
+2

 6.8×10
-4

 Ho
+3

 

6.3×10
-4

 Cd
+2

 6.3×10
-4

 Gd
+3

 

8.0×10
-4

 Ca
+2

 8.5×10
-4

 Sm
+3

 

9.0×10
-3

 Fe
+3

 7.6×10
-4

 Er
+3

 

8.3×10
-4

 Cr
+3

 8.1×10
-4

 Tb
+3

 

8.1×10
-4

 Ni
+2

 7.2×10
-4

 Dy
+3

 

 

The priority of this lutetium-CPE in comparison of the previously reported Lu
3+

-CP sensors in 

terms of selectivity, pH range, response time, detection limit and dynamic concentration range can be 

seen from Table 3. 

 

Table 3. Comparison of selectivity coefficients, detection limit, linearity range, response time and pH 

range of the proposed Lu
3+

-CP sensor and the formerly reported Lu
3+

-CP sensor. 

 

Parameters Ref. 3 This work 

Detection limit (mol L
-1

) 9.5 × 10
-7

 1.5 × 10
-8

 

Linear range (mol L
-1

) 1.0 × 10
-6

-1.0 × 10
-2

 5.0 × 10
-8

-1.0 × 10
-2

 

Response time (s) ~20 ~5 

Interfering ion (B) 

Ksel More than 5.0×10
-3

 

Tb, Ho, Tm, Sm, Dy, Er Fe 

pH range 3.5-9.0 2.8-9.3 

 

3.7. Analytical application 

To assessment the practical application the proposed Lu
+3

-CP electrode was applied as an 

indicator electrode to measure the lutetium (III) ion in potentiometric titration of 25ml 1.0×10
-4

 mol L
-1

 

Lu
3+

 solution with 1.0×10
-2

 mol L
-1

 EDTA. The test lutetium (III) solution was adjusted by acetate 
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buffer in pH=6. In accordance to the titration curve which is shown in Fig. 6 the reduction in the 

potential values will be seen by increasing the amount of EDTA that cause to form complexation of 

Lu
+3

 ion with EDTA and decrease the  free lutetium(III) concentration in the test solution. Ultimately, 

the sharp obtained titration curve bodes to ability of this electrode to play the role as an indicator 

electrode.  

 

 

Figure 6. Potential titration curves of 25 mL 1.0 × 10
-4 

mol L
-1 

Lu
3+

 solution with 1.0 × 10
-2

 mol L
-1 

of  

EDTA. 

 

Furthermore, Due to the high degree of lutetium selectivity, this electrode can be applied for 

monitoring low level lutetium ion concentrations in presence of binary mixtures containing various 

cations. The resulting data of Table 4 indicate that the accuracy of the Lu
3+

 ions detection in different 

solutions of different metal ions is almost quantitative. 

 

Table 4. Determination of Lu
3+

 ion in presence of metal ions mixtures. 

 

Lu
3+

 

(mol L
-1

) 

Added cations 

(mol L
-1

) 

Found
a 

 (mol L
-1

) 

Recovery 

(%) 

1.0×10
-7

 (0.0001) Gd(NO3)3 & (0.0001) Pr(NO3)3 0.98×10
-7

 98 

1.0×10
-7

 (0.0001) Eu(NO3)3 & (0.0001) Er(NO3)3
 

0.99×10
-7 

99 

1.0×10
-7

 (0.0001) La(NO3)3 & (0.0001) Ho(NO3)3
 

1.02×10
-7 

102 

1.0×10
-7

 (0.0001) Dy(NO3)3 & (0.0001) Yb(NO3)3 0.96×10
-7 

96 

1.0×10
-7

 (0.0001) Tb(NO3)3 & (0.0001)Nd(NO3)3 0.98×10
-7 

98 

1.0×10
-7

 (0.0001) Na(NO3) & (0.0001) Ca(NO3)2 0.99×10
-7 

99 

1.0×10
-7

 (0.0001) Pb(NO3)2 & (0.0001) Ni(NO3)2 1.01×10
-7 

101 

1.0×10
-7

 (0.0001) Cr(NO3)3 & (0.0001) Fe(NO3)3 0.94×10
-7

 94 

1.0×10
-7

 (0.0001) K(NO3) & (0.0001) Mg(NO3)2 0.99×10
-7 

99 

1.0×10
-7

 (0.0001) Pb(NO3)2 & (0.0001) Ca(NO3)2 & (0.0001) K(NO3) 1.02×10
-7 

101 

1.0×10
-7

 (0.0001) Fe(NO3)3 & (0.0001) Na(NO3) & (0.0001) Ca(NO3)2 0.96×10
-7 

96 

a.Results are based on three measurements 
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4. CONCLUSION 

 

In this work, 2,2'-Dithiobis(4-methylthiazole)  (TMT) with cyclic groups and heteroatoms 

including nitrogen and sulfur was employed as an active material to play the role of selector in 

construction of Lu(III) nanocomposite carbon paste electrode which modified by MWCNT and 

nanosilica. The modified Lu
+3

-CPE in comparison of recently designed PVC membrane electrode 

based on same ionophore to determination of lutetium (III) ion exhibited the better potentiometric 

response in terms of sensitivity, Nernstian slope, linear range, and response stability. The created Lu
+3

-

CPE showed a Nernstian response (19.9±0.3 mV decade
-1

) in the range of 5.0×10
-8

-1.0×10
-2

 mol L
-1

 

with detection limit of 1.5×10
-8

 mol L
-1

. The working pH range which the response of the sensor is 

independent from H3O
+
 ion concentration changes is about 2.8-9.3. The nano-composite based Lu(III) 

sensor displayed good selectivity, response time (about 5 s). Further, the developed electrode can be 

employed successfully to analytical applications such as potentiometric titration and monitoring of 

Lu
3+

 ions in various mixtures of interfering ions. 
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