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Abstract A new modified carbon paste electrode for

determination of Cu2? made in our laboratory that used a

new synthesized macrocycle 7,16-diaza-1-thia-4,10,13,19-

tetraoxa-6,17-dioxo-2,3;20,21-dinaphtho-cyclouneicosane

as modifier. This sensor exhibits a good affinity toward

copper (II) ions over a wide variety of other metal ions.

The electrode exhibits a Nernstian slope of 30 (±0.5) mV

per decade for copper (II) ions over a wide concentration

range (1.0 9 10-8–1.0 9 10-2 mol L-1), with a limit of

detection of 7.0 9 10-9 mol L-1 (*0.45 ppb). It has a

response time of 30 s and can be used for at least

3 months without any considerable divergence in

responses. The potentiometric response of the electrode is

independent of the pH of test solution in the pH range 3.5–

7.5. Finally, it was successfully used as an indicator

electrode for determination of copper (II) in real samples

such as Karoun river and tap water.
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Introduction

Copper is known as the third in abundance (after Fe3? and

Zn2?) among the essential heavy transition metals in the

human body and plays an important role in various phys-

iologic processes [1, 2]. It plays a vital part in the devel-

opment and performance of the human nervous and

cardiovascular systems, as well as the skin, bone, immune,

and reproductive systems, including gene transcription.

This element can be also poisonous and even fatal to

organisms. Copper concentration in potable water is usu-

ally very low (B20 lg/L) [3]. A concentration more than

1 lg/ml can be impart a bitter taste to water. Large oral

doses can cause vomiting and may eventually cause liver

damage. Moreover, Cu2? can be toxic to biological sys-

tems when levels of this ion exceed cellular needs, and it is

also able to displace other metal ions which act as cofactor

in enzyme-catalyzed reactions [4, 5]. Therefore, a precise,

accurate and rapid measurement of copper ion is much

interest.

A number of instrumental methods such as ICP [6],

atomic absorption [7], UV-vis spectrometry [8] and vol-

tammetry [9] methods are employed for the determination

of copper at low concentration levels. Most of these

methods are either time consuming, involving multiple

sample manipulations, or too expensive for most analytical

laboratories. Potentiometric method with using an ion

sensor as an indicator electrode is an alternative method for

determination of copper. The development and application

of ion-selective electrodes continue to be an interesting

area of analytical research as they provide accurate, rapid,

non-destructive and low cost methods of analysis.

Ion carrier plays main role in these sensors. A variety of

ion carriers have been used in the construction of copper

(II) selective electrodes. However, the poor detection limit,

the serious interferences, and especially, low linear range

of the prepared electrodes have necessitated the develop-

ment of new copper selective electrodes.

Macrocyclic ligands have the ability to form selective

and stable complexes with metal ions of compatible

dimensions [10]. Due to their specific selectivity and

extraction efficiency, macrocyclic crown ethers have been

widely used as suitable neutral ionophores for constructing
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membrane-selective electrodes for alkali, alkaline earth

and heavy metal cations [10–13]. The substitution of some

oxygen atoms of these compounds by nitrogen and/or

sulfur atoms will make them ideal candidates for use as ion

carriers in the preparation of transition and heavy metal ion

selective electrodes [14], where facile complexation and

decomplexation of the ionophore is of vital importance.

Carbon pastes are well known as useful materials for the

fabrication of various electrometric sensors for analytical

purposes [15, 16]. Most of these electrodes are based on the

ion-exchange mechanism of the active component incorpo-

rated into the carbon-paste matrix. The operation mechanism

of such chemically modified carbon paste electrodes

(CMCPEs) depends on the properties of the modifier mate-

rials used to import selectivity towards the target species. In

comparison with ion-selective electrodes based on poly-

meric membranes, the CMCPEs possess advantages of much

lower ohmic resistance and very stable response. The main

attraction of using the modified electrode is that the electrode

surface can be renewed after every use by squeezing a little

carbon paste out of the tube and a fresh surface is smoothed

on a piece of weighing paper whenever needed [17].

Although considerable attention has been given to the

preparation of CMCPEs so far, the application of these

CMCPEs have been mainly focused on the field of voltam-

metric analysis [18, 19] and only few of these types of the

electrodes have been used in potentiometry. The advantages

of carbon paste electrodes drew the attention of researchers

in recent years where these advantages were exploited for

various measurements including potentiometric [20, 21].

In recent years, we have reported on a number of new

carbon paste and PVC-membrane electrodes for some

transition and heavy metal ions such as Cu [22], Hg [23], Cd

[24], Ag [25, 26], Co [27], Ni [28] and Fe [29] using some

neutral cyclic and acyclic ligands as suitable ionophores.

In this work, a macrocyclic compound 7,16-diaza-1-

thia-4,10,13,19-tetraoxa-6,17-dioxo-2,3;20,21-dinaphtho-

cyclouneicosane (ligand (I)), recently synthesized in our

laboratories [30] (Fig. 1), was used as a novel ionophere

in carbon paste electrode for determination of sub-ppb level

Cu2? ion potentiometrically. The proposed electrode

exhibits significantly good selectivity to Cu2? ion over

alkali, alkaline earth, and several transition metal ions.

Experimental

Reagents and materials

All analytical reagent grade chemicals and distilled water

were used for preparing all aqueous solutions. Copper

nitrate was obtained from Merck, carbon graphite powder

and paraffin oil was purchased from Fluka. Salts of metal

nitrates (all from Merck) were of the highest purity avail-

able and used without any further purification except for

vacuum drying over P2O5.

The stock solution of Cu2? solution (0.1 M) was pre-

pared by dissolved an appropriate weight of copper nitrate

in distilled, deionized water (*1.2 ls conductivity) and

diluted to the mark in a volumetric flask.

Apparatus

All potentiometric measurements were made with a pH/

mV meter (Metrohm-827) using proposed sensor in con-

junction with a double junction Ag/AgCl (Azar electrode,

Iran) reference electrode.

Preparation of carbon paste modified electrode

Bare CPEs were prepared by mixing 1.20 g of graphite

powder, which had been heated at 700 �C in a muffle

furnace for 15 s, with 800 lL of paraffin oil with a mortar

and pestle. A modified paste was prepared in a similar

fashion, except that the graphite powder was mixed with a

desired weight of ligand (I) to get different composition as

given in Table 1. Both unmodified and modified pastes

were packed into a polyethylene tube (2.5 mm diameter),

the tip of which had been cut off. Electrical contact to the

paste was established via inserting a copper wire thorough

flank. A fresh electrode surface was obtained by squeezing

more out. The surplus of paste was cut out with a glass rod

and the exposed-end polished on a paper until the surface

showed shiny appearance.

Electrode conditioning

Fresh modified electrode surfaces were conditioned by

exposure to 1.0 9 10-4 mol L-1 Cu(NO3)2 solution for

2 h. The electrodes were, then, rinsed with de-ionized

Fig. 1 Structure of the macrocycle compound (ligand (I)) used as

ionophore in the proposed electrode
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water for 30 s. Each measurement was performed on a new

surface, obtained by a simple/polishing procedure.

Electrodes system and emf measurement

All emf measurements were carried out with the following

cell assembly:

Ag=AgCl sample solutionj jCPE

The proposed carbon paste electrode was connected to the

pH/mV meter as an indicator electrode and the Ag/AgCl

reference electrode was connected to the reference terminal

of the meter.

For all measurements the two electrodes were immersed

in the 50 mL beaker contain de-ionized water, and the

solution was stirred using a magnetic stirrer. The CPE was

allowed to equilibrate until a steady state response was

achieved (about 2 min). An accurately measured volume of

standard Cu(II) solution was added by microsyringe to the

stirred solution and the potential was recorded after 30 s.

consecutive amounts of Cu(II) were added so that a final

Cu(II) concentration in the range from 1.0 9 10-10 to

1 9 10-2 mol L-1 was obtained. The potential of the

electrode against the Ag/AgCl reference electrode was

recorded after each Cu(II) addition, and then plotted as a

logarithmic function o Cu(II) activity.

The activities of metal ions were based on the activity

coefficient (k), where calculated from the modified form of

the Debye–Huckel equation [31], which is applicable to any

ion

Log c ¼ �0:511 Z2 l1=2= 1þ 1:5l1=2
� �

� 0:2l
h i

where l is the ionic strength and Z the valency. All mea-

surements were carried out at 25 ± 0.1 �C.

All the metal nitrate solutions were freshly prepared by

accurate dilution from their stock standard solution of

0.1 mol L-1, with distilled, deionized water.

Determination of selectivity coefficients

In this work selectivity coefficients of the electrode

towards different cationic species (Mn?) were evaluated by

using both of the matched potential method (MPM) and the

fixed interference method (FIM) [32]. According to the

MPM, the activity of Cu2? was increased from aA =

1.0 9 10-5 mol L-1 as reference solution to a0A = 5.0 9

10-4 mol L-1, and the corresponding changes in potential

(DE) were measured. Afterwards, a solution of an inter-

fering ion of concentration aB, in the range 5.0 9 10-4–

5.0 9 10-1 mol L-1, was added to a new 1.0 9

10-5 mol L-1 (reference solution) until the same potential

change (DE) was recorded. The selectivity factor, kMPM
A;B , for

each interferent was calculated using the following

equation:

kMPM
A;B ¼ DaA=aB ¼ a0A � aA

� �
=aB

In addition, the selectivity coefficients of interfering spe-

cies were evaluated by the fixed interference method

(FIM). In this manner, the CPE and the reference electrode

was placed in 50.0 mL of 1.0 9 10-2 mol L-1 interfer-

ence ion solution. Various volumes of 0.001, 0.01, or

0.1 mol L-1 of copper (II) nitrate solution were added by

microsyringe. The solution was stirred magnetically

Table 1 Optimization of the carbon paste ingredients in Cu electrode and their potentiometric characteristics

No Composition Electrode characteristics

GP (mg) PO (mg) Ligand (mg) Slope (Mv decade-1) Linear range (mol L-1) LOD (mol L-1) r2 tR (s)

1 60 30 – 18(±1.8)a 5.0 9 10-5–1.6 9 10-3 8.0 9 10-6 0.84 50

2 60 32 8 25 (±2.1) 8.8 9 10-7–7.0 9 10-3 4.5 9 10-7 0.94 40

3 60 33 7 26 (±1.2) 1.0 9 10-7–1.0 9 10-2 7.6 9 10-8 0.95 40

4 60 34 6 27 (±1.0) 1.0 9 10-8–5.5 9 10-2 2.8 9 10-8 0.97 37

5 60 34.5 5.5 28 (±0.9) 1.0 9 10-8–3.5 9 10-2 1.5 9 10-8 0.97 33

6 60 35 5 30 (±0.5) 1.0 9 10-8–1.0 9 10-2 7.0 9 10-9 0.99 30

7 65 30 5 30 (±0.8) 2.5 9 10-8–3.0 9 10-2 1.0 9 10-8 0.98 33

8 55 40 5 31 (±1.0) 5.0 9 10-8–6.2 9 10-2 4.5 9 10-8 0.97 30

9 60 35.5 4.5 28 (±0.8) 5.0 9 10-8–3.6 9 10-3 1.0 9 10-8 0.96 35

10 60 36 4 27 (±0.5) 1.0 9 10-8–5.8 9 10-3 3.0 9 10-8 0.96 35

11 60 37 3 25 (±1.0) 5.0 9 10-8–9.0 9 10-4 7.2 9 10-8 0.95 40

GP graphite powder, PO paraffin oil, LOD limit of detection, r2 correlation coefficient, tR response time
a Values in parentheses are SDs based on three replicate analyses
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throughout and after each addition, the cell potential was

recorded. In this manner, the copper ion concentration was

varied over a wide range (1.0 9 10-8–1.0 9 10-2 mol

L-1) while the interference ion (Mn?) concentration was

kept constant without having to transfer the electrodes to

new solutions. The pHs of total test solutions were constant

about 5 with 0.01 mol L-1 acetate buffer.

Results and discussion

In preliminary experiments, ligand (I) due to its sufficient

insolubility in water and the presence of donating oxygen,

sulfur and nitrogen atoms in its structure, ligand (I) was

expected to act as a suitable ion carrier in the carbon paste

electrode with respect to special transition and heavy metal

ions of proper size and charge. The potential responses of

the most sensitive electrodes, prepared under the same

experimental conditions (except for 2 h conditioning in a

1.0 9 10-5 mol L-1 of the corresponding cations) are

shown in Fig. 2. As it is seen, among different tested cat-

ions, Cu2? with the most sensitive response seems to be

suitably determined with the carbon paste electrode based

on ligand (I) and the emf responses obtained for all other

cations are much lower than that predicted by the Nernst

equation. This is probably due to existence of N and S as

soft donating atoms for interaction with copper ion. More-

over the macrocycle (I) including of diamide group exhibit

a good affinity and selectivity toward Cu2? ion over a wide

variety of other cations. In the other hand cavity size of

macrocycle is an important parameter for selectivity

detection of metal ions. As can be seen in energy minimized

structure of ligand (I) (Fig. 3), the existence of two naph-

thalene in neighboring each other and also two C=O groups

in structure of ligand (I) caused the extra angle strain in

proposed 19-membered macrocycle. Torsion of macrocycle

because of this angle strain produces a distorted structure

with proper cavity size and best orientation for interaction

with Cu2? ion. Therefore, it was considered as a modifier

for construction of a Cu(II) selective electrode.

Composition and characteristics of the electrode

It is well known that the sensitivity, linearity and other

analytical characteristics of the CPE electrodes depend

significantly on the paste composition [33]. Thus, the

influence of the type and amount of modifier, and amount

of paraffin oil on the potential response of the electrode to

Cu2? ion activity were investigated and the results are

summarized in Table 1. As seen, in the absence of ligand

(I) modifier the electrode has no response or low response

towards copper ion. It has been found that, increasing the

amount of the modifier up to 5% has lead to a sharp

increase of the electrode response. More increase in the

modifier percentage from 5 to 8% has lead to a decrease
Fig. 2 Potentioal response of various carbon paste electrodes based

on ligand (I)

Fig. 3 Optimized minimum energy structure of ligand (I) at B3LYP

level
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again in the electrode response. This may be explained by

the decrease in the conductance of the electrode material

with increasing the percentage of the modifier. As seen

from Table 1, the ligand (I)-modified electrode with the

graphite powder/paraffin oil/ligand (I) percentage ratio of

65:30:5 was selected as the one with the optimal ingredient

composition (No.6). Each composition was tested three

times. After the consideration of these results, the opti-

mized carbon paste composition was used in the further

studies.

Effect of pH

The effect of pH of test solution on the determination of

copper ions was studied for 1.0 9 10-4, 1.0 9 10-5 and

1.0 9 10-6 mol L-1 Cu(NO3)2 solutions in the pH range

of 1.0–9.0. The pH of the solution was adjusted at the

required value by addition of 1.0 mol L-1 sodium

hydroxide and/or 1.0 mol L-1 nitric acid. As can be seen in

Fig. 4 the potential was constant in the pH range of 3.5–

7.5. At lower pH (\3.5), the increased potential observed

could be due to simultaneous response of the electrode to

H3O? and Cu2? ions, the contribution of H3O? to the

potential counteracts that of Cu2? ion, and diminished

potential in higher pH ([7.5) could be due to formation of

some hydroxy complexes of Cu2? ions in solution.

Linear range and detection limit

The potential response of the electrode at varying con-

centration of Cu(II) ions displays a linear response to the

concentration of Cu2? ions in a wide range of 1.0 9 10-8–

1.0 9 10-2 mol L-1 (Fig. 5). The slope of calibration

graph was 30 (±0.5) mV per decade of the activity of Cu2?

ions. The detection limit of the sensor, as determined from

the intersection of the two extrapolated linear segments of

the calibration graph was 4.0 9 10-9 mol L-1 (0.45 ppb).

Response time and reversibility of the proposed CPE

The response time is a significant factor for any ion

selective electrode in analytical application. The optimum

equilibration time and concentration of the conditioning

solution for the electrode based on ligand (I) was *2 h in

1.0 9 10-4 mol L-1 copper (II) nitrate solution. After

these conditions, the electrode generated stable potentials

in contact with the copper (II) ion solution. The critical emf

response of the electrode was assessed according to IUPAC

recommendations [34]. The average time required for the

mentioned electrode to reach a potential within ±1 mV of

the final equilibrium value after successive immersion of

Cu (II) ion solutions, each having a 10-fold difference in

concentration, was investigated. Typical potential time
Fig. 4 Effect of pH of test solution on the response of the proposed

Cu2? carbon paste electrode in several concentrations

Fig. 5 Calibration curve for Cu2? carbon paste electrode based on

ligand (I), at pH * 4–5

Fig. 6 Response time of the Cu2? electrode based on ligand (I)
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plots in 1.0 9 10-6 and 1.0 9 10-4 mol L-1 copper (II)

nitrate solution are given in Fig. 6. This potential time plot

for these concentrations clearly indicates that the potenti-

ometric response time of the electrode was *25 s. It

should be noted that the equilibrium potentials essentially

remained constant for more than 6 min, after which only a

very slow divergence within the months without any

measurable change in response time, slope, or detection

limit. To evaluate the reversibility of the electrode [35], the

emf measurements were performed in the sequence high-

to-low sample concentrations. The results showed that the

response of the electrode was reversible; although the time

needed to reach equilibrium values (50 s) was longer than

that for low-to-high sample concentrations (25 s), because

residual copper will still be adsorbed on the surface of the

CPE, which will lead to poor response time.

Selectivity

The potentiometric selectivity coefficient of an electrode as

one the most important characteristics is defined by its rel-

ative response for the primary ion over other ions present in

the solution. In this work, the potentiometric selectivity

coefficients were determined graphically by the fixed inter-

ference (FIM) and matched potential (MPM) methods. The

resulting selectivity coefficient values thus obtained for the

proposed Cu (II) sensor (the electrode with optimized com-

position No. 6) are given in Table 2. As it is evident, most of

the interfering ions show low values of selectivity coeffi-

cients, indicating no interference in the performance of the

carbon paste electrode assembly. However, as seen, the

selectivity coefficients for Ag? and Pb2? ions are relatively

high. It was probably occur by interaction of soft S donor

atoms in ligand (I) with Ag? and Pb2? ions.

Effect of anions

To investigate the effect of anions on the electrode’s

potential responses, the cell potentials were obtained using

copper nitrate, copper chloride, and copper sulfate. No

significant change in the emf vs. pCu plots was observed,

indicating that these anions (NO3
-, Cl- and SO4

-2) do not

cause any interference.

Reusability and stability of the Cu (II) electrode

The reusability of the proposed electrode was carried out

by performing periodic calibration (week to week) with

standard solutions and calculating the response and slope

over the range 1.0 9 10-10–1.0 9 10-2 mol L-1 Cu2?

solution and it was found that the electrode worked well

over the period of more than 3 months without showing

any significant divergence in concentration range, slope

and response time. During non-usage, the electrode was

stored in distilled water.

Comparison with other electrodes

Table 3 compared the performance characteristics of the

proposed sensor with those of the best previously reported

copper sensors. It is clear that its detection limit is lower

than found for the other electrodes and its working range is

wider than the others. Overall (or more) evaluation indi-

cates this electrode is more useful in such applications.

Real sample analysis and analytical performance

For accessing the capability of the method for real samples

with different matrices containing varying amounts of diverse

ions, the method was applied to determination of copper (II)

from different environmental (drinking, mineral and river

water) samples. Each sample was analyzed in triplicate and

the analysis by sensors was repeated under identical condi-

tions. The data obtained with the proposed electrode for

spiked copper (II) to water samples were presented in Table 4.

The results of analysis of each water sample showed that the

copper (II) recovery was almost quantitative.

Conclusions

On the basis of the present results, ligand (I) can be regarded

as a carrier for construction of a novel carbon past electrode

Table 2 Selectivity coefficients of various ions for proposed Cu2?

carbon past electrode using FIM and MPM methods

Interfering species Kpot
FIM kpot

MPM

NH4
? 5.5 9 10-4 1.0 9 10-4

Mg2? 3.2 9 10-4 7.7 9 10-5

Na? 1.0 9 10-4 5.6 9 10-5

K? 5.0 9 10-4 8.0 9 10-4

Li? 2.4 9 10-4 7.0 9 10-5

Ca2? 1.0 9 10-4 7.0 9 10-4

Ba2? 4.3 9 10-4 4.0 9 10-4

Pb2? 5.7 9 10-2 5.0 9 10-3

Cd2? 7.5 9 10-3 1.0 9 10-3

Zn2? 2.0 9 10-3 5.5 9 10-4

Co2? 6.0 9 10-4 9.0 9 10-5

Ni2? 3.4 9 10-3 6.4 9 10-4

Al3? 1.0 9 10-4 3.3 9 10-5

Ga3? 1.0 9 10-4 6.0 9 10-5

Tl? 2.3 9 10-3 5.3 9 10-4

Mn2? 5.0 9 10-4 1.3 9 10-4

Ag? 1.0 9 10-2 3.0 9 10-2
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Table 3 Characteristics of different Cu2? selective electrodes

Carrier Linear range (M) DL (M) pH range Slope (mV/decade) Ref

N N

N N

OH HO

5.0 9 10-8–1.0 9 10-2 3.0 9 10-8 2.8–5.8 29.6 [36]

NHHN

S

9.7 9 10-7–7.6 9 10-2 7.0 9 10-7 3.0–5.5 30.0 [37]

O

O

O

Si

HO

N

2.3 9 10-7–1.0 9 10-3 2.7 9 10-8 2.3–5.4 29.4 [38]

O

O

O

Si (CH3)-NH-(CH2)-
N

N
N

1.0 9 10-7–1.0 9 10-2 8.0 9 10-8 3.0–6.0 28.4 [39]

S

S

S

S

6.3 9 10-7–2.5 9 10-1 3.2 9 10-7 5.0–7.0 28 [40]

N

OH 1.0 9 10-7–1.0 9 10-1 1.6 9 10-7 3.0–9.0 30 [41]

S

N
N

S
O2N SH 2.8 9 10-8–7.9 9 10-3 4.2 9 10-8 2.0–6.5 31.0 [22]
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for copper (II) ion determination. The interferences from

common ions are not very serious and the potentiometric

responses of the electrode are independent of the pH of test

solution in the pH range of 3.5–7.5. The proposed electrode

has shown to perform with good operating characteristics

(i.e., sensitivity, stability, response time, detection limit and

a wide linear range). It can be easily constructed and used for

determination of copper cations in real samples. The high

lipophilicity of the ionophore, decreasing its leaching from

the membrane to the test solution drastically, is the reason for

the long life-times of the electrode based on ligand (I).
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