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We found that the PVC membrane, containing azo calix[4]arene is a suitable ionophore, exhibited a Nern-
stian response for neodymium (Nd3*) ions (with slope of 19.8 +£0.2 mV decade~! for the triply charged
ion) over a wide linear range of 4.0 x 10~8 to 1.0 x 10~ mol L-! with a detection limit 1.0 x 10-8 mol L1,
a relatively fast response time, in the whole concentration range (<10s), and a considerable life time at

least for four months in the pH range of 4.0-8.0. Furthermore, the electrode revealed high selectivity with
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respect to all the common alkali, alkaline earth, transition and heavy metal ions, including the members
of the lanthanide family other than Nd3*. Concerning its applications, it was effectively employed for the
determination of neodymium ions in industrial waste water as well as in lake water.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The flourishing field of supramolecular chemistry was launched
by the discovery of an important class of macrocyclic compounds
called calixarene. Calixarenes have received considerable attention
in the past decade in host-guest or supramolecular chemistry [1,2].
Calixarenes offer an ideal platform due to the easy modification at
their upper and lower rim [3,4]. A recent study on the synthesis
of calixarene derivatives gives admirable progress in the fabrica-
tion of ion selective electrode [5], liquid crystal derivatives [6,7],
electro chemical sensor for cation as well as anion [8,9] and fluores-
cent devices [10]. The cavity of calixarene has been mostly studied
for encapsulation abilities towards alkali and alkaline earth metals
[11]. Azoreagents have the benefit of elevated sensitivity and excel-
lent selectivity towards the metal ions [12]. Different azo group has
been anchored to the upper rim of calixarene through diazotization
[13,14].

Nowadays, determination of rare-earth compounds is consid-
ered necessary because of the increasing interest in bioinorganic
and inorganic chemistry, increased industrial use, and also due
to their enhanced discharge, toxic properties, and other adverse
effects. Neodymium is the second most abundant rare earth ele-
ment. Naturally it is found in minerals such as monazite and
bastnasite. The amount of neodymium present in human system
is quite small. Although the metal has no biological role, it can
affect the parts of the system. Neodymium is generally used for
coloring glass in the manufacture of welder goggles as well as for
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the green color removal caused by iron contaminants from glass.
It is also used in the formation of permanent magnets that is used
in microphones, professional loudspeakers, headphones and com-
puter hard disks. Neodymium dust and salts are irritating to eyes
and are considered as a threat to the liver when it accumulates in
the human body. Moreover, neodymium acts as an anticoagulant,
especially when given intravenously [15].

Numerous analytical methods have been developed for its
determination in different sample matrices such as spectropho-
tometry, atomic absorption spectroscopy (AAS) [16], inductively
coupled plasma atomic emission spectroscopy (ICPAES)[17], gravi-
metric determination [18] and isotopic dilution mass spectroscopy
[19,20]. These methods are having some limitations such as time
consuming, requirements of expertise, wide space, high cost and
lower detection limit, while potentiometric sensors are very effi-
cient and cost effective technique used for clinical, environmental
and chemical analysis. lon selective electrodes for neodymium
have shown great promise to achieve the desired result. Although
several ion selective electrodes for neodymium have been devel-
oped recently [21-26], many problems like interference of other
metal ions and longer response time have been encountered. We
have explored the sensing properties of the macrocyclic com-
pounds, and have recently reported the mercury selective [27],
thiocyanate selective [28], dihydrogen phosphate selective [29]
and glucose selective [30] membrane electrodes. These findings
motivated us to synthesize an azodye derived from calix[4]arene,
which may allow selective and efficient ion sensing of the rare earth
metals.

The aim of this work is the development and comparative
study of a neodymium(III) PVC membrane electrodes based on azo
calix[4]arene. Herein we report the synthesis and application of a
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Scheme 1. Synthesis of azo calix[4]arene.

novel Nd3* ion selective sensor with high selectivity and sensitivity,
wide linear concentration range and long lifetime.

2. Experimental
2.1. Reagents and materials

All the reagents and chemicals used were of analytical grade.
Milli-Q water was used for preparing the stock solution of metal
salts. Dilutions of the stock solution were also done by Milli-Q
water. Sodium tetraphenyl borate (NaTPB) and dioctylphthalate
(DOP) were purchased from Merck. Polyvinyl chloride (PVC) was
obtained from MCC, India and neodymium(IIl) chloride (Sigma-
Aldrich) was used without further purification.

2.2. Synthesis of the ionophore

2.2.1. Synthesis of azo calix[4]arene

The synthesis of p-terbutyl calix[4]arene [31] and calix[4]arene
[32] were as described by previously reported methods. After that
diazotization was carried out by novel microwave assisted synthe-
sis which has been described below. The synthesis of the novel azo
calix[4]arene is shown in Scheme 1.

2.2.2. Synthesis of p-(2-hydroxy phenylazo) calix[4]arene by
Micro wave method

Amixture of 2-hydroxy aniline (2.3 g,21.1 mmol), sodium nitrite
(1.30g, 18.8mmol) and 3ml of conc.HCI in 10ml of H,O was

Table 1
Composition (%) of membranes and response characteristics of the electrode.

placed in microwave synthesizer (CEM Discover System) for 30s. A
solution of 2-hydroxyphenyl diazonium chloride was immediately
coupled with calix[4]arene (2.0 g, 4.71 mol) dissolved in a mixture
13 ml of DMF:MeOH (8:5 v/v) in presence of about 0.2 g of sodium
acetate trihydrate for 2.0 min to get an orange-red suspension. This
was filtered and washed with water:MeOH (9:1 v/v) to afford the
dark orange solids. Yield, 1.78 g (89%), mp dec.>230°C. Anal. Calc.
Cs2HyoNgOg: C, 68.95; H, 4.42; N, 12.37%. Found: C, 68.65; H, 4.28;
N, 12.86%. FT-IR (KBr) v: 3265 cm~! (-OH), 2950cm!, 1489 cm™!
(-N=N-). "TH NMR (CDCl3) § 9.95 (s, 8H, Ar-OH), 8.11 (s, 8H, Ar-H),
2.89 (s, 8H, -CH, (bridge)), 7.48 (s, 16H, Ar-H). 13C NMR (CDCl3) §
161,154, 150, 145, 141, 128, 125, 120, 117 and 113 (Ar-C), 17.18,
13.0 (-CH;-). FAB MS (m/z) 905 (M+1).

2.3. Electrode preparation

The examination was carried out on a number of membranes
prepared by varying the concentration of ionophore, plasticizer and
different additives. All the membranes were tested for the differ-
ent metal solutions (Table 1). Among all membranes, sensor no. 4
showed good performances in terms of characteristics and repro-
ducibility with following ingredients. Sensor no. 4 was prepared
by dissolving 9% ionophore, 28% polyvinyl chloride (PVC), 58%
dioctylphthalate (DOP) and 5% sodium tetraphenyl borate (NaTPB)
in 10 ml of THF. The suspension was stirred until all the PVC was
dissolved. The resulting solution was carefully cast into a slide glass
and left standing for 24 h in a Petri dish to allow THF to evaporate
slowly, until an oily concentrated mixture was obtained.

No Ionophore NaTPB PVC DOP Slope (mV decade™!) Linear range (mol L")
1 5 5 25 65 17.65 24x107°t01.0x 1072
2 6 9 22 63 18.22 32x1075 to1.0x 107!
3 6 3 30 61 18.40 1.8x106to 1.0 x 10!
4 9 5 28 58 19.80 40x108tol.0x 10!
5 7 6 32 55 17.50 54x1076t01.0x 1072
6 7 4 24 65 18.75 3.9%x 107 to 1.0 x 10!
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Afinal transparent membrane of about ~0.5 mm thickness were
obtained, in order to avoid drastic variation in the thickness and
morphology of the membrane, the viscosity of the solution and
solvent evaporation was carefully controlled. Which were then
cut to desired size and glued to one end of a Pyrex glass tube
with araldite. The tube, containing the membrane, was filled with
internal filling solution (1.0 x 10~3 mol L~! NdCls) in the next step.
The resulting membrane electrode was finally conditioned for 24 h
by soaking in a 1.0 x 103 molL-! solution of neodymium chlo-
ride. The ratio of different membrane ingredients, concentration
of equilibrating solution and the time of contact were optimized
to provide membranes, which result in reproducible, noiseless and
stable potentials.

2.4. Conditioning of membranes and EMF measurements

The prepared membranes were equilibrated for 2 days in differ-
ent concentrations of outer (1.0 x 10~! to 4.0 x 10~4 M) with side
by side inner solution of different concentration range (1.0 x 10!
to 1.0 x 1073 M) neodymium chloride solution. The potentials were
measured by varying the concentration of neodymium(III) in test
solution in the range of 4.0 x 10~8 to 1.0 x 10~ molL~1 M. The
standard neodymium(IIl) solutions were obtained by the gradual
dilution of 0.1 M neodymium(III) stock solution. The best results
were obtained when the concentration of inner electrolyte was
103 M.

All the EMF measurements were carried out with the following
assembly:

Ag-AgCl/ internal solution (1.0x 103 molL~! NdCl3)/PVC
membrane/sample solution/Hg-Hg,Cl,, KCl (satd.). A Meterlab
Model PHM 95 pH/ION Meter was used for potential measurements
at25+1°C.

The activities of neodymium(IIl) were calculated according to
the Debye-Huckel procedure, using the following equation [33]:

u(1/2) 0

1 =-0.51122 | —2—=~ 120
oY N S ESEEYF))

where p is the ionic strength and z the valency.

3. Results and discussion

In the preliminary investigation, the synthesized novel azo
calix[4]arene was used as neutral ion carrier to prepare PVC mem-
brane ion-selective electrodes for a variety of metal ion including
alkali, rare earth metals and transition metal ions. Literature survey
revealed that all the reported PVC membrane sensors have nitrogen
or sulfur or oxygen or any of these two, as donating atoms [34-37].
Literature survey also illustrate that in the field of rare earth metal
ions, the ionophores that have been used are mostly crown ethers
and calixarenes [38-42].

3.1. Effect of the membrane composition

In order to check the suitability of azo calix[4]arene as an ion
carrier for Nd(III) and other metal ions, the ionophore was used to
prepare PVC membrane ion-selective electrodes for a wide vari-
ety of cations including alkali, alkaline earth and transition metal
ions. The potential response for the more sensitive ion-selective
electrode based on azo calix[4]arene are depicted in Fig. 1. With
the exception of Nd3* ions, all the tested cations showed rela-
tively weak responses in the concentration range 1.0 x 10~2 to
1.0 x 10~ M, due to their weak interactions with the ionophore
whereas the presence of four azo groups as well as hydroxyl groups
of the azo calix[4]arene interact strongly with the Nd(III) ion effi-
ciently as well as selectively as compared other ions. As seen, among
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Fig. 1. Potential response of different cations on sensor.

the different cations tested, Nd3* with the most sensitive potential
response seems to be suitably determined with the membrane elec-
trode based on azo calix[4]arene (Fig. 1), since in all other cases the
slope of the corresponding potential - pM plots was much lower
than the expected Nernstian slopes.

The sensitivity, selectivity and linearity of ion-selective sensors
not only depend on the nature of the ionophore used but also
significantly on the membrane composition, the properties of the
plasticizers and additives used [43-45]. Moreover cation-slective
potentiometric sensors based on neutral carrier in a liquid mem-
brane in most cases require the addition of a lipophilic anionic
additive to introduce permselectivity [46,47], without such addi-
tives many electrodes do not respond properly. Hence, the effect
of the presence of a lipophilic anion salt such as NaTPB into the
membrane composition prepared with high molecular weight PVC
was tested. The nature of plasticizer has been found to improve the
sensitivity and stability of sensors due to characteristics such as
lipophilicity, high molecular weight, low vapor pressure and high
capacity to dissolve the substrate and other additives present in the
polymeric membrane. It is well known that selectivity and working
concentration range of the membrane sensors are affected by the
nature and the amount of the plasticizer used. This is due to the
influence of the plasticizer on the dielectric constant of the mem-
brane phase, the mobility of the ionophore molecules and the state
of ligands. Thus, the effects of the membrane composition and the
nature and the amount of the plasticizer on the potential response
of the Nd3* sensors were investigated and the results are sum-
marized in Table 1. Among the different composition studied, the
membrane in absence of ionophore displayed insignificant selec-
tivity towards cation, whereas in the presence of ionophore the
membrane showed remarkable selectivity for Nd3*. The membrane
optimized with ingredients 9% ionophore, 5% NaTPB, 28% PVC, 58%
dioctylphthalate gave the best response. All the membrane sen-
sors were measured in the range 1.0 x 10! to 1.0 x 10~8 M. The
electrode showed linear response in the range from 4.0 x 1078 to
1.0 x 10-' M with Nernstian slope close to 19.80 mV decade~! as
shown in Fig. 1.

3.2. Effect of pH

The pH dependence of the potential response of the proposed
membrane sensor at 1.0 x 10-3 and 1.0 x 10~% M in the pH range of
2-10 was tested and the results are shown in Fig. 2. The results
indicated that the optimum pH was 4-8. One of the reason for
the change in potentials at higher pH (>8.0) may be hydrolysis of
the neodymium(III) ion, while at the lower pH, H* ion are likely to
interfere in the charge transport of membrane.

3.3. Effect of non-aqueous solvent

The performance of the proposed membrane sensor was fur-
ther assessed in partial non-aqueous media, i.e. methanol-water,
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Fig. 2. Effect of pH on the potential response of the Nd3* ion selective electrode.

ethanol-water and acetonitrile-water mixture. The results
obtained are compiled in Table 2 and indicate that up to 40% of
non-aqueous content, no significant change in the slope and work-
ing concentration range of the sensor was observed. At more than
40% non-aqueous medium the working range was significantly
reduced, and thus the sensors can only be utilized in mixtures
containing up to 40% non-aqueous content.

3.4. Response time of the electrode

Dynamic response time is a factor of considerable value for any
sensor in the field of analytical applications. The average time that
was required for the Nd3* sensor to reach a potential within +1 mV
of the final equilibrium value was measured. In this study, the prac-
tical response time has been recorded by changing the different
neodymium ion concentrations (1.0 x 1076 t01.0 x 102 M). In the
first case, the measurement sequence was from the lower to higher
concentrations. After each measurement, the solution was rapidly
changed. Such a change required nearly 8-10s. The actual potential
versus time curve is shown in Fig. 3 and it can be seen that the elec-
trode reached the equilibrium response in a very short time of about
10s. To evaluate the reversibility of the electrode, a similar pro-
cedure was adopted in the opposite direction. The measurements
were performed in the sequence of high-to-low sample concentra-
tions and the results displayed that the potentiometric response of
the sensor was reversible, although the time needed to reach the
equilibrium values was longer than that for the low-to-high sample
concentration procedure (30s).

3.5. Life time of the ion selective electrode

The experimental result shows that the lifetime of Nd(III) mem-
brane sensor is 120 days. During this period, the electrode was in

Table 2
Performance of Nd3* selective electrode in partially non aqueous medium.

Non aqueous Slope (mV decade~!)

content % (v/v)

Working concentration range (M)

0 40x108%t01.0x 107! 19.80 + 0.3
Ethanol

10 40%x10%t01.0x 10! 19.80 £ 0.2
20 40x108%t01.0x 107! 19.80 + 0.2
30 32x108%t01.0x 10" 19.40 £ 0.3
40 2.6x108t01.0x 10! 1932 £ 0.3
50 1.9%x107to1.0x 10! 17.50 £ 0.2
Methanol

10 40%x10%t01.0x 10! 19.80 £ 0.3
20 40x10%t01.0x 10" 19.80 + 0.3
30 3.7x10%t01.0x 107! 19.56 + 0.3
40 2.9%x108t01.0x 10! 19.20 £ 0.2
50 2.4%x1077t0 1.0 x 10! 18.45 £ 0.3
Acetonitrile

10 40%x10%t01.0x 10! 19.80 £ 0.2
20 4.0%x10%t01.0x 10! 19.80 £ 0.2
30 31x10%t01.0x 10! 19.35 £ 0.3
40 19x108t01.0x 107! 19.20 £ 0.4
50 3.5x1077 to 1.0 x 10! 169 £ 0.3

0 10 20 30 40 SO 60 70 80 90 100 110
Time (sec)

Fig. 3. Dynamic response time of the electrode for step changes in the concentra-
tion of the Nd(III) solution: (A) 1.0 x 106 M; (B) 1.0 x 10~> M; (C) 1.0 x 104 M; (D)
1.0x 1073 M; (E) 1.0 x 1072 M.

Table 3
Lifetime behavior of Nd* ion selective electrode.

Days Slope (mV decade1) Linear range (M)
15 19.80 £ 0.3 2.0x 1078 to 1.0 x 10!
30 19.80 £ 0.3 40x108t01.0x 10!
45 19.80 + 0.3 3.6x108t01.0x 10!
60 19.80 £ 0.3 1.0x108t01.0x 107!
75 19.72 £ 04 3.7x1078 to 1.0 x 10!
100 19.70 £ 0.3 2.8x1078 to 1.0 x 10!
120 19.65 + 0.4 45%x108t01.0x 107!
135 18.78 £ 0.3 2.5%x1077 to 1.0 x 10!

daily use over an extended period of the time (1h per day), there
was no deviation in electrode features and the results are given in
Table 3. After 120 days, a gradual decrease in the slope and detection
limit was observed.

3.6. Sensor selectivity

The selectivity behavior is obviously one of the most impor-
tant characteristics of an ion-selective electrode. This is usually
expressed in the term of selectivity coefficient which is evaluated
using Match Potential Method (MPM) [48-50]. Different methods
of selectivity determination have been found in the literature. But
after the narrative work done by Umezawa et al. [51,52]. In the
present study, the selectivity coefficients have been evaluated using
modified form of fixed interference method at 1.0 x 102 M concen-
tration of interfering ions as per [IUPAC recommendation. In this
method, the electromotive force (EMF) values were measured for
solutions of constant activity of the interfering ion, ag and varying
activity of the primary ion, a4 in a cell comprising of an ion-selective
electrode and a reference electrode. The EMF values obtained were
plotted versus the logarithm of the activity of the primary ion. The
intersection of the extrapolated linear portions of the plot indicates
the value of a4 that is to be used to calculate the potential from the
following equation:

por _ Aag Gy —aa
A,B — ag - ag
Table 4
Selectivity coefficients of various interfering ions.

L MPM PR MPM
Interfering ions I(Nd%.B Interfering ions KNd3*,B
Hg?* 2.51x 1073 Sm3* 1.25%x 1073
Na* 3.16x 1073 Gd3* 2.51x 1072
Dy3* 1.25x 1072 Ni%* 3.98 x 1073
Pb?* 1.99 x 1073 Co** 5.01 x 1073
La3* 5.01 x 102 Zn* 3.16x10°*
Ca* 1.584 x 1073 Ce3* 1.58 x 103
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Table 5
Comparison of proposed electrode with previous reported electrode.
S.No. Working concentration range Slope pH range Life time (days) Response time Reference
1 1.0x10°to1.0x 102 198 +0.3 3.5-8.5 42 <15 24
2 1.0x10%t01.0x 1072 19.7 + 04 3.7-8.3 60 <10 25
3 50x10"7 t0 1.0 x 1072 19.8 £ 0.3 4-8 90 <10 22
4 1.0x10%to1.0x 102 19.7 + 04 3.7-83 56 <10 23
5 1.0x10 6 tolx 1072 19.7 + 04 3.7-8.3 42 <10 26
6 1.0x106tolx 1072 19.8 £ 0.3 4-6.5 63 <10 27
Proposed sensor 40x108to1.0x 10! 19.8 + 0.2 4-8 120 <10
Table 6
Determination of neodymium in spiked water samples using proposed sensor.
Sample Added (pgL1) Found by proposed Found by AAS (gL 1) Recovery
sensor (pgL1) (%)
Vatva G.I.D.C. waste water 20.00 20.35 19.86 99.8
Industrial waste water 50.00 51.80 50.55 101.5
Kankaria lake water 100.00 101.05 99.42 100.2
A specified activity of the primary ions (A: 1.0 x 10~3 M of Nd3* Table7 o ) )
. A . _6 34 Determination of Nd3* ion in the binary mixtures.
ions) is added to a reference solution (1.0 x 10~°M of Nd>* ions)
and the potential is measured. In a separated experiment, interfer- Nd** (mol L") Added cation (mol L") Recovery (%)
ingions (B: 1.0 x 1075 to 1.0 x 10~ M) are successively added to an 4.0x10°6 La3* (2.0x 10°3) 99.3 + 0.4
identical reference solution, until the measured potential matches 4.0x1076 Sm?* (1.5 x 1072) 98.9 £ 0.2
. . . .. . —6 2+ -3
the one obtained before the primary ion addition. The resulting 40x10 . Pb3 (1.5x10 3) 1003 £ 0.2
lectivity coefficients of the proposed Nd3* membrane sensor, for 405107 Dy (20x107) 101.2:£ 0.3
se y ! : prop ! 1501, 40%10°° Co% (2.0x10°3) 100.8 + 0.4
all the tested trivalent ions as well as mono and divalent ions are 40 %106 Gd3* (1.8 x 10-3) 99.7 + 0.3

summarized in Table 4. This seems to indicate negligible interfer-
ences in the performance of the electrode assembly. Among the
cations, La3* was the major interfering ion in the determination of
Nd3* cations. Thus, for the other lower selectivity coefficient values,
it was considered that the function of the Nd3* selective membrane
sensor would not be greatly disturbed. The surprisingly high selec-
tivity of the membrane electrode for the neodymium ions over the
other used cations, most probably arises from the strong tendency
of the carrier molecules for the neodymium ions. Thus, the pro-
posed sensor was found to be better than the previous one not only
in the terms of detection limit and dynamic range but also in terms
of selectivity coefficients (Table 5).

3.7. Analytical method

The proposed sensor was used as an indicator electrode in
the titration of 25.0 ml neodymium solution (1.0 x 103 molL-1)
with a standard EDTA solution (1.0 x 10-'molL-1) at a pH of
5.0 and the resulted titration curve is shown in Fig. 4 that has
a very sharp end point. As can be seen, the amount of Nd3*
ions in solution can be determined with the electrode accurately
(1.0£0.2 x 10~3 mol L~1).

The present membrane sensor was successfully used in the
potentiometric determination of neodymium in spiked water sam-
ples. The water samples which have been collected from the
different areas of Ahmedabad city like vatva G.1.D.C., Naroda indus-

0 T T

508 10 15 20 25

S |
g 100

W 150

-200

V ml of EDTA

Fig. 4. Potentiometric titration curve of 25.0ml Nd3* (1.0 x 103 molL-!) with
10-" mol L-! EDTA using the membrane no. 4 as an indicator electrode in pH 5.

trial estate and Kankaria Lake were prepared by the addition of 20,
50 and 100 wg L~! neodymium and analysis was done after filtered
through 0.45 pm filter and adjusting pH to 5.0. The data presented
in Table 6, shows that the results obtained by sensor are comparable
with atomic absorption spectrometer and recovery is 99.8-101.5.

Moreover, Table 7 contains the recovery of Nd3* ions in the
binary mixtures standard addition method was used of Nd3*
ions and different foreign cations. From the results given in
Tables 6 and 7, it is obvious that the recovery is quantitative at
various neodymium concentrations.

4. Conclusion

A simple construction procedure was used to develop novel azo
calix[4]arene based ion selective electrode for the detection of Nd3*
ions at low concentration. The electrode responded to Nd3* ionin a
Nernstian fashion. The electrode characteristics such as pH range,
lower detection limit, response time and specially selectivity were
comparable to the previously reported neodymium ion-selective
electrodes. The electrode can be successfully applied to the deter-
mination of neodymium ion in different water samples containing
the different foreign ions and also binary mixtures of neodymium
and different cations.
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