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a  b  s  t  r  a  c  t

A  polyvinylchloride  (PVC)  based  liquid  membrane  ion selective  electrode  (ISE)  for  cesium
has  been  developed.  25,27-Dihydroxycalix[4]arene-crown-6  (L1),  5,11,17,23-tetra-tert-butyl-25,27-
dimethoxycalix[4]arene-crown-6  (L2) and  25,27-bis(1-octyloxy)calix[4]arene-crown-6  (L3)  were
investigated  for  their  use  as  ionophores.  The  cation  exchange  resin  DOWEX-50W  was  used to main-
tain  low  activity  Cs+ in  inner  filling  solution  to improve  the  performance.  The  best  response  for  cesium
was  observed  with  L3  along  with  optimized  membrane  constituents  and  composition.  Excellent  Nerns-
tian  response  (56.6  mV/decade  of Cs(I))  over the concentration  range  10−7 to 10−2 M  of  Cs(I)  was  obtained

−8

esium ion selective electrode
oly(vinyl chloride) membrane electrode
adioactive waste streams

with  a fast  response  time  of  less  than  10 s. Detection  limit  for Cs(I)  using  the  present  ISE is  8.48  × 10 M
Cs(I).  Separate  solution  method  (SSM)  was  applied  to ascertain  the  selectivity  for  Cs(I)  over  alkali,  alka-
line earth  and  transition  metal  ions.  The  response  of  ISE  for Cs(I)  was  fairly  constant  over  the  pH  range  of
4–11.  The  lifetime  of the  electrode  is 10 months  which  is the  highest  life  for any  membrane  based  Cs-ISE
so  far  developed.  The  concentration  of  cesium  ion  in two simulated  high  level  active  waste  streams  was
determined  and  results  agreed  well  with  those  obtained  independently  employing  AAS.
. Introduction

Determination of trace amounts of cesium is important from
any angles. Due to toxicity of cesium and its ability to displace

otassium from muscles and red blood cells, its concentration in
nvironment needs to be ascertained. Also, since nuclear power
s an important energy source, many nuclear reactors have been
nstalled throughout the world. The spent fuel from the reactors is
eprocessed to recover U and Pu. Safe storage/disposal of radioac-
ive wastes, generated in this process [1] is an important issue. In
he context of nuclear waste management, removal of 137Cs from

edium and low level nuclear wastes gained importance, because
t is one of the major radionuclides responsible for MANREM prob-
ems. For this, the extent of removal of 137Cs needs to be ascertained
y measuring the concentration of Cs. While radioactivity count-
ng techniques based on gamma  spectrometry offer a very sensitive
easurement option, they cannot be deployed for measuring stable

sotopes of Cs. Also measurement of the radioactivity may  not also

∗ Corresponding author. Tel.: +91 022 25593747;
ax: +91 22 25505150/25505151/25505152.

E-mail addresses: klram@barc.gov.in, karanam.ramakumar@gmail.com
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be possible to all researchers. The other sensitive techniques such as
atomic absorption spectroscopy (AAS) and fluorescence technique
[2] used to determine Cs ions involves expensive instrumentation
and cost of operation. Thus, it would be ideal to have a measure-
ment technique which is reasonably sensitive, easily portable, and
can measure stable cesium isotopes also.

One approach that offers rapid and reliable measurements
in aqueous environments is the use of polymeric membrane
ion selective electrodes (ISEs). Typically ISEs are composed of
a highly selective ionophore, incorporated in a polyvinylchlo-
ride (PVC) matrix, plasticized with suitable plasticizer and a
tetraphenylborate type ion exchanger. The measurement range of
conventional membrane-based ISEs lies between 1 and 10−6 M.
Extensive research has revealed that more than the ionophore,
it is the small flux of primary ions from the organic sensing
membrane into its aqueous surface layer, influences the detec-
tion limit. The composition of inner filling solution (IFS) of the
ISEs is crucial, because it is the most important source of these
fluxes due to the enhanced co-extraction or ion exchange pro-
cesses at the inner solution/membrane interface. In addition to

restricting attainment of lower DL, the trans-membrane ion fluxes
also affect the potential measurement of solutions of even strongly
discriminated pure ions. This reduces the ionophore-based selec-
tivity of the ISEs, and the determined selectivity coefficients

dx.doi.org/10.1016/j.jhazmat.2011.12.017
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:klram@barc.gov.in
mailto:karanam.ramakumar@gmail.com
dx.doi.org/10.1016/j.jhazmat.2011.12.017
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Fig. 1. Scheme of the synthesis of ion

epresent upper limits rather than the true (thermodynamic) val-
es [3].

In recent years, the DLs and selectivity coefficients of several
nown ISEs have been improved by several orders of magnitude
y introducing novel and non-classical response principles [4,5].
he minor ionic fluxes across the membrane, contaminating the
ample solution in contact with the sensing membrane could be
liminated by employing non-equilibrium conditions with engi-
eered concentration gradients [6] or external current [7,8]. This

ed to ISEs with much lower (nano- and picomolar) DLs. In view
f this, a recent IUPAC technical report [9] emphasized the need
or updated or refined IUPAC recommendations of performance
valuation criteria for preparation and measurement of macro and
icrofabricated ion selective electrodes. Use of strong chelating

gents [10,11] or ion-exchangers [12] in the IFS set a very low pri-
ary ion concentration in the IFS and preclude the primary ion

eaching toward the sample. Hence this approach is strongly rec-
mmended to improve the DLs and selectivity coefficients of ISEs.
lthough used initially, internal solutions with ion buffers (e.g.,
DTA) are unsuitable for quantifying cations such as alkali metals
nd ammonium ions as well as many anions for which no appropri-
te complexing agents are available. Ion exchangers are best option
or these ions.

Overall, the choice of ionophores and IFS play a crucial role in
he performance of any ISE. A diverse range of molecular archi-
ectures including crown ethers [13,14], calix[4]arenes [15–20],
hiacalix[4]arenes [21,22],  calix[6]arenes [23,24], zeolite and

cetonitrile compounds [25–27] has been used to design neutral
s(I)-selective ionophores. Of these, the calixarenes are widely
egarded as an important class of macrocyclic host molecules.
he structural and electronic features in them allow a three
es L1, L2 and L3 and their structures.

dimensional control of metal ion-selective complexa-
tion and efficient binding. Sachleben et al. used various
dialkyloxycalix[4]arene-crown-6 compounds to study their
selectivity in solvent extraction of cesium ions over other alkali
ions [28]. Simon et al. reported good separation efficiency and
selectivity for extracting cesium ions over other alkali metals
(especially sodium) ions from acidic high level active waste [29].

The Cs-selective ISEs, available or reported in literature have
limited lifetime, at best a couple of months only. Based on
our own requirement, we  were interested in developing an
ISE for Cs(I) with a reasonably long life so that it can be
used to determine Cs ions in nuclear waste streams where
the Na ions concentration is very high. Earlier, we developed
a Cs-ISE with 5-(4′-nitrophenylazo)25,27-bis(2-propyloxy)26,28-
dihydroxycalix[4]arene as the ionophore that showed only a
moderate Cs/Na selectivity coefficient (log KCs,Na = −3.13) [20].
Using Dowex-C-350 as the cation exchange resin, Radu et al. [30]
developed an ISE to detect cesium ions at nanomolar level. How-
ever, the resin is commercially unavailable, restricting the practical
application of the Cs-ISE.

Hence, in the present studies, we  used three different
calix[4]arene-crown-6 compounds, viz.  25,27-dihydroxycalix[4]
arene-crown-6 (L1), 5,11,17,23-tetra-tert-butyl-25,27-
dimethoxycalix[4]arene-crown-6 (L2) and 25,27-bis(1-
octyloxy)calix[4]arene-crown-6 (L3) as the ionophores to develop
PVC based membrane electrodes for the Cs+ ions. The inexpensive
commercial cation exchange resin, Dowex-50W was  used as the

IFS to maintain low and constant activity of Cs(I). The plasticizers
and ion additives were also varied to optimize the membrane
composition for obtaining the best performance for the Cs(I)
ions.
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. Experimental

.1. Instrument

The Orion model 720A potentiometer was used to measure the
otentials and pH. The Orion double junction Ag/AgCl (model 9002)
as used as the reference electrode. A pH electrode (Eutech instru-
ents, Singapore) was used to measure the pH of the solution.

.2. Ionophores, membrane components and chemicals

Scheme of the synthesis of all ionophores L1, L2 and L3 and their
tructures are given in Fig. 1.

.2.1. Synthesis and characterization of L1
To a suspension of calix[4]arene (1 (Fig. 1), 0.85 g, 2 mmol) and

2CO3 (0.69 g, 5 mmol) in acetonitrile (30 ml), pentaethylenegly-
ol di(p-toluenesulfonate) (1.20 g, 2.2 mmol) was  added and the
ixture was refluxed (10 h). After completion of the reaction (mon-

tored by TLC), acetonitrile was removed and the pale yellow
ass was quenched with ice-water, acidified with aqueous 1N HCl

nd extracted with chloroform (3 × 15 ml). The organic layer was
ashed with water, brine and dried (Na2SO4). Solvent was removed

o get a thick oil which was recrystallized from chloroform/hexane
o get pure 25,27-dihydroxy-calix[4]arene-crown-6 (L1) (0.514 g,
1%).

25,27-Dihydroxy-calix[4]arene-crown-6 (L1): colorless solid,
p 221–222 ◦C (mp  224–225 ◦C [31]); IR (neat): � 3358 (OH) cm−1;

H NMR  (200 MHz, CDCl3): ı 7.42 (s, 2 H), 7.09 (d, J = 7.6 Hz, 4 H),
.82 (d, J = 7.6 Hz, 4 H), 6.71 (t, J = 7.6 Hz, 2 H), 6.65 (t, J = 7.6 Hz, 2
), 4.45 (d, J = 13.1 Hz, 4 H), 3.70–4.15 (m,  20H), 3.38 (d, J = 13.1 Hz,

 H); 13C NMR  (50 MHz, CDCl3): ı 153.3, 152.1, 133.1, 128.2, 129.0,
28.5, 125.3, 118.9, 76.4, 71.6, 71.0, 69.9, 31.1.

.2.2. Synthesis and characterization of L2
A suspension of 4-tert-butyl-calix[4]arene (2 (Fig. 1) 1.30 g,

 mmol), K2CO3 (0.304 g, 2.2 mmol) and methyl tosylates (0.782 g,
.2 mmol) in acetonitrile (30 mL)  was refluxed (12 h) when TLC
howed complete consumption of calix[4]arene. Acetonitrile was
emoved and the yellow mass was quenched with ice-water,
cidified with aqueous 1N HCl and extracted with chloroform
3 × 15 ml). The organic layer was washed with water, brine and
ried (Na2SO4). Solvent was removed to get a thick oil which
as recrystallized from chloroform/methanol to get pure 25,27-
imethoxy-26,28-dihydroxy-4-tert-butyl-calix[4]arene (3 (Fig. 1))
0.74 g, 55%).

A mixture of 3 (0.68 g, 1.00 mmol) and NaH (0.22 g, 9 mmol) in
ry THF (100 ml)  was heated under reflux (0.5 h). It was  cooled to
mbient temperature and a solution of pentaethyleneglycol di(p-
oluenesulfonate) (0.60 g, 1.1 mmol) in THF (10 mL)  was added
rop wise. The reaction mixture was refluxed for 10 h when TLC
howed completion of the reaction. Then THF was  removed and
he thick mass was quenched with water, acidified with 1N aqueous
Cl and extracted with chloroform. The organic layer was  washed
ith water, brine and dried (Na2SO4). The solvent was removed
nder vacuum to leave an off-white residue which was  purified
y silica gel chromatography (gradient elution with hexane-THF
ixture) to afford a colorless solid which was recrystallized from

hloroform/methanol to get pure crystals of crystals of 25,27-
imethoxy-4-tert-butyl-calix[4]arene-crown-6 (L2) (0.41 g, 47%).

25,27-Dimethoxy-4-tert-butyl-calix[4]arene-crown-6 cone

L2) [32]: colorless solid; mp  252–253 ◦C; IR (neat): � 2960 cm−1;
H NMR  (200 MHz, CDCl3): ı 7.12 (s, 4 H), 6.45 (s, 4 H), 4.40 (d,

 = 13.0 Hz, 4 H), 4.1–4.3 (m,  26 H), 3.13 (d, J = 13.0 Hz, 4 H), 1.35 (s,
8 H), 0.80 (s, 18 H).
ous Materials 205– 206 (2012) 81– 88 83

2.2.3. Synthesis and characterization of L3
A suspension of 1 (Fig. 1) (1.27 g, 3.00 mmol), K2CO3 (1.04 g,

7.5 mmol) and 1-iodooctane (2.16 g, 9.0 mmol) in acetonitrile
(40 mL)  was  refluxed (5 d) when TLC showed complete consump-
tion of calix[4]arene. Acetonitrile was  removed and the yellow
mass was  quenched with ice-water, acidified with aqueous 1N HCl
and extracted with chloroform (3 × 15 ml). The organic layer was
washed with water, brine and dried (Na2SO4). Solvent was  removed
to get a thick oil which was recrystallized from hexane to get pure
25,27-dioctyloxycalix[4]arene (4 (Fig. 1)) (1.02 g, 52%).

A mixture of 4 (Fig. 1) (0.65 g, 1.00 mmol), Cs2CO3 (0.98 g,
3 mmol) and pentaethyleneglycol di(p-toluenesulfonate) (0.6 g,
1.1 mmol) in acetonitrile (30 mL)  was  refluxed for 16 h when TLC
showed completion of the reaction. Then acetonitrile was removed
and the thick mass was quenched with water, acidified with 1N
aqueous HCl and extracted with chloroform. The organic layer
was washed with water, brine and dried (Na2SO4). The solvent
was removed under vacuum to leave an off-white residue which
was purified by silica gel chromatography (gradient elution with
hexane–THF mixture) to afford a colorless solid which was  recrys-
tallized from chloroform/methanol to get pure crystals of crystals
of 25,27-bis(1-octyloxy)-calix[4]arene-crown-6, 1,3-alternate (L3)
(0.38 g, 45%).

25,27-Bis(1-octyloxy)calix[4]arene-crown-6, 1,3-alternate
(L3): colorless solid; yield 45%; mp  92–93 ◦C (mp  94–95 ◦C [31]);
IR (KBr): � 3008, 2926, 1458, 1216, 667 cm−1; 1H NMR  (CDCl3,
200 MHz): ı 7.00 (d, 4H, J = 7.5 Hz), 6.93 (d, 4H, J = 7.5 Hz), 6.66–6.80
(m,  4H), 3.70 (s, 8H), 3.63 (s, 4H), 3.49–3.60 (m,  8H), 3.29–3.44 (m,
12H), 1.11–1.21 (m,  24H), 0.85 (t, 6H, J = 6.8 Hz); 13C NMR  (CDCl3,
50 MHz): ı 156.9, 156.4, 133.9, 133.6, 129.7, 129.5, 122.0, 71.1,
71.0, 70.9, 70.5, 69.8, 37.8, 31.8, 29.6, 29.3, 25.8, 22.6, 14.0.

2.2.4. Other membrane components
The other membrane components, 2-nitrophenyl octyl ether

(oNPOE), potassium tetrakis (perchlorophenyl) borate (KTpClPB),
and high molecular weight polyvinylchloride were procured from
Fluka, Switzerland. Bis(2-ethylhexyl) sebacate (DOS, BDH, UK),
sodium tetraphenyl borate (NaTPB, Merk, India), and tetrahydro-
furan (THF, G-Merk, Germany) were also used. AR grade CsCl,
RbCl, KCl, NaCl, SrCl2, BaCl2, MgCl2, CaCl2, NH4NO3, Pb(NO3)2,
Ce(NO3)3, CuSO4, ZnSO4, NiSO4, HCl, and NaOH were used as such,
when required. The standard CsCl solution was prepared using
the salt, heated at 383 K for 2 h followed by cooling in a desicca-
tor. High purity de-ionized water, obtained from milli Q academic
apparatus (Millipore, India) was used to prepare all solutions and
dilutions.

2.3. Membrane composition and electrode fabrication

The composition of PVC matrix membrane was  ∼1.0 wt%
ionophore, ∼33 wt%  PVC, ∼65.5 wt% plasticizer, and ∼0.5 wt% KTp-
ClPB as the ion additive. The components were dissolved in 6.0 ml  of
freshly distilled THF by stirring for 10 min  with a magnetic stirrer.
The solution was homogenized in an ultra-sonic bath for 10 min,
and poured into a 5.0 cm inner diameter Petri dish. On gradual
evaporation of THF at room temperature for 48 h, a transpar-
ent membrane was obtained. The resulting membrane was  gently
peeled off from the Petri dish and a disc of 7 mm diameter was
cut out using a punch borer. This membrane was attached to an

ion selective electrode body (Fluka, cat. No. 45137). Keeping the
same membrane composition, various ISEs were made with differ-
ent ionophores, plasticizers and different amounts of ion additive,
as detailed in Table 1.
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2.4. Inner filling solution preparation

About 5 g of the cation exchange resin Dowex-50W (H+ form),
taken in a glass beaker was equilibrated with aqueous NaOH (50 ml,
1 M)  for about 14 h under constant stirring. The resulting Na+ form
of resin was washed several times with deionized water, and air
dried for about 48 h. The air-dried resin was  wrapped in tissue
paper and kept in a desiccator for 24 h to remove traces of mois-
ture. With a view to optimize the amount of resin required and
also determine the equilibrium concentration of Cs, it was nec-
essary to determine the selectivity of this resin for Cs ions over
Na ions (KCs,Na = mcs,resin × mNa,aq/mNa,resin × mcs,aq, where m is con-
tent of ion in moles) [12]. For this, an aqueous CsCl solution (5 ml,
6.0 × 10−3 M)  was added to the dry resin (0.2160 g) in Na-form, and
the mixture stirred for about 12 h. The Cs ion concentration in the
equilibrated solution was  determined with ISE 9 (for composition
see Table 1) and was  found to be 1.32 × 10−4 M.  From this and the
cation exchange capacity of the resin as 5.6 meq/g, the KCs,Na was
calculated as 148. Subsequently, the inner filling solution was pre-
pared by equilibrating dry Na-form of the resin (1.0730 g) with an
aqueous CsCl solution (6.0 ×10−4 M,  25 ml)  for 12 h. The Cs ion con-
centration in the equilibrated solution was found to be less than
10−7 M.  After filling this solution along with the resin as an inner
filling solution, the ISE was conditioned with 10−7 M CsCl for 24 h.

2.5. EMF measurement

All measurements were carried out at room temperature
(295 ± 1 K). The potential was measured under constant stirring of
the test solution with respect to double junction Orion Ag/AgCl ref-
erence electrode (cat. No. 9002), with Orion inner filling solution
(cat. No. 900002) and 0.1 M lithium acetate (LiOAc) as the outer
filling solution.

The cell configuration was

Ag/AgCl/Inner filling solution (∼10−8 M CsCl with resin)//Membrane//
Test solution//0.1 M LiOAc//Orion inner filling solution (900002)/Ag/AgCl

The activities of Cs(I) were calculated according to the
Debye–Huckel procedure, using the following equation [33]

log� = −0.511z2

[
�1/2

1 + 1.5�1/2
− 0.2�

]
(1)

where � is the activity coefficient and � the ionic strength of the
solution and z is the valency of the ion.

2.6. Measurements at different pHs

To study the effect of pH on response of ISE for Cs(I), the EMF
was measured with ISE 7. Aliquots (3.0 ml)  of CsCl solution (10−1 M)
were taken and diluted with de-ionized water (20 ml). The pH of
each solution was adjusted in the range 2–12 by adding appropriate
amounts of dilute aqueous HCl and NaOH solutions and made final
concentration of Cs(I) as 10−2 M.  Similar solutions of CsCl (10−4 M)
were also made at different pH and the response was  measured.

2.7. Determination of Cs(I) concentration in simulated nuclear
waste solutions

For these experiments, the data of the compositions of Indian
pressurized heavy water reactor (PHWR) fuel reprocessing waste,
operated for 6700 MWD/ton was  prepared by the waste immobi-

lization plant (WIP), BARC, Mumbai, India. Two  types of high level
simulated active waste solutions designated as SIM 1 and SIM 2
were used for these experiments. Between these, only SIM 1 con-
tained U(VI), while the compositions (Table 2) of the other metal
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Table 2
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
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U  6.34 Zr 0.004
Sr 0.03 Mo 0.14
Ba 0.06 Ce 0.06

ons were same. As these solutions are highly acidic (∼3 M HNO3
edia), their pHs were brought up between 4 and 11 prior to the
easurements. For the calibration purpose, high level simulated
aste solutions were also prepared with the same composition and

cidity without adding the Cs-salt. The Cs(I) content in the original
imulated waste solutions was determined with ISE 7 employing
hree different procedures.

.7.1. Procedure 1
Eight well-cleaned 100 ml  glass beakers were numbered

equentially. Aliquots (5 ml)  of two sets of simulated waste solu-
ion were taken in duplicate in the beakers (nos. 1–4). Similarly,
he waste solutions without Cs-salt (5 ml), prepared for calibration,
ere taken in another set of beakers (nos. 5–8). Aqueous CsCl solu-

ion (3 ml,  10−2 M)  was added to the beakers 5 and 6, while CsCl
olution (3 ml,  10−3 M)  was added to the beakers 7 and 8. The solu-
ions in all beakers were evaporated to dryness over a hot plate.
fter cooling to room temperature, de-ionized water (5.0 ml)  was
dded to each of the beakers, followed by heating to dryness again.
he procedure was repeated two times. Finally, de-ionized water
as added to the salts left over in beakers and diluted to 30 ml.  The
H was measured and found to be in the range of 4–5. The potential
as measured employing ISE 7.

.7.2. Procedure 2
Aliquots of simulated waste solutions without and with stan-

ard CsCl solutions were taken in eight beakers as mentioned in
rocedure 1. De-ionized water (12 ml)  and two  drops of phenolph-
halein solution were added to all the beakers. After neutralizing
he solutions with 3 M LiOH solution, the final volume was  made
p to 30 ml,  and the potential was measured employing ISE 7.

.7.3. Procedure 3
The Cs(I) concentration was determined by standard addition

nd subsequent dilution method. In this, 5.0 ml  aliquots from the
wo test simulated waste solutions in quadruplicates were taken
n eight beakers. Aqueous CsCl solution (3.0 ml,  10−2 M)  was added
o the beakers 3, 4, 7 and 8. All the solutions were neutralized with

 M LiOH and diluted to a final volume of 30 ml.  The potential in
ll the solutions was measured employing ISE 7. The solutions in
eakers 3, 4, 7 and 8 were further diluted with de-ionized water up
o 60 ml,  and the responses were measured employing ISE 7.

.8. Lifetime of ISE 7

To ascertain the lifetime of ISE 7, slope of calibration plot for Cs(I)
ver the concentration range of 10−7 to 10−2 M and the selectivity
oefficients for all the alkali metal ions and ammonium ion were
easured periodically employing ISE 7. The measurement sched-

le was as follows: (i) every day for the first two weeks; (ii) every

lternate day during the third to fifth weeks; (iii) once a week dur-
ng the sixth to fifteenth weeks; and (iv) every 15 days sixteenth

eek onwards till 46 weeks. The ISE 7 was left immersed in 10−7 M
sCl solution, when not in use.
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3. Results and discussion

3.1. Responses of different ISEs for Cs ions

For these studies, six newly designed ISEs (designated as ISE
1–ISE 6) were fabricated using the ionophores L1 to L3, oNPOE or
DOS as the plasticizer and KTpClPB (50 mol%) as the ion additive.
Measurement of the responses of the ISEs for Cs(I) ions in the con-
centration range of 10−2 to 10−9 M revealed best result with ISE 5,
made of L3, oNPOE and KTpClPB. For further optimization of the
performance of the ISE, the composition of ISE 5 was varied by
changing the KTpClPB content to 40 and 30 mol% to obtain two  addi-
tional ISEs, designated as ISE7 and ISE8 respectively. The response
characteristics of all the ISEs and their respective compositions are
given in Table 1. Their results showed superior performance by ISE
7, amongst the chosen ISEs. Subsequently, to see the role of the
resin in IFS, another ISE (ISE 9) was  prepared maintaining the same
composition as that of ISE 7, but changing the IFS with 10−3 M CsCl
(without resin), and its response for Cs ions was also measured
(Table 1). The results showed that the DLs and response of ISEs
were improved by using low and constant activity of Cs ions along
with resin as an inner filling solution.

3.2. Selectivity coefficients

The ion selectivity is one of the important characteristics of
the ISEs, because it often determines the feasibility of a reliable
measurement in the target samples [19]. Several methods like
fixed interference method, separate solution method and matched
potential method (MPM)  are used to determine selectivity coeffi-
cients. IUPAC recommended the separate solution method when
a low activity of the primary ion and a high activity of the inter-
fering ion is used as IFS with the help of ion exchange resin [9].
In view of our interest in using the ISE in nuclear waste manage-
ment, we  followed the same protocol to determine the selectivities
of all the ISEs (1–9) for Cs ions over several ions like Rb+, K+, Na+,
Li+, NH4

+, Sr2+, Ba2+, Ca2+, Mg2+, Cu2+, Zn2+, Ni2+, Pb2+ and Hg2+.
The results shown in Table 3 revealed that the Cs ions selectivity
was best with ISE7. Especially, its very large Cs/Na ion selectivity
(log KCs,Na = −4.68) would be very useful to determine Cs ions in
nuclear waste solutions, where low concentration of Cs needs to be
determined in the overwhelming presence of Na ions. In addition,
ISE 7 also showed a low DL value (8.48 × 10−8 M)  for the Cs ions.
Hence, further studies were carried out with ISE 7 only.

3.3. pH dependence

Next, the response of ISE 7 to Cs ions was measured at different
pHs using 10−2 M and 10−4 M CsCl solutions. The plots of potential
versus pH (Fig. 2) revealed that the response of the ISE 7 for Cs
ions is constant and stable over the pH range of 4–11 with both the
concentrations of CsCl. The decrease in potential at lower pH may
be due to failure of Donnan membrane equilibrium [34].

3.4. Linearity, and response time

ISE 7 showed a Nernstian response for Cs ions over the concen-
tration range 10−7 to 10−2 M,  with a slope of 56.6 mV per decade
for Cs ions (Fig. 3). The response was  fast with the response time
less than 10 s.

3.5. Lifetime of ISE 7
Lifetime or durability of the ISEs is one of the important factors in
deciding their applicability. The extent of leaching of the ionophore
from the membrane is conveniently used to assess the lifetime.
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Table 3
Selectivity coefficients of various ions determined by separate solution method.

Interfering element (I) Selectivity coefficients (−log KCs,I)

ISE 1 ISE 2 ISE 3 ISE 4 ISE 5 ISE 6 ISE 7 ISE 8 ISE 9

Rb+ 0.02 0.04 0.68 0.60 1.06 1.02 1.22 0.98 0.89
K+ 0.00 0.19 1.32 1.92 2.30 2.16 2.37 2.05 2.27
Na+ 1.89 1.79 2.30 2.47 4.52 4.32 4.68 4.60 4.35
Li+ 3.39 3.43 3.07 2.94 5.56 5.22 5.20 5.10 5.47
NH4

+ 0.68 0.59 1.31 2.06 2.17 1.98 2.14 1.85 2.02
Sr2+ 4.34 4.64 3.28 5.35 6.33 6.36 5.93 5.85 5.40
Ba2+ 4.35 4.13 2.38 5.66 6.57 6.38 6.12 6.10 6.26
Ca2+ 4.69 4.74 3.83 5.61 6.09 5.81 6.13 5.95 5.97
Mg2+ 4.37 4.57 4.14 5.52 5.92 5.63 6.02 5.78 5.58
Zn2+ 4.28 4.58 4.30 5.51 5.74 5.46 5.86 5.58 5.46
Cu2+ 4.10 4.37 3.55 5.05 5.62 5.33 5.58 5.03 6.02
Ni2+ 4.15 4.39 3.44 5.21 5.58 5.40 5.48 5.36 5.46
Pb2+ 3.21 3.59 3.33 2.11 4.68 4.31 4.58 4.28 3.86
Hg2+ 4.03 3.56 3.50 357 4.75 4.35 4.85 4.32 4.21

Table 4
Comparison of present cesium ion selective electrode with previously reported membrane based ISE of Cs.

Inophore Detection limit
(M Cs)

Range (M Cs) Selectivity coefficient, −log KCs,I Life time Ref. no.

Rb K Na NH4

2,3-Benzoquino-crown-5 2.5 × 10−5 10−4–10−1 0.47 0.99 2.38 1.40 1 month [14]
Calix[4]crown ether ester 5.0 × 10−6 5.0 × 10−6 to 10−1 – 2.0 1.30 1.50 4 months [15]
Bis(1-propoxy) calix[4]arene dibenzocrown-6 – 10−6 to 10−1 0.80 2.16 4.88 1.90 – [16]
Diisopropoxy calix[4]arene-crown-6 5× 10−7 10−6 to 10−1 0.89 2.18 4.46 1.98 – [17]
Biscalix[4]arene – 10−5 to 10−1 – 0.90 2.20 1.3 1 month [18]
5-(4′-Nitrophenylazo)25,27-bis(2-

propyloxy)26,28-dihydroxycalix[4]arene
4.6 × 10−6 10−5 to 10−1 0.85 2.27 3.13 1.58 9 months [20]

Thiacalix[4]biscrown-6,6 3.8 × 10−7 10−6 to 3.2 × 10−2 1.4 3.7 4.3 2.5 – [21]
Thiacalix[4]crown-6 – 10−7 to 10−1 2.20 3.50 5.10 3.10 – [22]
Calix[4]arenetetraester 4.9 × 10−7 10−06 to 10−01 1.88 2.23 3.25 3.01 – [23]
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to 10−

T
a
7
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3.6. Comparison
Calix[4]arenehexaethylester – 5 × 10
p-Methoxyanilino-(1,3-dioxo-2-indoxylidene) 6.3 × 10−6 2.5 × 

25,27-Bis(1-octyloxy)calix[4]arene-crown-6 (L3) 8.48 × 10−8 10−7

his, in turn, depends on the properties of the plasticizer and the
dditive used as well as their compatibility with the ionophore. ISE

 did not show any significant change in the slope of calibration
lot for Cs(I) 56 ± 2 mV  per decade concentration change in Cs(I),
inearity (10−7 to 10−2 M CsCl) and selectivity coefficients up to
2 weeks (∼10 months). After 44 weeks, the slope decreased to
3 mV  and reduced further to 48 mV  after another two weeks. Thus,
he lifetime of ISE 7 was at least 10 months. This is a significant
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Fig. 2. Response of ISE for 10−2 and 10−4 M Cs+ at different pH the solution.
10 1.52 2.53 3.73 2.75 1 month [24]
o 10−1 0.70 1.22 2.72 1.59 18 days [27]
2 1.22 2.37 4.68 2.14 10 months Present work

improvement over the existing Cs-ISE systems of similar design in
terms of cost competitiveness.
The characteristic features of the newly developed ISE (ISE 7)
were compared with those of the other Cs-ISEs reported in the
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Fig. 3. Response of ISE for cesium (ISE 7, Table 1).
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Table 5
Determination of cesium in simulated high level active waste solution and compar-
ison with AAS values.

Sample ID ISE (mg/L) AAS (mg/L)b

Method 1a Method 2a Method 3a

SIM 1 205 210 212 212 ± 10
SIM 2 223 212 232 228 ± 11
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a Mean of two  determinations.
b Mean of five determinations with standard deviation.

iterature. The details are given in Table 4. Selectivity and appli-
able range of the ISE 7for Cs was well within the range reported
n literature. However, the lifetime of the present electrode was  10

onths. This is the longest lifetime for membrane-based cesium
SE so far developed or reported.

.7. Application

.7.1. Determination of Cs in simulated high level active waste
The ISE 7 was calibrated using the solutions in the beakers 5–8

nd employing the procedures 1 and 2 given in Section 2. The pro-
edures 1 and 2 gave the calibration slope as 53.6 ± 0.4 mV/decade
nd 54.2 ± 0.3 mV/decade concentration respectively. The response
f the ISE to Cs ions was then measured using the solutions in
eakers 1–4. Using procedure 3, the ISE 7 was calibrated from the
otential response in beakers 3, 4, 7 and 8 before and after dilu-
ion. The calibration slope was found to be 52.6 ± 0.5 mV/decade
oncentration. From the calibration data and potential responses
n beakers 1,2, 5 and 6, the Cs(I) concentration was  determined in
he simulated waste solutions SIM 1 and SIM 2. In all the three
rocedures, only the Cs ions concentration was considered for cali-
ration. Due to the high ionic strength of the solutions (presence of

arge amount of salts), activity of Cs(I) got reduced, and hence the
lope of calibration deviated more from the Nernstian response.
esults for all the three procedures are given in Table 5. Since
electivity coefficients were not determined for several elements
resent in the simulated wastes, the present method was  vali-
ated with AAS. Our ISE results agreed well with the AAS values
Table 5). Hence it may  be concluded that there is no interference
rom elements like Fe, Cr, Mn,  U, etc.

. Conclusion

Ion selective electrode for cesium developed with 25,27 diocty-
oxy calix[4]arene-crown-6 as ionophore has superior selectivity
or Cs over other alkali, alkaline, transition elements. The ISE could
e operated over wide range of pH from 4 to 11 and has been
uccessfully employed to determine cesium content in high level
imulated waste. Lifetime of the electrode is 10 months which is
he highest life for any membrane based Cs-ISE so far developed.
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