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Abstract: A novel PVC membrane sensor for the?*Sion based on 1,10-diaza-5,6-benzo-4,7-
dioxacyclohexadecane-2,9-dione has been preparkd. sEnsor possesses a Nernstian slope of
30.0 + 0.6 mV decadeover a wide linear concentration range of ¥.6.0°3.0 x10° M with a
detection limit of 6.3x10” M. It has a fast response time of <15 s and canseel for at least two
months without any considerable divergence in g@knirhe potentiometric response is independent
of the pH of test solution in the pH range 4.3-9He proposed electrode shows good selectivities ov

a variety of alkali, alkaline earth, and transitioetal ions.
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1. Introduction

Strontium is widely distributed in many biologicaystems and throughout the environment, at
various concentration levels, and plays a fundaatente in ecological systems [1]. It is deposited
preferentially in the bones and teeth of the huimadly. Some strontium compound such as strontium
oxide, strontium hydroxide and strontium carborfaee a strongly irritant effect on skin and mucous
membranes especially eyes [2,3]. A radioactive-kfalfof 29 years makes strontium-90 one of the
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most hazardous products of radioactive fallout [Bhe activity measurement of %rin aqueous
systems is thus of vital importance from an imparenvironmental point of view.

lonophore-based PVC membrane electrodes are walethed analytical tools routinely used for
the measurement of the activity of a wide varidtgifferent ions selectively and directly in comyple
biological and environmental samples [4-6]. The keyredient of such plasticized PVC membrane is
an incorporated ionophore, which defines the seigctof the electrodes via selective complex
formation with the cation of interest.

Because macrocyclic ligands can form selectivesaable complexes with metal ions of compatible
dimensions [7], and can potentially be appliedheirt selective separation and determination [6,8,9]
continuous interest has been focused on the dasigisynthesis of new functionalized macrocycles for
specific applications [10]. Several macrocyclicrdides, prepared from salicylaldehade derivatives
and appropriate diamino compounds [THye been reported to have successful use as livaersan
the construction of PVC-based ion-selective eletsofor Ca" [12], Zr’* [13], Hg** [14], SF#* [15],
Ccd* [16], CS[17], CF* [18],Ag" [19],and Bé&" ions [20].

In this paper, the suitable cavity size of macdticydiamide derivative 1,10-diaza-5,6-benzo-4,7-
dioxacyclohexadecane-2,9-dione (L) as well as asewinsolubility led us to examine its ability as
potential ion carrier in the preparation a new Pvi€mbrane electrode for Brions. It should be
noted that, despite urgent need for new potentidmengensors for the selective determination of low
level amounts of strontium in different samplegréhare only limited reports on the*Sion-selective
electrodes in the literature [1,15,21-23].
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2. Results and Discussion

Ligands for use as ionophores in a strontium idaeswe electrode should fulfill certain conditions
including (1) increased selectivity for’Srover other metal ions, (2) rapid exchange kinetitshe
resulting complex and (3) sufficient lipophilicity prevent leaching of the ligand into the surrangd
aqueous solution. The selectivity of ordinary crasthers for alkaline earth metal ions is much lower
than that for alkali cations [6]. However, the ottuction of an amide linkage in the polyether rivag
been clearly shown to modify the binding propertéshe crown compounds in favor of an alkaline
earth with respect to alkali metal ions [15,16,2Bforeover, amide substitution in the cavity of
benzocrown ethers may not only contribute to thatron selectivity but also allow the macrocycles t
have properties more closely resembling those em#turally occurring ionophores [26].

To investigate the potential response of the mactimcdiamide L for different ions, it was used as
a neutral ionophore to prepare PVC-membranes fida variety of cations. The potential responses
of the most selective electrodes in the eatration range of 1010" M are shown in Figure 1.
As seen, except for the Brion-selective electrode, in all other cases topeslof the corresponding
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potential-pM plots is much lower than the expedi&hstian slope of 29.5 mV dec&ddtor bivalent
cations, although over a limited concentration gam&s is obvious from the results obtained’” Ssn
with the most sensitive response over a wider aunaton range seems to be suitably determined with
the membrane electrode based on the ligand L. iShakie to the highly selective behavior of the
ionophore for Si* over other metal ions. The observed selectivitjoabphore L toward $f ion is
most probably due to the rigid structure of the roeycle as well as its convenient cavity size (16-
membered cavity) for the bivalent strontium iornlf],

E (mV)

pM™

Figure 1. Potential response of various ion-selective mendsdrased on ionophore L. Conditions:
membrane ingredients, 2% L, 30% PVC, 1.7% STP &8P6 AP, internal solution, 1010°% M of
the corresponding cations for each ion-selectivsce

Some important features of the PVC membranes ssitheanature and amount of ionophore, the
properties of the plasticizer, the plasticizer/Px&tlo, and specially, the nature of additives uassl
reported to significantly influence the sensitivapd selectivity of the ion selective electrode2-[1
20,27]. Thus, the effects of membrane compositi@ture and amount of plasticizer, and amount of
additive salt on the potential response of thé" Sensor were investigated, and the results are
summarized in Table 1.

As with many ionophore-based membrane electrodes, pbtential response of the electrode
depends on the concentration of lipophilic aniasatts incorporated in the membranes (Nos. 2-4). As
seen, addition of STB will increase the sensitiafythe electrode response considerably. Use 661.7
STB resulted in a Nernstian behavior (NO.4). Thespnce of such lipophilic anionic species as
tetraphenylborate in cation-selective membranetreldes is proved to have a beneficial influence on
different sensor characteristics. It will not onlgduce the ohmic resistance [33] and improve the
response behavior and selectivity [27] hlgo, in cases where the extraction capgbdit the
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ionophore is poor, enhance the sensitivity of tremiorane electrode [28]. Moreover, the additives
may catalyze the exchange kinetics at the sampiabrane interface [2].

Table 1. Optimization of membrane ingredients.

NG Composition (%) Slope Linear rang&
PVC Plasticizer STB L (mV decad@) (M)

1 325 AP,66.0 0.5 0.0 13.5 &@0°1.3x 10°
2 310 AP, 67.0 0.0 2.0 22.0 %710°-6.3x 10°
3 310 AP,66.0 1.0 2.0 25.0 *6L0°%6.3x 10°
4 300 AP,66.3 1.7 2.0 30.5 1x610°-3.0x 10°
5 30.0 NPOE,66.3 1.7 2.0 23.5 %.80°%1.2x 10°
6 300 DBP,663 1.7 2.0 16.8 *@0°%1.0x 10°
7 300 DOP,66.3 1.7 2.0 14.7 *@.0°%6.3x 103
8 300 DMS,66.3 1.7 2.0 12.8 *6L0°%6.2x 10°

2In all cases, the correlation coefficient of timeér calibration plot was at least 0.99.

Since the nature of plasticizer influences theatiigic constant of the membrane phase, the mobility
of the ionophore molecules and the state of ligd@@%$, it is expected to play an important role in
determining the ion-selective characteristics. THive membrane of similar composition (i.e., 30%
PVC, 66.3% plasticizer, 2% ionophore and 1.7% SbB) with five different plasticizers having
dielectric constant over the range 4-24, namely Ob1$4.0), DBP § = 6.4), DOP £ = 7.0), NPOE{
= 24.0) and AP = 17.3) were prepared and tested (Table 1, Noy #-8s apparent from the
performance characteristics that the membraneiqilsed with AP had the highest sensitivity with a
nice Nernstian slope, widest linear range and lowetection limit in this series. The slopes of the
corresponding potential responses of membranesigitasl with DMS, DBP, DOP and NPOE were
12.8, 14.7, 16.8 and 23.5 mV decadeespectively.

These results indicate that the polar ketone aherdype solvent mediators give a strontium ion
sensor with more favorable potentiometric charasties than nonpolar ester type solvents. Thigis i
agreement with the previous reports showing that ridsponse characteristics and selectivities of
multivalent cations of high lipophilicities are faned by the use of high dielectric constant plagis
[12-20]. As it is obvious from Table 1, the memleganbtained with the PVC/AP/L/STB ratio of
33.0%/66.3%/2.0%/1.7% (no. 4) shows the best respcharacteristics for selective determination of
strontium ion.

Optimum conditioning time for the membrane sensoail.0 x1G M strontium nitrate solution
was investigated from 5 to 24 h and found to b&;20then generates stable potentials when placed
contact with St solutions.

The average time required for thé'Spn-selective electrode to reach a potential withil mV of
the final equilibrium value was measured after sgstve immersion of a series of strontium ion
solution, each 10-fold different in concentratidine static response time thus obtained was < 5 s f
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strontium ion concentrations10°® M, and the potential stayed constant for more thamin, after
which only a very slow divergence with in the regan of the pH meter (0.1 mV) was recorded.
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Figure 2. Calibration graph for the strontium ion-selectivectrode.

The PVC-membrane electrode based on L preparedr umatenized experimental conditions
resulted in a potential-pM concentration respong@ & Nernstian slope of 305 0.6 mV/decade
(n = 7) over a wide linear concentration range.6fx110°-3.0 x10° M (Figure 2). The detection limit,
as evaluateffom the intersection of the two extrapolatesdgments of the calibration graph, was
6.3x 10" M.

The membrane sensor prepared could be used feastt two months without any measurable
divergence. After two months, the slope of thetralion curve decreased to 27.0 mV deCadithout
any measurable change in the linear range.

The effect of pH of test solution on the responk¢he membrane electrode for a 1.0 %10
solution of Sf* was studied over the pH range 3.5-11.5, the i®<ré given in Figure 3. It is
immediately obvious that the potential stays cartst@m pH 4.3 to 9.4, beyond which sharp increases
in potential are observed. The observed shamgehm potential response below pH 4.3 might be due
to the simultaneous response of the electrodeoi@r and H and at pH higher than 9.4, it could be
because of relatively strong competition betweeh (ftam NaOH) and S ions.

The selectivity behavior is obviously one of thestnonportant characteristics of an ion-selective
electrode, determining whether a reliable measunérne the electrode proposed can be obtained.
Thus, its potential response was investigatedamtiesence of various interfering foreign catiosisgi
the matched potential method (MPM) [30]. The MPMaisecently recommended procedure which
gets ride of the limitations of the correspondingtinods based on the Nicolski-Eisenman equation for
the determination of potentiometric selectivity ffimgents. These limitations include non-Nernstian
behaviors of interfering ions and inequality of ies of any primary interfering ion.
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Figure 3. Effect of pH on the strontium test solution.

According to the MPM, the selectivity coefficiest defined as the activity ratio of the primary ion
and the interfering ion that gives the same padértiange in a reference solutidimus, one should
measure the change potential upon changing theapyimon activity, and then the interfering ion
would be added to an identical reference solutiotil the same potential change is obtained. The
selectivity coefficient is determined as:a¥'"™ = Aa'a/as, WhereAa, = &’ — @, a is the initial
primary ion activity and & is the activity of A in the presence of interfgriton, B, and a is the
interfering ion activity. Thus, according to thisethod, a specific activity (concentration) of the
primary ion A (1.0x 10°-1.0x 10°M Sr*") is added to a reference solution (8.00' M SF**) and the
potential is measured. In a separate experimeatjnierfering ions B are successively added to an
identical reference solution (from 1:010°to 1.0 x 10° M of M™) until the measured potential
matched that obtained before by adding the priniamg. The K "™ value is then calculated as
Aa'alag. The resulting values are listed in Table 2. As gvident from Table 2, most of the interfering
ions show low values of selectivity coefficientdicating negligible interference in the performante
the membrane sensor assembly.

Table 2. Selectivity coefficients of various interferingis.

Interfering ion Kagh M Interfering ion Kag M

Na' 1.3x10° Ba’* 9.2x107

K* 3.3x10° co* 8x10°

cs 3.3x10° Ni* 5.4x10°

Rb' 3.1x10° cuw* 9.2x10°

Mg?"* 6.3x10° P 7.2x10°
ce”* 8.9x10°

In Table 3, the response characteristics of thpgeed strontium-sensor are compared with those of
the best St ion-selective electrodes reported before [2,2@289]. From the data given in Table 3 it
is immediately obvious that the limit of detectiohthe proposed sensor is superior to those regporte



Sensorx007, 7 444

before, while the other response characteristick smtectivity coefficients obtained in this workear
within the same ranges in comparison with thoseipuosly reported for the case of the best strontium
ion-selective electrodes.

Table 3. Response characteristics and selectivity coeffisiéar different PVC-membrane Siion-
selective electrodes.
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Figure 4. Potentiometric titration curve of 40 ml of 0.0013A(NGs), with 0.1 M
EDTA at pH 6.5, using the proposed sensor as itmlieectrode.

The proposed membrane sensor can not only be asétefdirect determination of Zrions in real
samples (e.g., quantitative recovery of tracesrofign from tap water), but was also found useful as
an electrode in potentiometric titration procedum@golved strontium ion. As an example, it was
successfully applied as an indicator electrodeHertitration of 40 ml of 1.0 x 10° M concentration
of SF*ions, at pH 5.5, with 0.100 M EDTA solution anduks are shown in Figure 4. As seen, the
amount of ¥ ions in solution can be accurately determined fritv@ resulting titration curve
providing a sharp end point.
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3. Experimental Section
3.1. Reagents

Reagent-grade 2-nitrophenyl octyl ether (NPOE)utjibphthalate (DBP), dioctyl phthalate (DOP),
acetophenone (AP), dimethylsebacate (DMS), tetrafiychn (THF), sodium tetraphenylborate (STB)
and high relative molecular weight PVC were pureldaom Fluka Chemical Company and used as
received. Reagent-grade nitrate salts of all catiesed (all from Merck) were of the highest purity
available and used without any further purificatextept for vacuum drying. The macrocyclic diamide
L was synthesized and purified in as describedmisee [24]. Triply distilled and deionized watersva
used throughout.

3.2. Electrode Preparation

The general procedure to prepare the PVC membrasdavmix thoroughly 66.3 mg of plasticizer
AP, 30 mg of powdered PVC and 2 mg of ionophore lai@dng of STB in 0.5 ml of methanol and 3.5
ml of THF. The resulting mixture was transferretbia glass dish of 2-cm diameter. The solvent was
evaporated slowly until an oily concentrated migtwas obtained. A Pyrex tube (4-5 mm diameter on
the top) was dipped into the oily mixture for abd0ts so that a non-transparent membrane of about
0.3 mm thickness was formed. The tube was therguwllt from the mixture and at room temperature
for about 1 h. The tube was then filled with intrfilling solution (1.0x 10° M strontium nitrate).
The electrode was finally conditioned for 20 h loglsng in a 1.0 10° M solution of Sr(NQ),. A
silver/silver chloride electrode was used as agrnal reference electrode.

3.3. EMF Measurements

All emf measurements were carried out the follonasgembly:
Ag-AgCl (satd) | 3 M KCI | internal solution, 110> M Sr(NQ), | PVC membrane | test solution |
Ag-AgCl, 0.1 M KCI |
A Metrohm ion analyzer pH/mV meter was used for plodential measurements at 250.1 °C.
Activities were calculated according to Debye-Higkecedure [25].
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