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a b s t r a c t

A highly sensitive ion-selective bulk optode membrane for sensing UO2
2+ ion based on plasticized

poly(vinyl chloride) containing 6,7,9,10,12,13,15,16,23,24,25,26-dodecahydrodibenzo[n,v][1,4,7,10,
13,17,20]pentaoxa-diazacyclotricosine-22,27-dione as ionophore, dibenzodylmethane as chro-
eywords:
on-selective bulk optode
O2

2+

VC-membrane

moionophore and sodium tetraphenylborate as an ionic additive was prepared. In addition to its
high stability, reproducibility and relatively long lifetime, the proposed optical sensor revealed good
selectivity for uranyl ion over a large number of alkali, alkaline earth, transition, and heavy metal ions.
The proposed sensor displays a calibration response for UO2

2+ over a concentration range of 4.3 × 10−6

to 2.5 × 10−8 M with a limit of detection of 8.0 × 10−9 M and a response time of less than 12 min. The
was a
ated
acrocyclic diamide
ibenzoylmethane

proposed optical sensor
Khoshumi mine concentr

. Introduction

The uranyl ion is among those ionic species for which the
earch for suitable sensors is of increasing interest. This is due
o its importance in various physiological, medical, industrial and
eochemical processes [1–6]. Uranium as a highly radioactive ele-
ent is extensively used in the nuclear industry [7–9], and is also
ell known as a chemical toxin [10]. It exists in low quantities of

0−5 to 10−3 M in wash streams coming out from nuclear reac-
ors [11]. Moreover, due to relatively high mobility of uranium
n surface and near surface environments, its measurements in
race levels in natural waters can be used as a basis for geochem-
cal exploration and some industrial processes. Thus, during the
ast decade, several ion-selective electrodes based on a variety
f suitable ionophores have been developed [12–20]. However,
ompared with uranyl-selective potentiometric sensors, work on
on-elective bulk optodes for uranyl ion has been quite sparse
21–24].

In the past decade, we have been involved in the design and

se of different ion carriers for pre-concentration and selec-
ive determination of uranyl ion via solid phase extraction
25–27], supercritical fluid extraction [28] and construction of
on-selective electrodes [14,17,19,20], ion-imprinted polymers

∗ Corresponding author. Tel.: +98 21 66908032; fax: +98 21 66908030.
E-mail address: mshamsipur@yahoo.com (M. Shamsipur).

386-1425/$ – see front matter © 2010 Published by Elsevier B.V.
oi:10.1016/j.saa.2010.05.030
pplied successfully to the determination of UO2
2+ ion in tap water and

solution samples.
© 2010 Published by Elsevier B.V.

[29] and ion-selective bulk optodes [22]. We have recently
synthesized, purified and used 6,7,9,10,12,13,15,16,23,24,25,26-
dodecahydrodibenzo[n,v][1,4,7,10,13,17,20]pentaoxa-
diazacyclotricosine-22,27-dione (L) as a novel ionophore for
the preparation of new plasticized-PVC-membrane-selective
electrodes for the determination of uranyl ion by flow injection
potentiometry [19]. In this work we used a combination of this
ligand, as a selective ionophore, and dibenzoylmethane (DBM), as
a suitable lipophilic chromoionophore [26], to prepare a highly
sensitive and selective optical sensor for uranyl ion. Although the
uranyl ion–DBM complex does not have a high molar absorptivity
and its �max spreads at lower wavelengths of the visible region, its
use as a chromoionophore in combination with benzo-substituted
macrocyclic diamide L, as a highly selective UO2

2+ ionophore [19],
for the preparation of an optode membrane for uranyl ion will
result in increased selectivity, very low limit of detection, long
time stability and good reproducibility of the fabricated optical
sensor:

dx.doi.org/10.1016/j.saa.2010.05.030
http://www.sciencedirect.com/science/journal/13861425
http://www.elsevier.com/locate/saa
mailto:mshamsipur@yahoo.com
dx.doi.org/10.1016/j.saa.2010.05.030
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. Experimental

.1. Reagents

Reagent-grade o-nitrophenyloctyl ether (NPOE), benzyl acetate
BA), dimethyl sebacate (DMS), dibenzoyl methane (DBM),
odium tetraphenylborate (NaTPB), trans-1,2-aminocyclohexane-
,N,N′,N′-tetraacetic acid (DCTA), tetrahydrofuran (THF) and high

elative molecular weight PVC were purchased from Fluka Chemi-
al Company and used as received. The metal salts of all cations used
all from Merck) were of the highest purity available and used with-
ut any further purification. Ligand L was synthesized and purified
s reported elsewhere [19]. Doubly distilled deionized water was
sed throughout.

.2. Membrane preparation

The membrane solution was prepared by dissolving 7 mg of L,
mg of NaTPB, 7 mg of DBM, 28 mg of powdered PVC and 56 mg of
lasticizer NPOE in 1 mL THF by sonication. A volume of 0.1 mL of
his solution was pipetted and spread onto a 7 mm × 50 mm dust-
ree glass plate located in THF saturated desiccator. The membrane
lm was placed in ambient air for further drying. The thickness of
he films was in the order of 3–5 �m (as evaluated from the volume
mployed for spreading).

.3. Apparatus and absorbance measurements

All absorbance measurements were carried out on a
cinco UV-Vis 2100 spectrophotometer (UK). A Corning ion
nalyzer 250-pH/mV meter was used for the pH measure-
ents.
Tow identical optode membranes cast similarly on glass plates

ere placed vertically inside the sample and reference cuvettes
ontaining 3 mL acetate buffer solution of pH 4.0. After 10 min,
he sample cell was titrated with microliter amounts of a con-
entrated uranyl solution, using a pre-calibrated micropipette, and
fter each addition and waiting for 12 min, the absorbance of
he membrane was measured at 406 nm against the blank refer-
nce.

The membrane response, ˛, may be defined as the ratio of the
oncentration of the uncomplexed chromoionophore [DBM] to the
otal amount present in membrane [DBM]t, i.e., ˛ = [DBM]/[DBM]t.
he ˛ values were then calculated by absorbance measure-
ents at the wavelength of the complexed chromoionophore as
= (A1 − A)/(A1 − A0), where A1 is the absorbance of the membrane

or complete complexation (i.e., at ˛ = 0), A0 is the absorbance value
or the free chromoionophore (i.e., at ˛ = 1) and A is absorbance

easured at any time during the titration procedure.

. Results and discussion

The design and synthesis of new functionalized macrocyclic lig-
nds for a specific analytical application is a subject of continuous
nterest [30–32]. The in-built configuration rigidity induced by N-
ubstituted amides present in the periphery of benzomacrocycles
nvokes preorganization leading to ionophoric selectivity [33–35].
hus, we have recently reported the successful use of macrocyclic
iamides as ionophores in the preparation of PVC-based selective
lectrodes for Hg2+ [36], Sr2+ [37], Ca2+ [38], Cs+ [39], Co2+ [40],

g+ [41], Be2+ [42], Cu2+ [43], and UO2

2+ [14,19]. The selection of
he L–DBM binary sensing system in this work was based on our
revious results on the ability of L for the formation of a selective
nd stable 1:1 complex with uranyl ion [19] and the very sensitive
olor formation of DBM in the presence of traces of UO2

2+ [26].
Fig. 1. Absorbance spectra of the proposed optical sensor in the presence of the vary-
ing concentrations of UO2

2+ ion. The uranyl concentrations are from 1.2 × 10−8 M
(bottom) to 1.0 × 10−5 M (top) in an acetate buffer solution of pH 4.0.

3.1. Principle of operation

The optical sensor proposed responds to UO2
2+ ion on the

basis of a cation-exchange mechanism, as described elsewhere
[13,44]. The organic membrane contains L as UO2

2+ ion-selective
ionophore, DBM as chromoionophore and NaTPB as a lipophilic salt.
The lipophilic anion sites (TPB−) provide the optode membrane
with the necessary ion-exchange properties, because both the
ionophore L and chromoionophore DBM are neutral and, therefore,
cannot function as ion exchangers. Under the experimental condi-
tions used, the response of this optical system can be described by
the following ion-exchange mechanism:

L(org) + DBM(org) + 2Na+
(org) + 2TPB−

(org) + UO2
2+

(aq)

= (L·UO2·DBM)2+
(org) + 2TPB−

(org) + 2Na+
(aq)

The UV–vis spectra of the proposed bulk optode membrane in an
acetate buffer solution of pH 4.0 and in the presence of increasing
concentration of UO2

2+ are shown in Fig. 1. As is obvious, upon
selective extraction of UO2

2+ ion by the organic membrane, its color
turns from colorless to yellow; the absorbance (at �max = 406 nm)
increases with increasing concentration of uranyl ions in aqueous
solution.

3.2. Effect of membrane composition

The membrane composition is well known to largely influ-
ence the response characteristics and working concentration
ranges of both potentiometric [12–20,36–45] and optical sen-
sors [21,22,44,46]. Thus, the composition of membrane was
optimized by studying the influences of plasticizer/PVC ratio,
the nature of plasticizer, the amounts of ionophore and chro-
moionophore and addition of NaTPB on the response behavior

of the membrane sensor, and the results are summarized in
Table 1.

The effect of plasticizer/PVC ratio was changed between 1.9 and
2.5, and the absorbance response was measured. The best response
characteristics for the proposed membrane sensor were obtained
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Table 1
Optimization of the membrane composition.

No. Composition (%) Working concentration range (M)

PVC Plasticizer NaTPB L DBM

1 28 56, NPOE 2 4 10 6.4 × 10−5 to 2.2 × 10−7

2 28 54, NPOE 2 12 4 7.1 × 10−5 to 9.8 × 10−7

3 30 56, NPOE 2 2 7 1.3 × 10−5 to 1.7 × 10−6

4 30 56, NPOE 2 10 2 8.2 × 10−5 to 1.3 × 10−7

5 30 56, NPOE 2 7 5 8.1 × 10−6 to 6.7 × 10−8

6 24 60, NPOE 2 7 7 4.3 × 10−6 to 6.2 × 10−8

7 28 58, NPOE 0 7 7 1.4 × 10−5 to 1.1 × 10−7

8 28 56, NPOE 2 7 7 4.3 × 10−6 to 2.5 × 10−8

7 7 2.8 × 10−5 to 7.8 × 10−7

7 7 1.5 × 10−5 to 2.1 × 10−7

7 7 1.3 × 10−3 to 2.1 × 10−5

7 7 9.8 × 10−4 to 8.5 × 10−6
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Fig. 3 shows the optical response of the proposed uranyl-
selective bulk optode at different uranyl ion concentrations,
obtained under optimal membrane ingredients at pH 4.0. The plot
of absorbance (or ˛) against log[UO2

2+] can be used as a calibration
plot for determination of uranyl ions over the concentration rage
9 28 58, BA 0
10 28 56, BA 2
11 28 58, DMS 0
12 28 56, DMS 2

t a plasticizer/PVC ratio of 2, as it has also been reported in the
iterature [44].

In bulk liquid membrane optodes, the mass transfer of analyte
rom the sample solution into the membrane phase is required,
n order to facilitate the establishment of a thermodynamic equi-
ibrium between the membrane and the sample [47]. Thus, in the
roposed uranyl optical sensor the presence of 2% of NaTPB as
lipophilic anionic additive was necessary to facilitate the ion-

xchange equilibrium. The absence of additive not only affected
he working concentration range of the sensor (Table 1, membrane
os. 7, 9 and 11 compared with no. 8, 10 and 12, respectively), but
lso caused its prolonged response time and reduced selectivity
48].

The influence of the amounts of ionophore L and chro-
oionophore DBM on the uranyl optode was also investigated

Table 1, membrane nos. 1–8). As seen, the response signal of the
ranyl optode found to increase with increasing amounts of both
omponents in the membrane until a value of approximately 7%
as reached. The best working concentration range together with

he highest uranyl ion selectivity was reached with membranes
ontaining 7% of ionophore L and chromoionophore DBM (mem-
rane nos. 6 and 8). It is interesting to note that a further change

n relative amount of L and DBM from the optimum value of 7%-to-
% resulted in decreased performance characteristics of the optode
embrane (membrane nos. 1–5). Thus 7% of each reagent was used

or the preparation of the optode membrane for UO2
2+ ion.

For the preparation of a homogeneous membrane phase, the
lasticizer should be physically compatible with the polymer [44].

n addition, the nature of plasticizer is also known to influence
argely the measuring concentration range and selectivity of the

embrane sensors [36,44]. Thus, in this work, we studied the
ffect of three different plasticizers (i.e., NPOE, BA and DMS) on the
esponse of the uranyl-selective membrane optode and the results
re given in Table 1 (membrane nos. 8–12). As is obvious, among
he three different plasticizers used, NPOE was found to be the most
ffective solvent mediator in preparing the uranyl-selective optode,
s it was previously reported for most membrane sensors for uranyl
on [14,19,20,22].

On the basis of the results thus obtained a
VC/NPOE/L/DBM/NaTPB percentage ratio of 28:56:7:7:2 (mem-
rane no. 8) resulted in the lowest detection limit and shortest
esponse time.

.3. Effect of pH of test solution
Fig. 2 shows the influence of pH of test solution on the
bsorbance response of the proposed uranyl-selective optical sen-
or. The absorbance measurements were made in the presence
f a 4.4 × 10−7 M UO2

2+ solution of different pH values. The pH
Fig. 2. Effect of pH of the test solution on the optical response of the uranyl ion-
selective sensor in the presence of 4.4 × 10−7 M UO2

2+.

of the solutions was adjusted by either HCl or NaOH. As seen,
the response of the sensor passes through a more or less plateau
between pH 3.6 and 4.5. While, beyond this pH range, the opti-
cal response is decreased. The diminished signals at pH < 3.6 could
be due to the extraction of H+ from the aqueous solution into the
PVC-membrane via protonation of the ionophoric ligand. On the
other hand, the reduced absorbance of the sensor at pH > 4.5 is
most possibly because of the formation of hydroxyl complexes of
the UO2

2+ ion. Thus, in the subsequent experiments, solutions of
pH 4.0 adjusted by the use of an acetate buffer were used.

3.4. Calibration plot and dynamic response time
Fig. 3. Calibration plot of 1 − ˛ against log[UO2
2+] for the proposed optical sensor.
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Table 2
Tolerance ratio (TR) for different interfering ions in the determination of
4.4 × 10−7 M UO2

2+.

Ion TR Ion TR Ion TR

Na+ 521 Sr2+ 147 Fe3+ 47a

Cs+ 474 Mn2+ 156 Al3+ 53
Li+ 598 Cu2+ 125 Ce3+ 41
K+ 403 Zn2+ 118 Cr3+ 46
NH4

+ 261 Co2+ 173 La3+ 31a

Tl+ 360 ZrO2+ 64 Th4+ 21a

Rb+ 271 Ni2+ 98
VO+ 84 Pb2+ 88

T
R

T
P

22 M. Shamsipur et al. / Spectroch

.3 × 10−6 to 2.5 × 10−8 M. The limit of detection (LOD) based on
� of the blank was 8.0 × 10−9 M.

The dynamic response time of the proposed membrane optode
as studied by plotting ˛ as a function of time upon step changing

f the uranyl ion concentration in solution, over a concentration
ange of 8 × 10−8 to 4.0 × 10−6 M. It was found that, over the
ntire concentration range of uranyl ion tested, the optical sensor
esponse reaches its equilibrium value in less than 12 min.

.5. Regeneration, reproducibility, short-term stability and
ifetime

The absorbance signal of the proposed optode membrane was
ot recovered completely when the solution was switched from
igh to low uranyl ion concentrations. However, after immersion
f a used optode membrane for 12–15 min in a 1.0 × 10−3 M solu-
ion of EDTA, the absorbance was found to be fully recovered. By
e-immersion of the recovered membrane in the same uranyl solu-
ion the absorbance was reached to its former value. After 4 times
epeating of this process, the final absorbance of the recovered
embrane reached a value of about 85% of the absorbance of the

riginal membrane.
The reproducibility was examined by preparing 8 different

embranes from the same mixture and measuring the absorbance
f each membrane in a 4.4 × 10−7 M UO2

2+ (three repeated determi-
ations) in acetate buffer solutions of pH 4. The resulting coefficient
f variation was found to be ±2.4%.

The short-term stability of the optical sensor was studied by its
bsorbance measurements in contact with a 4.4 × 10−7 M uranyl
olution at pH 4.0 over a period of 8 h. From the absorbance
easurements after every 30 min (n = 16), it was found that the

esponse is almost complete with only 3.0% increase in absorbance
fter 8 h monitoring.

In addition, it was found that the membrane sensor could be
tored in wet conditions without any measurable changes in its
bsorbance for at least 5 weeks, which implies that the ionophore
nd chromoionophore are quite stable in a membrane contacting
ith water. Thus, the membrane sensor was immersed in an acetate

uffer solution of pH 4.0 when not in use.

.6. Selectivity
For the selectivity investigation, the interference of different
norganic cations on the response of the proposed optical sensor

as examined using a 4.4 × 10−7 M solution of uranyl ion and vari-
ble concentrations of the interfering cations in an acetate buffer

able 3
esults of three replicate determinations of uranyl in different samples.

Sample Amount of UO2
2+ (M)

Added Fo

Spiked tap water (1) 3.0 × 10−7 3.
Spiked tap water (2) 5. 0 × 10−7 4.
Spiked tap water (3) 7. 0 × 10−7 6.
Spiked tap water (4) 9.0 × 10−7 9.
Khoshumi real sample – 3.

able 4
erformance characteristics of some uranyl optodes based on various ionophores.

Active reagents tR (min) LOD (M)

Arsenazo III 20 5.2 × 10−9

TOPO-DBM 8 2.5 × 10−6

Piroxicam-Alizarin <5 6.0 × 10−9

TOPO-PAN 8 8.2 × 10−7

L–DBM <12 8.0 × 10−9
Mg2+ 280 Cd2+ 74
Ca2+ 175 Fe2+ 63

a After addition of 5.0 × 10−4 M of DCTA.

of pH 4.0. The tolerance ratio was defined as the ratio of the con-
centration of interfering ion over the concentration of uranyl ion
that caused a relative error of 5%. The resulting tolerance ratios of
TR = [Mn+]/[UO2

2+] for the interfering ions Mn+ are summarized in
Table 2. It should be noted that some observed interfering effects
of Th4+, La3+ and Fe3+ ions were considerably diminished in the
presence of 5.0 × 10−4 M of DCTA as a proper masking agent [47].

As is obvious from Table 2, the uranyl ion content of solutions
can be selectively determined using the proposed optical sensor
in the presence of excess amounts of the potential interferences
examined. The above results indicated that the proposed uranyl
optical sensor can be applied to the determination of traces of UO2

2+

ion in real samples, in the presence of excess of several other co-
existing cationic species. Such high level of selectivity is critical for
the determination of UO2

2+ in the presence of comparable amounts
of Fe3+ ion in the groundwater and subsurface samples such as ura-
nium mine [9,48], where the interference from Fe3+ ion limits the
application of the organophosphorus compound-based ISEs.

3.7. Analytical applications

The proposed UO2
2+-selective optode was found to work well

under laboratory conditions. It was successfully applied to the
direct determination of uranyl content of the Khoshumi uranium
mine (Yazd, Iran) diluted solution and spiked tap water samples.
The Khoshumi mine concentrated solution was diluted with HCl

and the pH of the final solution was adjusted to pH 4 using an
appropriate acetate buffer. The results were compared with the
data obtained from inductively coupled plasma (ICP) spectrometric
measurements (Table 3). From the data, taken from three replicate
measurements, it is immediately obvious that there is a satisfactory

und by sensor Found by ICP

21(±0.14) × 10−7 3.32(±0.19) × 10−7

45(±0.21) × 10−7 5.12(±0.08) × 10−7

81(±0.31) × 10−7 6.91(±0.17) × 10−7

30(±0.08) × 10−7 9.43(±0.22) × 10−7

63(±0.12) × 10−7 3.71(±0.17) × 10−7

Interferences Ref.

Th4+, Ca2+ [21]
– [22]
Th4+, Cd2+, Cu2+, Ce3+, Zn2+, Ni2+ [23]
Hg2+, Pb2+, Fe3+, Cr3+, Co2+, Ni2+, Mn2+, Ag+, Cd2+ [24]
– This work
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greement between the results obtained by the proposed UO2
2+

on-selective optode and those by ICP.

. Conclusion

The results presented in this paper demonstrated that the
ntrapment of DBM, as a suitable lipophilic chromoionophore, and
he benzo-substituted macrocyclic diamide L, as a highly selec-
ive uranyl ionophore, in a plasticized-PVC-membrane could result
n a stable, selective and sensitive optical sensor for UO2

2+ ion.
comparison of the performance characteristics of the devel-

ped uranyl optode with those of the previously reported ones
21–24] (Table 4) revealed that the proposed sensor possesses some
mprovements over the existing bulk optodes for uranyl ion with
espect to response time, limit of detection and, especially, selec-
ivity. Satisfactory results were obtained from the application of
he proposed sensor to the direct determination of uranyl content
f the Khoshumi uranium mine (Yazd, Iran) diluted solution and
piked tap water samples.
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