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Abstract Novel lead-selective polymeric membrane sensors
were prepared based on the use of 2,2′-(quinoxaline-
2,3-diyl bis (azanediyl)) dibenzoic acid (sensor I) and
N′-(3-chloroquinoxalin-2-yl) nicotinohydrazide (sensor
II) as novel synthetic neutral carrier ionophores embed-
ded in a plasticized poly(vinyl chloride) (PVC) matrix.
The sensors displayed near-Nernstian cationic slope of
35.3 and 37.18 mV/decade over the concentration
range 7.0 × 10−6–1.0 × 10−3 and 4.0 × 10−6–
1.0 × 10−3 M at pH 5 with lower detection limits of
4.7 × 10−6 and 1.8 × 10−6 M for sensors (I) and (II),
respectively. The influence of anionic additive on the
potentiometric responses of the prepared membrane
sensors was studied. The selectivity studies showed
high selectivity towards Pb(II) ions over large number
of other cations for all the proposed sensors. Formal
complex formation constants of the ionophores with
Pb(II) and a series of interfering cations have been
determined in the organic membrane phase. The formal
complex formation constants found are in excellent
agreement with those determined by potentiometric se-
lectivity measurements. The sensors were subjected to
lead assessment in biological fluid samples either in
static and flow-through mode of operations. The results
obtained agree fairly well with data obtained by atomic
absorption spectrometry (AAS).
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Introduction

Controlling the levels of environmental pollutants in natural
waterways and drinkable water has created enhanced attention
and high significance in the production of new sensors for the
assessment of heavy metals [1]. Heavy metals have been a
dangerous and complex problem and have stayed a focus of
interest all over the world [2]. Lead is considered as one of the
highly toxic chemicals that show dangers on human’s health.
It has cardiovascular effects, renal disease, neurologic dam-
age, and reproductive toxicity [3]. Continuous exposure to
lead causes toxic effects to the brain, blood, nervous system,
and reproductive system. In young children, a collection of
lead causes brain damage and mental retardation. Lead also
has the ability to replace calcium in bone to form sites for
long-term release. Assessment of accumulation, deficiency,
and concentration of low levels of lead in biological and en-
vironmental samples requires sensitive, reproducible and ac-
curate analytical techniques [4, 5].

Several of analytical methods are highly desirable for lead
determination but most of these techniques are time consum-
ing, too expensive for most analytical laboratories, and de-
mand the very specific sample preparation [3, 6]. Several an-
alytical techniques have been used to determine lead including
gas chromatography [7–11], high-performance liquid chroma-
tography (HPLC) [12–15], mass spectrometry [16–20], and
spectrophotometry [21–23]. Electroanalytical methods are
the most suitable for direct quantification of many ions and
are used in routine analysis in many fields, due to their high
sensitivity and selectivity in their responses [24–27]. Among
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the electrochemical methods, potentiometric sensors possess
wide concentration range, fast analysis time, ability of mea-
surement in colored or turbid solutions, high sensitivity and
suitable accuracy, and also cost-effectiveness [28, 29]. In the
literature, many attempts have been cited to develop many
potentiometric sensors for lead assessment [30].

The development of neutral carrier-based potentiometric
sensors offered a possibility of enhancing the selectivity to-
wards lead ions over various interfering cations and decreas-
ing the detection limit. Decades passed since the development
of the first plastic membrane with ionophore [31]. Since then a
great number of lead ionophores was synthesized and charac-
terized in potentiometric electrodes [32–34]. The main groups
of these compounds recognized as lead-selective ionophores
are crown ethers [35–37], calixarenes [32, 38–40], 2,6-bis-
pyridinecarboximide derivatives [41], Schiff base derivatives
[42–44], and dioxamides [45, 46]. Due to environmental re-
strictions towards distributions of selected heavy metals like
lead, the research in the field of synthesis and characterization
of compounds as novel lead (II)-selective ionophores is
vibrant.

The novelty of the present work depends on the investiga-
tion and the use of newly synthesized quinoxaline derivatives
as a neutral carrier type ionophore in polymeric membranes.
The feasibility of employing the above quinoxaline derivative
as carrier for lead is characterized and its potentiometric re-
sponse in terms of linear range, lower limit of detection, slope,
time response, and selectivity over common organic and inor-
ganic cations is described. The sensors were also introduced
as detectors in a flow-through manifold for automatic lead
quantification. They were also applied for the assessment of
lead in biological fluid samples and lead alloy samples using
potentiometric determination, standard addition and the cali-
bration curve methods under static and hydrodynamic mode
of operations.

Material and methods

Apparatus

All potentiometric measurements were performed at ambient
temperature with an Orion digital pH/mV meter (model SA
720), using lead PVC membrane sensors in conjunction with
an Orion Ag/AgCl double junction reference electrode
(type 90-02) filled with 10% (m/v) KNO3 solution in
the outer compartment and Ross glass pH combination
electrode (Orion 81-02) was used for all pH measure-
ments. The potential signals were measured for stirred
Pb(II) solutions using the following electrochemical cell:
Ag/AgCl/10−2 M Pb(II)/membrane/sample test solution/
double junction Ag-AgCl reference electrode.

Reagents and chemicals

All reagents used were from analytical grade and double-
distilled water was used for all subsequent solution prepara-
tions. High molecular weight poly(vinyl chloride) (PVC),
dioctyl phthalate (DOP), tetrahydrofuron (THF),
tetramethylammonium chloride (TMAC), and potassium
tetrakis-[3, 5-bis(trichloromethyl)phenyl]borate (KTClPB)
were purchased from Fluka (Ronkonkama, NY). Metal
nitrates, chlorides, and sulfate were of the highest purity
available. 2,3-Dichloroquinoxaline, anthranilic acid,
tridodecylmethylammonium chloride (TDMAC), and
isonicotinic hydrazide were purchased from Sigma-
Aldrich (St. Louis, MO).

Acetate buffer 10−2M of pH 5was freshly prepared and the
ionic strength was adjusted with 5 × 10−2 M KNO3. A 10−2 M
stock solution of Pb(NO3)2 was freshly prepared. Working
solutions (10−7–10−2 M) were prepared from nitric acid then
accurate dilutions.

Synthesis of the ionophores

To a solution of 2,3-dichloroquinoxaline (1.97 g, 1 mmol) in
ethanol (20 mL), the appropriate amine (isonicotinic hydra-
zide and anthranilic) (1 mmol) was added and the reaction
mixture was heated under reflux for 4 h. The solution
is then left to cool to room temperature. The precipitate
was collected by filtration and re-crystallized from ap-
propriate solvent. A schematic representation for the
synthesis pathway is illustrated in Fig. 1.

Membrane preparation and potential measurements

The membranes are generally prepared by incorporating
10 mg of each ionophore with 350 mg of the plasticizer
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Fig. 1 Schematic route for the synthesis of the ionophores
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DOP and 190 mg PVC in PVC with the aid of 4 mL tetrahy-
drofuran. The solution mixture was poured mixture into a 5-
cm Petri-dish and the solvent is allowed to evaporate, leaving
a tough flexible membrane with the components trapped in the
PVC matrix. Discs of appropriate diameter are cut from the
Bmaster membrane^ and cemented to the flat end of a PVC
tubing using THF. The tube was filled with 10−2 M Pb(NO3)2
as internal solution and a 3-mm-diameter Ag/AgCl-coated
wire was used as an internal reference electrode. Sensors were
conditioned by soaking in 10−2 M aqueous lead ion solutions
for 24 h before use and were stored in Pb(II) solutions when
not in use.

Sensors were calibrated by their immersion into a 25-mL
beaker containing 10 mL of 1.0 × 10−2 M acetate solution of
pH 5 in conjunction with an Ag/AgCl double junction refer-
ence electrode. An aliquot (0.5–1.0) mL of 10−6–10−2 M stan-
dard Pb+2 solutions were successively added and the potential
response of the stirred solutions was measured after stabiliza-
tion to ±0.2 mV. A calibration was building up by plotting the
EMF reading against the logarithm of Pb+2 concentrations.

For flow-through measurements, the flow cell used for of
Pb+2 monitoring was designed to accommodate small sensor
size. The membrane solution was prepared as previously men-
tioned above. The solution was deposited using a
microdropper into a hole (3 mm wide) made in the middle
of a 5-cm Tygon tube, then the solution was allowed to evap-
orate. The tube was then inserted into a pipette tip which was
closed to prevent leakage of the internal reference solution.
This design is to avoid large consumption of the sample and to
give high response with short recovery time. The sensor was
inserted into the flow injection system and 10−2 M acetate
buffer, pH 5, was used as a carrier solution at a flow rate of
5.0 mL/min. The electrode was placed at a distance about
30 cm from the injection valve and in a conjunction with a
double junction Ag/AgCl reference electrode. The electrode
was calibrated by injection of Pb(II) ions standard solutions
through a valve loop of about 200 μL volume. After the base-
line was reached, the potential signals were recorded using the
data. The average potentials at maximum heights were plotted
against log [Pb(II)].

Determination of formal stability constants

The formal stability constants between the two ionophores
and common transition elements including lead (II) were eval-
uated as that shown above for ISEmeasurements, as described
in detail in reference [47]. For this purpose, two plasticized
PVCmembranes (the first one based on (KTClPB) (0.5 wt%),
o-NPOE (66.1 wt%), and PVC (33.4 wt%)) only and the sec-
ond one containing the given ionophore (1.73 wt%) and the
same amount of (KTClPB) (0.5 wt%), o-NPOE (66.1 wt%),
and PVC (33.4 wt%) were prepared. A series of membrane
discs were then cut and glued with THF/PVC slurry to

plasticized PVC tubing. These discs were conditioned over
2 days in 10−2 mol L−1 solution of appropriate salt
[Cu(NO3)2, Zn(NO3)2, Hg(NO3)2, or Fe(NO3)3]. To deter-
mine the stability constants for a given ionophore and a given
cation, two cell EMF measurements, one for a membrane
without ionophore and then for the two sandwiched mem-
branes were carried out. The sandwiched membrane was
made after drying of individual membranes, by attaching of
the membrane with ionophore to the ionophore-free mem-
brane. The segmented membrane was then mounted into elec-
trode body (membrane with ionophore facing the sample so-
lution) and immediately immersed into an appropriate salt
solution (identical as that used for conditioning of the mem-
brane). The potential was recorded as the mean EMF value
over the last minute of a 5-min measurement period. The
change in membrane potential values (EM) were calculated
by subtracting the cell potential measured for a membrane
without ionophore from the potential when the sandwiched
membrane configuration was used. The formation constants
were calculated according to Eq. (1) [47].

βIL ¼ LT−nRT

.
Z i

� �−n
exp EMZ iF

.
RT

� �
ð1Þ

where LT is the concentration of ionophore in the membrane,
RT is the concentration of anionic additives in the membrane,
and n is the stoichiometric ratio between Pb(II) and the iono-
phore (i.e., n = 1).

Lead assessment in biological fluids

Aliquots of human serum (∼3.0 mL) were transferred to
10 mL polypropylene sample tubes. A 9-mL portion of ace-
tonitrile was added, thoroughly mixed, and left for 5 min be-
fore being centrifuged at 1000 rpm. The supernatant liquid
was transferred to a 50-mL beaker and then completed to
25 mL by 10−2 M acetate buffer at pH 5 and used for batch
lead measurements. The lead sensor and reference electrode
were immersed to 10 mL of 10−2 M acetate buffer (pH 5) after
adding successive aliquots of the spiked serum solutions. The
potential readings were measured after reaching the equilibri-
um response. The concentration of Pb2+ ions added was cal-
culated using a calibration graph.

Lead quantification in alloys

A 0.3-g portion of a Pb/Sn alloy samples were transferred to a
25-mL beaker. A 5–10-mL aliquot of (1:1) nitric acid was
added and the beaker was placed on a hotplate inside a fuming
hood until the alloy is completely dissolved. The sample so-
lution was allowed to cool and diluted with 0.01 M acetate
buffer (pH 5) to a 25-mL volumetric flask. In 10 mL of the
sample, the lead sensor in combination with the reference
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electrode was immersed in the solution. The potential readings
weremeasured after reaching the equilibrium response and the
concentration of lead ions in the alloy was calculated using the
constructed calibration graph.

Results and discussion

Elucidation of ionophores structures

2,2′-(quinoxaline-2,3-diyl bis (azanediyl)) dibenzoic acid
(ionophore I) Yield 88%; brown crystals; m.p. >300 °C
(EtOH); IR (max/cm−1): 3285, 3225, 3149, 3110 (OH and/or
NH), 1687 (C=O) (chelated), 1597, 1570, 1539 (C=N and/or
C=C), 745 (δ4H) cm

−1; 1H-NMR (400 MHz, DMSO-d6):
δ7.10–9.38 (m, 12H, Ar-H), 11.98 (br.s, 2H, NH, exchange-
able), 12.47 (br.s, 2H, OH, exchangeable); MS m/z: 400 [M+]

(2), 299 (9), 267 (10), 256 (20), 254 (38), 246 (28), 239 (10),
137 (16), 111 (16), 98 (40), 85 (24), 77 (28), 57 (83), 43 (100);
anal. calcd % for C22H16N4O4 (400.39): C, 66.00; H, 4.03; N,
13.99; found%: C, 66.02; H, 3.98; N, 13.90.

N′-(3-chloroquinoxalin-2-yl) nicotinohydrazide (iono-
phore II) Yield 88%; brown crystals. m.p. over 300 °C
(EtOH); IR (max/cm−1) : 3190, 3147(NH), 3049
(CHaryl),1643 (C=O), 1611 (C=N), 1549, 1504 (C=C), 850
(δ2H), 748 (δ4H) cm

−1; 1H-NMR (300 MHz, DMSO-d6):
δ7.12–8.82 (m, 8H, Ar-H), 8.26 (br.s, 1H, NH, exchangeable),
11.02 (br.s,1H,NH-CO), MS m/z: 300 [M+1] (56), 298 (49),
297 (58); anal. calcd % for C14H10ClN5O (299.72): C, 56.10;
H, 3.36; N, 23.37; found%: C, 56.42; H, 3.66; N, 23.52%.

Sensors characteristics

Two quinoxaline derivatives (Fig. 1) were prepared and ex-
amined as novel neutral carriers for Pb(II) ions in PVC matrix
membrane sensors. The membrane composition was 34 wt.%
PVC, 64 wt.% plasticizer, and 2 wt.% ionophore. Five mem-
brane sensors for each ionophore were prepared and evaluated
during 6 months according to IUPAC recommendations [48].
Sensors incorporating ionophores (I) and (II) revealed a strong
response towards lead ions. Results of triplicate measurements
showed a potentiometric response with near-Nernstian slope
of 35.3 ± 0.9 and 37.18 ± 0.3 mV/decade (r2=0.9997), with
linear range 7.0 × 10−6–1.0 × 10−3 and 4.0 × 10−6–
1.0 × 10−3 M and a detection limit of 4.7 × 10−6 and
1.8 × 10−6 M for sensors incorporating ionophores (I) and
(II), respectively. Potentiometric response of these sensors is
shown in Fig. 2. Addition of 0.5 wt.% anionic additive (Na-
TPB) to ionophores (I) and (II) significantly improved the
detection limit from 4.7 × 10−6 to 8.0 × 10−7 M and 1.8 ×
10−6 to 6.0 × 10−7 M and increased the calibration slope from
35.3 ± 0.9 to 39.4 ± 1.1 and 37.2 ± 0.3 to 43.9 ± 0.7 mV/
decade, respectively. The general response characteristics of
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Fig. 2 Calibration plot of sensors based on ionophores (I) and (II) in
0.01 M acetate buffer at pH = 5

Table 1 Potentiometric response characteristics of Pb(II) membrane-based sensors

Parameters Sensor I Sensor I + TPB Sensor II Sensor II + TPB

Slope, mV/decade 35.3 ± 0.8 39.4 ± 1.1 37.2 ± 0.7 43.9 ± 0.7

Correlation coefficient, r2 0.9997 0.9945 0.9982 0.9985

Linear range, M 7.0 × 10−6–1.0 × 10−3 1.0 × 10−6–1.0 × 10−3 4.0 × 10−6–1.0 × 10−3 5.0 × 10−6–1.0 × 10−3

Detection limit, M 4.7 × 10−6 8.0 × 10−7 1.8 × 10−6 6.0 × 10−7

Working range, pH 4.0–6 4.0–6 4.5–6 4.5–6

Response Time, (s) <20 <20 <20 <20

Life span, (week) 8 8 8 8

Standard deviation, σv (mV) 0.9 0.8 1.2 1.1

Accuracy, (%) 99.4 99.3 99.5 98.8

Precision, CVw (%) 0.8 1.1 0.7 1.2
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the sensors with and without the anionic additive are presented
in Table 1.

For checking the dependence of pH on the proposed sen-
sors, potential-pH curves at various lead concentrations
(10−3–10−4 M) were constructed. For all sensors, the poten-
tials were stable and practically unaffected by pH alterations
over the working pH range 4.0–6.0 and 4.5–6.0 for sensors I
and II, respectively (Table 1). Above pH 7, the potentials
displayed by the electrode systems sharply decrease due to
the precipitation of Pb2+ ions. At pH < 4, interferences from
H+ ions are significant with subsequent increasing in the po-
tential response. All subsequent potentiometric measurements
of lead ions were made in 10−2 M acetate buffer background
of pH 5.0.

The dynamic time response for sensors based on ionophore
(I) to reach ∼95% of equilibrium response was ∼20–30 s for
10−3–10−5 M Pb(II) and ∼10 s for >10−6 M. Ionophore (II)-
based membrane sensor reached its equilibrium response
within 30 s for >10−4 M Pb(II) and 10 s for >10−5 M Pb(II).
Potential stability was monitored over a period of 1 month to
detect any change of the internal reference solution and its
effect on the response. Response time for the proposed sensors
is shown in Fig. 3.

Response of neutral carrier membranes

A simplest model of a neutral carrier membrane
inserted between two electrolytic solutions is presented
in Fig. 4. It is evident that lead ions are taken up by
the membrane containing either ionophore (I) or (II).
The distribution of Pb(II) ions (I+z) between the out-
side solution and the respective complexes in the mem-
brane can be fully characterized by overall distribution
coefficients K′i,n and K″i,n.

K
0
i;n ¼ kiCiL;n 0ð Þ=Ci 0ð Þ ¼ βis;nki CL 0ð Þ½ �n ð2Þ

K″
i;n ¼ kiCiL;n dð Þ=Ci dð Þ ¼ βis;nki CL dð Þ½ �n ð3Þ

where βiL,n is the stability constant of the complex ILn
z+ in the

membrane (βis,0= 1),CiL,n is the concentration of the complex
ILn

z+ in the membrane, and CL is the concentration of the free
ionophore L in the membrane. Apparently, the response of cor-
responding sensors towards lead ions, reflecting the relative mo-
bilities or permeabilities of participating lead ion, forms over
other ions present in the solution. Perm-selectivity for lead cation
of the electroneutral membranes is predominant because the mo-
bility of accompanying anions is very low as compared to the
mobility of Pb(II) ions towards the organic membrane.

For neutral carrier-based sensors, introduction of ionic sites
in the membrane bulk are not only necessary for obtaining
Nernstian responses but also beneficial for various aspects,
i.e., to improve the selectivity, to decrease the membrane re-
sistance, and to reduce the interference from lipophilic
counter-ions [49]. The enhancement of slope response and
decrease in detection limit after addition of ionic sites in the
membrane can be explained in which the ionophores exhibit
strong affinity towards Pb2+ ions to create positively charged
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complexes in the membrane phase. These cationic complexes
are stabilized by the presence of lipophilic anionic sites.

Potentiometric selectivity

Ionophores are important in controlling selectivity of mem-
brane electrodes. Selectivity of membrane electrode is con-
trolled by binding constant between ions and ionophore
[50]. The selectivity coefficient of the sensors was defined
by its relative response for the essential ion in presence other
ions present in the solution [3]. The potentiometric selectivity
coefficients (KPb

2+,B
Pot) of lead sensors were evaluated using

the separate solution method (SSM) [51], using Eq. (4):

Log K ¼ EPb−E j=slopeþ 1þ Zi=Z j
� �

log Pb2þ
� � ð4Þ

where Zj is the charge of the interfering ion and Ei, Ej are the
potential values of Pb2+ and interfering ions, respectively. As
shown in Table 2, the lead sensors based on ionophores (I) and
(II) exhibit selectivity coefficients for Pb(II) ion over a large
number of common cations. The selectivity order for

ionophore (I) membrane-based sensor was as follows: Pb+2

> > Fe3+ > Cr3+ > Fe2+ > Ca2+ > Hg2+ = Mg2+ > Co2+ >
Zn2+ > Ni2+ > Ba2+ > Cu2+ > Li+ > Na+. For ionophore (II)
membrane-based sensor, the selectivity order was as follows:
Pb2+> > Fe3+ ∼ Cr3+ > Hg2+ > Mg2+ > Co2+ > Fe2+ > Ca2+ >
Ni2+ ∼ Zn2+ > Ba2+ > Cu2+ > Li+ > Na+. For ionophore (I)-
based membrane sensor doped with TPB− as an anionic addi-
tive, the selectivity behavior of the sensor was in the following
order: Pb+2> > Fe3+ > Fe2+ > Cr3+ > Hg2+ > Ca2+ > Mg2+ >
Zn2+ > Co2+ > Ni2+ > Ba2+ > Cu2+ > Li+ > Na+. For ionophore
(II)-based membrane sensor doped with TPB− as an anionic
additive, the selectivity behavior of the sensor was in the fol-
lowing order: Pb+2> > Fe3+ > Cr3+ > Hg2+ > Fe2+ > Mg2+ >
Zn2+ = Co2+ > Ca2+ > Ni2+ > Ba2+ > Cu2+ > Li+ > Na+. This
selectivity order indicates a preferred interaction between the

Table 2 Potentiometric
selectivity coefficients
(logKPb2 + , j) of lead membrane
sensors

Interfere, J log KPb2 + , j

Ionophore (I) Ionophore (II) Ionophore (I) + TPB Ionophore (II) + TPB

Zn2+ −4.66 −4.29 −4.64 −4.01
Na+ −7.58 −7.29 −7.61 −7.31
Li+ −7.42 −6.75 −7.02 −6.80
Ca2+ −4.30 −4.09 −4.21 −4.20
Ba2+ −4.86 −4.38 −4.90 −4.44
Cu2+ −5.20 −4.64 −5.01 −4.87
Ni2+ −4.84 −4.22 −4.82 −4.33
Mg2+ −4.54 −3.67 −4.61 −3.87
Cr3+ −3.53 −2.81 −4.02 −2.93
Co2+ −4.59 −3.88 −4.77 −4.01
Hg2+ −4.54 −3.53 −4.11 −3.22
Fe2+ −3.73 −3.95 −3.54 −3.65
Fe3+ −2.11 −2.80 −2.32 −2.41

Table 3 Ionophore complex formation constants estimated using the
segmented sandwich membranes method

Ion I+ Formation constant log βILn

Ionophore I Ionophore II

Pb2+ 11.5 ± 0.06 9.8 ± 0.12

Cu2+ 4.2 ± 0.03 4.15 ± 0.08

Zn2+ 4.3 ± 0.08 4.1 ± 0.01

Hg2+ 4.8 ± 0.06 5.4 ± 0.05

Fe3+ 7.3 ± 0.04 6.8 ± 0.03
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proposed ionophores and Pb2+ ions as comparison with other
cations. It could be noticed in Table 2 that lead sensors based
on ionophore (I) exhibited better selectivity than those based
on ionophore (II). This can be attributed to the presence of
carboxylic group near from the -NH- group that could en-
hance the binding stability of the ionophore towards Pb2+

ions.
It is well established that the observed selectivity of

polymeric membrane ISEs is greatly influenced by the
formation constants of ion–ionophore complexes in the
organic membrane phase. The segmented sandwich
method [47] enables the estimation of ion–ionophore
stability constants within the same PVC/plasticizer ma-
trix employed to fabricate the ISE. The values of the
formation constants (β) for most common heavy metals
with the proposed ionophores in o-NPOE plasticized
membranes are presented in Table 3.The data obtained
of the formal stability constants agree well with the data
of selectivity.

Flow injection

Flow-through analysis using potentiometric sensors
showed high advantages such as low cost, simple

instrumentation, and automation. In addition, the tran-
sient nature of the signal in flow injection analysis is
help to overcome the effects of interfering ions if the
electrode’s response to the target analyte is faster than
those interfering ions [52]. A tubular type detector in-
corporating ionophore (I) was prepared and used under
hydrodynamic mode of operation for continuous Pb+2

quantification. A triplicate transient peaks were obtained
from the flow injection analysis system under optimal
experimental conditions and are shown in Fig. 5. A
linear relationship between Pb+2 concentrations and
FIA signals was obtained from a concentration range
1.0 × 10−6 to 1.0 × 10−3 M using 0.01 M acetate buff-
er, pH 5 as a carrier at a flow rate of 5 mL/min, with
an injected volume 200 μL. The slope of the calibration
plot under FIA mode was near-Nernstian (15.3 ± 1.9
mV/decade) with a detection limit 1.0 × 10−6 M.
Table 4 shows the general response characteristics of
sensor (I)-based PVC membrane detector under a flow-
through mode of operation.

Analytical applications

Determination of Pb(II) in biological fluid

Application of the proposed method for quantification
of lead in biological fluid was tested by spiking aliquots
of serum samples with a known standard of lead in 1.0
× 10−2 M acetate buffer at pH 5. Results under the
static mode of operation showed an average recovery
of 95.6 and 94.7% with a relative standard deviation
of 0.9 and 1.1% for ionophores (I) and (II) membrane-
based sensors, respectively. Results obtained for deter-
mination of lead (II) in spiked human serum samples
are listed in Table 5. The good agreement between the
added and found lead content in the samples demon-
strates the applicability of the sensor for routine analysis
without a prior sample treatment.

Table 4 Response characteristic of ionophore (I) membrane-based sen-
sor under FI operation

Parameter Sensor I

Slope (mV/decade)a 15.3 ± 0.9

Correlation coefficient, r 0.999

detection limit (μg/mL)a 10−6

Limit of linear range (M) 10−3–10−6

Optimum flow rate (mL/min) 5.0

Life span (week) 6

Response time (s) <5

Output, sample/h 35∼40

aAverage of six measurements

Table 5 Determination of Pb(II) in biological samples using lead membrane-based sensor

Sample Added, mol /L Sensor I Sensor II Sensor I + TPB Sensor II + TPB

Found, mol /L Recovery, % Found, mol /L Recovery, % Found, mol /L Recovery, % Found, mol /L Recovery, %

Pb+2 5.37 × 10−5 5.12 × 10−5 95.3 5.12 × 10−5 95.3 5.27 × 10−5 98.1 5.15 × 10−5 95.9

9.77 × 10−5 9.26 × 10−5 94.7 9.12 × 10−5 93.3 9.57 × 10−5 97.9 9.43 × 10−5 96.5

5.12 × 10−4 4.89 × 10−4 95.5 4.89 × 10−4 95.5 5.11 × 10−4 99.8 5.02 × 10−4 98.0

8.91 × 10−4 8.51 × 10−4 95.5 8.31 × 10−4 93.2 8.88 × 10−4 99.6 8.74 × 10−4 98.1

4.57 × 10−3 4.46 × 10−3 97.5 4.46 × 10−3 97.5 4.37 × 10−3 95.6 4.32 × 10−3 94.5

8.51 × 10−3 8.12 × 10−3 95.4 8.12 × 10−3 95.4 8.21 × 10−3 96.4 8.34 × 10−3 98.0
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Determination of Pb in alloy containing lead and tin

A certain weight of tin and lead alloy (0.04 g) with concen-
trated nitric acid, leaving a full day until completely dissolved
and then complement to 100 mL of 10−2 M acetate buffer at
pH 5. The lead (II) solution was measured by direct
potentiometry using ionophore (I) and (II)-based membrane
sensors. The results showed an average Pb content of 34.3 ±

0.2 (w/w) of the alloy. Similar results were obtained using
atomic absorption spectrometry (i.e., 31.1 ± 0.5 w/w).

Conclusions

Novel synthetic quinoxaline derivatives ionophores are pre-
pared, characterized, and used for construction of Pb(II) PVC

Table 6 Performance features of some potentiometric lead membrane sensors based on neutral ionophores

Ionophore Range, M Slope, mV/
decade

Detection
limit, M

Interfering ion, log K Ref.

Crown ether
derivatives

1 × 10−6–1 × 10−2 30 25.5 Ag+ (+0.17), Ni2+ (−1.36), La3+, Fe3+, Na+, K+ [35]

3 × 10–0.6–2.5 ×
10−3

– 2 × 10−6 Na+, K+, Li+, Mg2+, NH4
+ (NR) [36]

1 × 10−6–1 × 10−2 58 10–6.5 K+, Tl+, Ag+, NH4
+ [37]

Calixarene derivatives 1 × 10−6–1 × 10−2 30 6 × 10−7 Ca2+(−3.1), Cd2+(−2.1), Zn2+(−2.8), Co2+(−2.8), Cu2+(−2.3),
Mg2+(−3.3), Mn2+(−3.1), Al3+(−2.6), Fe3+(−2.4), Cr3+(−2.3),
K+(−2.2), Na+(−2.5), Ag+ (−2.0), Ni2+(−2.2), Hg2+(−1.5),
Ba2+(−3.9), Sr2+(−3.7)

[32]

1 × 10−6–1 × 10−3 25.5 1 × 10−6 Na+, K+, Cu2+, Ca2+, Cd2+ (NR) [38]

1 × 10−5–1 × 10−2 29.5 1 × 10−6 K+(+0.36), Na+(−1.04), Ag+ (+16.31), Hg2+(+3.26), Ca2+ (−1.1),
Cu2+ (−0.74)

[39]

1 × 10−5–1 × 10−2 28.0 1.4 × 10−6 Th4+ (0.0), Sm3+ (−0.3), Ca2+ (−0.6), Dy3+ (−0.7), La3+ = Y3+

(−0.8), Ag+ (−0.9), Cd2+ (−1.3), Zn2+ (−1.6), Mn2+ (−1.7), NH4
+

(−2.2)

[40]

2,6 Bis
pyridine--
carboxamide
derivatives

9 × 10−6–1 × 10−2 21.6 4.4 × 10−6 Li+ (−4.12), Na+ (−3.70), K+ (−4.11), Ca2+ (−1.91), Cu2+ (−1.99),
Cd2+ (−1.94), Ag+ (−2.89), Hg2+ (−1.5)

[41]

5.8 × 10−5−1 × 10−2 33.1 1.8 × 10−5 Li+ (−3.40), Na+ (−3.41), K+ (−3.50), Ca2+ (−1.45), Cu2+ (−1.06),
Cd2+ (−1.61), Ag+(−2.89), Hg2+ (−1.00)

4 × 10−6−1 × 10−2 25.0 2.1 × 10−6 Li− (−3.83), Na+ (−4.24), K+ (−3.83), Ca2+ (−2.14), Cu2+(−2.03),
Cd2+ (−2.17), Ag+ (−2.25), Hg2+ (−2.10)

Schiff base derivatives 5.0 × 10−6–0.1 29.4 2.0 × 10−6 Ca2+ (−3.9), Cd2+ (−2.9), Zn2+ (−2.2), Co2+ (−3.1), Cu2+ (−2.8),
Mg2+ (−3.1), Mn2+ (−2.9), Al3+ (−2.5), Fe3+ (−2.2), Cr3+ (−3.5),
K+ (−2.2), Na+ (−2.3), NH4

+ (−2.1), Ni2+ (−2.9)

[42]

8 × 10−6–1 × 10−1 29.4 9 × 10−7 Cu2+ (−2.7), Ba2+ (−3.1), Cd2+ (−3.6), Sr2+ (−3.8), Zn2+ (−4.1),
Ca2+ (−4.1), Co2+ (−4.2), Mn2+ (−4.8), Mg2+ (−4..9), Na+ (−2.5),
K+ (−2.2), Rb+ (−2.5), Cs+ (−2.6), Ag+ (−2.2).

[43]

5.0 × 10−6–1.0 ×
10−1

28.9 5.0 × 10−6 Ni2+ (−2.9), Cu2+ (−1.7), Cd2+ (−1.9), Cr3+ (−2.4), Hg2+ (−2.8),
Zn2+ (−3.8), Co2+ (−2.6), Ca2+ (−3.6), Mg2+ (−2.4), Bi3+ (−3.6),
Na+ (−4.1), Sr2+ (−3.2), Al3+ (−2.7), Fe3+ (−2.6)

[44]

Dioxamide 1.3 × 10−2–3.6 ×
10−6

29.7 2.0 × 10−6 Ni2+ (−2.0), Co2+ (−3.4), Sr2+ (−2.4), Cu2+ (−2.2), Ba2+ (−1.6), Zn2+

(−2.1), Mg2+ (−2.8), Cd2+ (−2.4), Ca2+ (−2.3)
[45]

1 × 10−6–8.4 × 10−3 31.9 NR Hg2+ (−1.6), Fe2+ (−1.67), Cd2+ (−2.1) [46]

Ionophore I 7 × 10−6–1 × 10−3 35.3 4.7 × 10−6 Zn2+ (−4.66), Na+ (−7.58), Li+ (−7.42), Ca2+ (−4.3), Ba2+ (−4.86),
Cu2+ (−5.2), Ni2+ (−4.84), Mg2+ (−4.54), Cr3+ (−3.53), Co2+

(−4.59), Hg2+ (−4.54), Fe2+ (−3.73), Fe3+ (−2.11)

This
work

Ionophore I + TPB 1 × 10−6–1 × 10−3 39.4 8.0 × 10−7 Zn2+ (−4.29), Na+ (−7.29), Li+ (−6.75), Ca2+ (−4.09), Ba2+ (−4.38),
Cu2+ (−4.64), Ni2+ (−4.22), Mg2+ (−3.67), Cr3+ (−2.81), Co2+

(−3.88), Hg2+ (−3.53), Fe2+ (−3.95), Fe3+ (−2.80)
Ionophore II 4 × 10−6–1 × 10−3 37.2 1.8 × 10−6 Zn2+ (−4.64), Na+ (−7.61), Li+ (−7.02), Ca2+ (−4.21), Ba2+ (−4.90),

Cu2+ (−5.01), Ni2+(−4.82), Mg2+ (−4.61), Cr3+ (−4.02), Co2+

(−4.77), Hg2+ (−4.11), Fe2+ (−3.54), Fe3+ (−2.32)
Ionophore II + TPB 5 × 10−6–1 × 10−3 43.9 6.0 × 10−7 Zn2+ (−4.01), Na+ (−7.31), Li+ (−6.8), Ca2+ (−4.2), Ba2+ (−4.44),

Cu2+ (−4.87), Ni2+ (−4.33), Mg2+ (−3.87), Cr3+ (−2.43), Co2+

(−4.01), Hg2+ (−3.22), Fe2+ (−3.65), Fe3+ (−2.41)

NR not reported
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membrane sensors. The membrane sensors exhibited a wide
linear concentration range of 4.0 × 10−6–1.0 × 10−3 M and
showed fast response times. Moreover, they exhibited en-
hanced response to wards Pb2+ ion over a wide range of other
common heavy metal cations. A comparison with other lead
sensors based on potentiometric transduction [32, 35–46]
shown in Table 6 indicated better selectivity of the present
sensors especially in the presence of Hg2+, Cu2+, Zn2+, Cr3+,
Co2+, Ni2+, Fe2+, and Fe3+ ions. The sensors are used for
determining lead in biological fluids and in Pb/Sn alloys.
Application of membrane electrodes was also applied for
FIA monitoring of Pb+2 in different samples.
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