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107°-1.00 x 107 M for sensors A and B, respectively, as well as short response time (ca. 3-
5 s) with distinct selectivity toward Cu(II) over the other cations and applicability over
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= INTRODUCTION element, exposure to high levels of copper is associated

Copper is one of the trace metals essential to all with gastrointestinal disturbances, Wilson disease

. . . . f h ion, iti .
organisms. Plants and animals need it even in small symptoms of hypertension, and - dermatitis  [7]

amounts for the proper function of the body. For Compounds of - copper are utilized in - various

example, in an average 70 kg human, the mass of copper applications such as fungicides, insecticides, and wood

element is 72 mg and plays several crucially important preservatives [8], which make liability for exposure for
biological roles: electron transfer systems in blue copper

proteins; O; storage and transport in hemocyanin and Cu

many people.
Advanced analytical methods requiring expensive

transport proteins ceruloplasmin [1]. Copper is mainly instrumentation are reported to determine copper(II)

obtained from food such as liver and nuts and whole grain (Cu(l) in various matrices at trace levels. These

products [2]. The Institute of Medicine recommended 10 methods are neutron activation analysis [9], X-ray
mg per day as an upper intake [3-5]. Copper deficiency

results in health problems such as anemia, growth

fluorescence [10], pulse polarography [11], inductively
coupled plasma emission spectrophotometry (ICP-ES)
[12], graphite furnace atomic absorption

retardation, heart failure, and  gastrointestinal
spectrophotometry (GF-AAS) [13], and flame atomic

disturbances [6]. Despite being a moderately toxic
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(FAAS) [14-16]. These
analytical techniques are highly sensitive and selective,

absorption  spectrometry
but they are quite expensive for developing countries.
Also, they require well-qualified laboratory personnel and
superior laboratory equipment. In addition, many of the
reported methods have some shortcomings, such as the
availability of sophisticated instruments, time-consuming
operation, tedious work, multi-step processes for pre-
concentration of the analyte, and low selectivity with
more serious interference problems [17].

The potentiometric analysis is the most often used
analytical procedure for analysis for it is simple, many
ligands have been used to determine Cu(II) [18-22].
However, these procedures have various limitations, such
as a high limit of detection, a narrow range, or
interferences from many ions. Modified carbon paste
(MCPE)
properties. Being chemically inert, robust, easy to prepare

electrodes have attractive characteristic
and use, having a renewable surface, low ohmic resistance,
and no need for an internal solution give a stable response
and are thus considered suitable for various applications
[23-25]. Educated selection of constituents and their
relative composition followed by relevant experiments to
spot the combination that gives the best response will
show up in the fabrication of new electrodes proven
helpful for implementation in the intended chemical
analysis. In this context, there are some reports on the
determination of Cu(II) ions using carbon paste electrodes
[18,26-28] that utilize different types of modifiers.

Schiff base ligands are readily prepared by
condensation of aldehydes and primary amines. These
ligands can coordinate many different metals and stabilize
them in various oxidation states [29]. Multidentate Schiff
bases have been widely used as ligands because they form
highly stable coordination compounds with metal ions.
These compounds have been found helpful as ionophores
in metal sensors [30]. Tridentate ligands with N, N, and O
donor atoms are considered hard Lewis bases. Cu(II) is
considered a hard Lewis acid. Hard Lewis acids and bases
have a preference in combination to form complexes.
Metal complexes of tridentate ligands such as N-, N- and
O-chelating ligands have received considerable attention
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for their attractive physicochemical properties. Cu(II) is
notable for more flexible bonding to many ligands,
especially non-symmetric polydentate ones.

In this contribution, two novel Cu(II)-selective
carbon paste electrodes based on tridentate Schiff base
ligands that strongly bind its ions were fabricated and
characterized. These electrodes have attractive properties
of low detection limits, wide linear concentration ranges,
fast response, selectivity, accuracy, and reproducibility
proven in applications for Cu(II) determination in
water, blood, and biological samples.

m EXPERIMENTAL SECTION
Materials

Chemicals of analytical grade were used and
obtained from commercially available sources. 2-
aminophenol, 2-aminobenzoic acid, and furfural-
dehyde were from Merck; salicylaldehyde from Riedel de
Haen. Reagent grade graphite powder and the
plasticizers: bis(2-ethylhexyl) adipate (DOA), dioctyl
phthalate (DOP), dibutyl phthalate (DBP), tris(2-
ethylhexyl) phosphate (DOPh), dioctyl sebacate (DOS),
paraftin oils (P.O.), and all-metal salts such as chlorides,
nitrates, and sulfates were from Aldrich. All materials
were used with no further purification.

Instrumentation

Electromotive force (EMF) measurements were
made using the following assembly:

Hg, Hg,Cly(s), KCl(sat.) || sample solution | carbon paste
electrode.

A digital millivoltmeter (SR-MUL-3800) was
utilized for potential measurements, a digital pH meter
(HANNA pH 211) for pH measurements, and a
saturated calomel electrode was used as a reference
electrode to complete the electrochemical cell
containing ion-selective electrodes. Elemental Analyzer
EA 1110-CHNS CE Instrument was used in the analysis
for carbon, hydrogen, and nitrogen. A PerkinElmer
FTIR spectrophotometer using a KBr disk was used to
record the infrared spectra of the materials in the range

4000-400 cm ™.
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Procedure

Synthesis of ligands

2-((2-Hydroxybenzylidene)amino)benzoic acid, as
shown in Fig. 1, was prepared as described in the literature
[31] by the reaction of equimolar amounts of 2-
aminobenzoic acid and salicylaldehyde in hot alcoholic
solutions. Similarly, 2-(furan-2-ylmethyleneamino)phenol
(Fig. 2) was prepared from furfuraldehyde and 2-
aminophenol [32]. The mixtures were allowed to stand
and cool. The red-orange solids that separated were
filtered off, washed with little amounts of the solvent, and
dried. The product ligands were confirmed by the infrared
and NMR spectra of both compounds. IR spectrum of 2-
((2-hydroxybenzylidene)amino)benzoic acid: 3233 cm™
(br, OH str), 1616 cm™ (C=N str). NMR spectrum: 6.49—
7.89 ppm (aromatic protons, 8.86 ppm (azomethine
protons), 10.27 ppm (OH), 10.71 ppm (COOH). IR
spectrum of 2-(furan-2-ylmethyleneamino)phenol: 3405
cm™ (br, OH str), 1643 cm™! for v(C=N), 1018 cm™ (s, C-
O str). NMR spectrum: 5.0 ppm (s, OH), 6.1-7.7 ppm (m,
aromatic) 8.45 ppm (s, CH imine).

Preparation of modified carbon paste electrode

A previously reported method [33] was followed to
prepare the modified carbon paste electrode. First,
weighed amounts of the ionophore, high purity graphite,
and plasticizers, as shown in Table 1, were thoroughly
mixed in plastic Petri dishes to make a uniformly wet

|
: b,
NI OH

H

Fig 1. The chemical structure of ligand 1 [2-((2-
hydroxybenzylidene)amino)benzoic acid]

D

HO
Fig 2. The chemical structure of ligand 2 [2-(furan-2-
ylmethyleneamino)phenol]
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paste used in constructing the sensors. Next, a 1 mL
polypropylene syringe (3 mm i.d.) was used as the
electrode body, and its tip was cut off. The paste was
packed in, and a copper wire was used for electrical
contact with the carbon paste. The paste was squeezed to
expel some of it out. The expelled amount was scraped
to expose a fresh mass at the tip of the electrode. The tip
was polished on smooth paper to make a shiny surface.
The plunger of the syringe was forced in to expel the
paste at the tip. The expelled amount was scraped to
expose a fresh mass there. Finally, the paste was polished
on smooth paper to make a shiny surface. The electrode
was then used directly for potentiometric measurements
without pre-conditioning.

Selectivity of the electrode

The separate solution method (SSM) [23] and the
modified separate solution method (MSSM) [34] were
applied to check the potentiometric selectivity factors of
the electrode. The SSM involves measuring the potential
of a cell comprising a working electrode and a reference
electrode in two separate solutions, one of the Cu(II)
ions and the other of the interfering ion (J), measured
separately. The selectivity coefficient was calculated
from the following equation:

E
I_E 2+ Z 2+
pot _ Cu __Cu
lozchcuz+12+ = S +(1 Z] JlogaCuz+

where E; is the measured potential of the interfering ion,

S is the slope of the calibration graph, Zz+ is the charge
on copper ion, and Z; is the charge of the interfering
species respectively.

The modified separate solution method (MSSM)
involves measuring the potentiometric calibration
curves of the primary (I) and interfering ions (J) and
plotting the measured potential vs. the concentration of
ionic species, the Cu(II) ion or the interfering ion. The
potential corresponding to 1.0 M concentration is
obtained by extrapolation to zero potential. The
selectivity coefficients for the studied electrode are
calculated from the equation below:

E} —E(é

2+

pot _ u

logK =
Og Cu2+]Z+ S

2
Cu**
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Table 1. The paste compositions and the electrode characteristics of electrode A and electrode B

Composition (%)

No.

L g p S D.R. (M) LOD (M) R.S.D R(s)
Electrode A
Ligand 1
1 0.2 50.4 49.4 (P.O.) 30.89 7.45%107-1.00x107> 5.64x1077 0.87 4
2 0.5 50.3 49.2 (P.O.) 29.13 3.98x1077-1.00x1072 2.32x1077 0.75 3
3 1.0 50.0 49.0 (P.O.) 29.27 1.00x107°-1.00x107* 7.21x1077 0.81 3
4 2.0 49.5 48.5 (P.O.) 28.79 1.18x107°-1.00x10* 1.10x107¢ 1.24 4
5 3.0 490 48.0 (P.O.) 28.09 1.31x107°-1.00x10* 1.27x10°¢ 1.38 5
6 4.0 48.5 475 (P.O.) 28.86 2.00x1076-1.00x102 1.38x10°¢ 1.54 5
7 5.0 .480 47.0 (P.O.) 30.34 3.25x107°-1.00x1072 2.00x107¢ 1.43 5
8 10.0 45.5 445 (P.O.) 32.81 4.00x107°-1.00x107* 2.00x107¢ 1.57 5
Effect of plasticizers
9 0.5 50.3 49.2 (P.O.) 29.13 3.98x107-1.00x107> 2.32x1077 0.75 3
10 0.5 50.3 49.2 (DOP) 28.54 3.81x107°-1.00x1072 1.25x10°¢ 1.22 5
11 0.5 50.3 49.2 (DBP) 34.73 7.53%x107%-1.00x1072 4.84x10°¢ 1.35 5
12 0.5 50.3 49.2 (DOPh) 34.49 1.67x107-1.00x10* 1.18x107 1.77 4
13 0.5 50.3 49.2 (DOS) 35.18 4.13x107°-1.00x102 2.13x107¢ 0.98 5
14 0.5 50.3 49.2 (DOA) 29.91 3.87x107°-1.00x1072 2.86x107¢ 1.62 5
Electrode B
Ligand 2
15 0.2 51.1 48.7 (P.O.) 28.27 1.65x107°-5.00x10* 1.16x107¢ 0.87 5
16 0.5 50.5 49.0 (P.O.) 30.85 1.52x107°-1.00x107* 1.14x10°¢ 1.21 3
17 1.0 50.2 488 (P.O.) 30.00 1.59%107°-1.00x107* 1.37x10°¢ 1.33 3
18 2.0 49.7 48.3 (P.O.) 30.47 1.85x107°-1.00x10* 1.52x107¢ 1.17 4
19 3.0 492 478 (P.O.) 29.16 1.53x107°-1.00x10* 1.19x107¢ 0.98 4
20 4.0 478 47.3 (P.O.) 28.63 4.00x1076-1.00x102 3.21x107¢ 0.63 5
21 5.0 482 468 (P.O.) 30.06 2.74x107°-1.00x107* 1.55x10°¢ 0.63 5
22 10.0 45.7 443 (P.O.) 31.75 1.28x107°-1.00x107* 1.19x10°¢ 0.63 5
Effect of plasticizers
23 0.5 50.5 48.5 (P.O.) .3085 1.52x107°-1.00x10* 1.14x10°¢ 1.21 3
24 0.5 50.5 49.0 (DOP) 31.14 2.37%107°-1.00x107* 1.25x10°¢ 1.72 4
25 0.5 50.5 49.0 (DBP) 31.43 2.91x107°-1.00x107* 1.49x10°¢ 1.67 5
26 0.5 50.5 49.0 (DOPh) 31.69 2.67x107°-1.00x102 1.38x10~° 1.13 4
27 0.5 50.5 49.0 (DOS) 30.63 3.32x107°-1.00x10> 1.59x10°¢ 1.14 5
28 0.5 50.5 49.0 (DOA) 29.95 3.94x107°-1.00x10> 2.32x107¢ 1.93 5

L, Ligand; g, graphite; p, plasticizer S, slope (mV/decade); D.R., Dynamic range (M); LOD, low of detection (M); R, response time (s)

where log K‘éfltH o+ selectivity coefficient; Ef and EQ .+ are

values from the extrapolated to log(a) = 0 calibration
curves for every interfering species and copper ion, and
Scuz+ is slope of the copper electrode.

Determination of Cu(II) ion in water and biological
samples
Potentiometric titration method. Practically, a 25.0 mL

sample of 1.0 x 107 M Cu(Il) solutions was
potentiometrically titrated with 1.0 x 10> M EDTA.
Plots of the potential versus concentration were
constructed to get the curves representing the titrations
performed. The endpoints were taken at the sharpest
change in the slope of each titration curve.

Each titration was represented graphically by a plot
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of the measured potentials versus the corresponding
concentrations to obtain the titration curve of that
titration process. The endpoint is taken as the point that
marks the sharpest change in the slope of that curve. This
procedure is repeated for each titration.

Calibration graph method. This method involves the
addition of known different amounts of copper ion
ranging from 2.0 x 107-1.0 x 10> M to 50.0 mL of
distilled water and measuring the resulting potential using
the present sensors. The measured potentials were plotted
versus the logarithms of the Cu(II) activity at these points
representing the titration process to make the calibration
curve or the calibration line. This line was used to
determine the concentration of a copper ion in various
sample solutions by matching the measured potential
resulting from a particular sample to the concentration
corresponding to it on the line.

The measured potentials were plotted versus the
logarithms of the Cu(II) activity to build the calibration
curve. The determination is made by matching the
measured potential resulting from a particular sample to
the corresponding concentration on the line.

Analysis of Cu(ll) ion in biological fluids. Solutions of
1.96 x 107, 7.14 x 107%, and 1.66 x 10* M Cu(II) made by
spiking urine and copper samples ranging from 1.0 mL
down to 0.1 mL with proper amounts of Cu(II), stirring
for 5 min, transferred to 50.0 mL volumetric flasks,
diluted to volume and shaken to make homogeneous. The
resulting solutions were analyzed for Cu(II) by the
calibration curve method.

Analysis of water samples for Cu(II) ion. There is no
need for pretreatment of drinking water samples before
analyzing Cu(II) using the present sensors. Therefore,
50.0 mL samples of water were analyzed following spiking
of the samples with Cu(II) ranging from 5.0 x 107-5.0 x
10 M CuCl.

Potentiometric titration method. Titration of 20.0 mL
samples of copper solutions versus 0.1 M solution of
EDTA was performed by measuring the potential against
the volume of the titrant being added in small amounts.
Then, the potential was plotted against the volume of the
titrant. Finally, the endpoint was taken at the steepest
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change of the slope of the plot of the measured potential
vs. volume of volume added EDTA solution.

m  RESULTS AND DISCUSSION

Ion-selective  electrodes (ISEs) are sensors
commonly used to detect and determine certain ionic
species. The ISEs behave as ion-exchangers where the
analyte partitions into and out of the membrane or paste
material, but the counter ion does not. The ion-
exchanger site is confined to its phase in the paste and
does not partition into the sample solution. Charge
separation and a phase boundary develop, leading to a
local equilibration at this interface. The electrical
potential difference across the sample-membrane phase
boundary depends on the analyte concentrations at
these sites. Efforts toward the construction of selective
and sensitive sensors mainly depend on using effective
ionophores or ligands for binding the intended ion.
Logically, a ligand should selectively and strongly bind
the intended ion, which stems from its structure and
consequent properties, toward which extended research
was made over the years to design suitable electrodes for
various analytical purposes. Fabrication of new efficient
electrodes for some objectives follows these guidelines

[23-25].
Characteristics of the Electrode

A sensor is characterized by determining its
sensitivity as well as its linear working range and
selectivity coefficients. Essential features of a carbon
paste electrode depend on its constituents, namely the
properties of each component and its relative amount.
To be specific: graphite, ligands, the plasticizer
significantly affect the sensitivity and selectivity of the
Sensor.

Response of the present electrodes to Cu(ll) ions
Ionophore-based ISEs are lipophilic host
molecules with adequate polar functional groups for ion
recognition at sites covalently anchored onto the
backbone. They allow one to achieve a selectivity pattern
following the thermodynamically stable but kinetically
labile complexes with the analyte ion that forms in the
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membrane [35]. The selectivity depends on the structure
of the ligands and their relative amount in the paste. Most
ionophores are neutral and are highly lipophilic to be
with and
hydrophobic membrane phase resulting in operational

compatible strongly retained by the
sensor lifetimes ranging from weeks to years.

Lewis bases, also called ligands, are electron-pair
donors that form coordinate bonds to metal ions. Two
ligands were used in this work, namely: 2-((2-
hydroxybenzylidene)amino)benzoic acid (L1) and 2-
(L2), which are

shown in Fig. 1 and Fig. 2, respectively. They are

(furan-2-ylmethyleneamino)phenol

tridentate ligands that form two stable chelate rings on
complexation to a metal ion. However, the product
complexes have slightly different stabilities due to
differences in the size of the rings and the strength in
electron donation of the donor pendant atoms in these
ligands. For example, complexes of metal ions with L1
incorporate two 6-membered chelate rings, but those with
L2 incorporate the slightly more stable 5-membered rings.
However, the furan moiety in ligand 2 is a hard Lewis base
which is a strong donor, but L1 has the COOH moiety,
which is a weaker donor and both ligands have the phenol
moiety.

The potentiometric response of the present
electrodes A and B were tested for different cations such

2009 —e—cCu(ll)
180 1 ——K(I)
160 4 Na(h
NHA(T)
140 4 —e—Ba(ll)
120 4 o— Mag(ll)
< 100 —e—7n(l1)
E —e—Ni{ll)
W80 4 —e—Li(N)
650 —e— Ca(ll)
—e—Ph(Il)
40 -
—e—Al(lll)
20 4 —a— In(Il)
04 Co(ll)
20

P(M)
Fig 3. Potential response of various metal ions for sensor

A
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as Na(I), K(I), NH4(I), Li(I), Ca(Il), Zn(II), Ni(II),
Mg(1I), Ba(II), Mn(II), Cu(II), Co(II), Pb(II), and AI(III)
ions. The results of these tests are presented in Fig. 3 and
Fig. 4. These figures show that the responses of the
sensors are non-Nernstian for most of the tested cations.
The results are shown in Fig. 3 and Fig. 4 for electrode 1
electrode 2, respectively. It can be seen from these figures
that the responses of the sensors are non-Nernstian for
most of the tested cations.

Notably, Cu(II) has the closest Nernstian response
over a wide concentration range with a low detection
limit, indicating that these ligands may be used as
ionophores of copper(II) sensors.

Cu(II) is has a d’ electron configuration and adopts
a tetragonally distorted structure in its octahedral
complexes owing to the extra stability attained on this
lowering the symmetry. This ion exemplifies such
distortion. Moreover, this expected behavior can bond
many ligands more strongly over other cations under the
same conditions. This behavior amounts to selectivity to
Cu(II) over other ions encountered in the solution.
Cu(II) is considered a Lewis acid with intermediate
strength that prefers to bind ligands of similar strength
which means that copper(II) complex with L1 is more
stable than L2. Thus, it is a case of two competing factors
affecting the behavior of these ligands.

200 5 —a—Cu(ll)

—o—K(l)
—o— NH4(1)
—o—Na(l)
—o—Li(l)
—a—Ba(ll)
—e—NMn(ll)
—e—7n(ll)
—a— Ca(ll)
—a—Mg(ll)
—e—Ni(ll)
—e— Co(ll)
—a—Al(lll)

—o—Pb(ll)

-20 T T T T T T T T T T "
7 65 6 55 5 45 4 35 3 25 2 1.5

p(M)
Fig 4. Potential response of various metal ions for sensor

B
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First, we evaluated the net effect, which is the slightly
better sensor characteristics fabricated using L1. The
influence of the ligands L1 and L2 in the membrane
composition as the ionophore for Cu(II) on the
constructed electrodes' potential response was studied.
The corresponding results are summarized in Table 1.

Electrodes comprising different percentages of each
ionophore were prepared: 0.2, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0,
and 10% (w/w). The following electrode characteristics:
slopes, concentration ranges, detection limits, and
response times of the calibration curves of the above
electrodes were measured and shown in Table 1.
Inspection of the results showed that the electrodes
comprising 0.5% of the ligands: L1 and L2 indicate the
best response, closest to Nernstian behavior with
remarkable selectivity for Cu(II), are electrodes #2 and
#16 in Table 1. Increasing the relative percent of L1
resulted in a notable deterioration in the detection limit,
the slope, and the linear range of the electrode. This
behavior is most probably due to some inhomogeneities
and possible saturation of the paste [36]. Therefore,
electrode #2 was adopted in further applications. Similar
behavior was noted on L2, where electrode #16
comprising 0.5% as the ligand attained the lowest
detection limit. However, further additions of L2 from
1.0-10% displayed somewhat similar sensitivity, slope,
and linear range. Electrode #16 of this ligand comprises
the smallest amount of the ligand and gives the best
response, so it was also adopted in further applications.

Influence of the plasticizer

When making carbon paste, one must keep in mind
the mechanical stability of the paste and its active surface
[37]. This function is supposed to be carried by the
plasticizer, i.e., it is the main role of the plasticizer used in
the preparation of the paste. In addition, it should provide
high lipophilicity, a low tendency for exudation from the
paste matrix, and the capacity to dissolve the substrate
and other additives included in the paste. Good
knowledge of the properties of a plasticizer is necessary
for a suitable choice of one or more compatible with those
of other components of the paste, especially the
ionophore responsible for the primary function of the
electrode [38]. Thus, a suitable plasticizer improves the
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response of the electrode. Based on the structure-
function relationship, the properties of a plasticizer stem
from its chemical structure. It is possible to make the
anticipation of a suitable plasticizer effectively improve
the function of a certain ionophore. Plasticizers
normally have low polarity based on their low dielectric
constants. Choosing a plasticizer is based on the
empirical basis where several plasticizers are tested and
the one that best improves the electrode response is
selected for further work, and applications of the
electrode being fabricated. In this work six plasticizers
were tested and listed below with the values of dielectric
constants in parentheses, namely, DOS (er = 4.2), DOP
(er = 5.1), DBP (er = 6.4), DOPh (er = 4.8), DOA (er =
3.9) and P.O. (er = 2.2) and the results obtained are
shown in Table 1. Paraffin oil P.O. was found the most
effective among these plasticizers. As the present
ligands, L1 and L2 used as the ionophores, have
characteristically low polarity, it is expected that a
plasticizer with as low polarity as possible will work best
with these ligands. This expectation was experimentally
proven, as mentioned above.

Effect of graphite/plasticizer (g/p) ratio

Graphite and plasticizers are vital components of
an ISE as their sensitivity and selectivity depend on the
graphite to plasticizer ratio g/p. Therefore, electrodes
comprising the following g/p ratios: 0.75, 0.90, 1.00, 1.02,
1.05, 1.20, and 1.35 were tested to spot the one that
marks the best response. Tests showed that pastes with
g/p more than 1.35 are "crumbly”, indicating too much
graphite, and those with ratios smaller than 0.75
resemble "peanut butter”, i.e., contain more than enough
of the plasticizer that makes the paste not workable. The
electrode A
comprising G/P = 1.02 and electrode B comprising G/P
= 1.03, which reached the lowest detection limit and the
closest Nernstian slope. This mixture contains a little

best responses were attained with

more graphite necessary for efficient conductivity of the
paste and enough plasticizer (paraffin oil) to provide the
needed flexibility and workability and be sufficient to
dissolve the constituents of the paste. The optimum
physical properties of the paste were reached based on
enabling high enough mobilities of all of its components.
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Therefore, this ratio was adopted in further developments
of the present electrodes. Inspection of the results,
collected in Table 1 indicates that electrodes #2 composed
of 0.5% L1, 51.0% graphite, and 48.5% P.O. and #16 with
the same composition but using L2 instead of L1 gave the
best results and were adopted in more experiments
toward the complete characterization of these electrodes.

pH dependence

The influence of the pH of the analyte solution on
the potential of the present electrodes should be
determined. It was studied for 1.0 x 10 and 1.0 x 10° M
CuCl; solutions. The pH of the analyte solution affects the
potential of the present electrodes. Therefore, this effect
should be determined. Practically, it was studied in 1.0 x
107° and 1.0 x 10 M CuCl, solutions. The solution's
acidity was adjusted by adding small amounts of (1 M)
HCl or NaOH, and the resulting potentials were
measured. The results obtained using the two electrodes
are practically linear over the pH range 1.5-5.5, as seen
from the representative plot in Fig. 5 for electrode A
which that both
satisfactorily behave over this range. Testing the

collectively indicates electrodes
electrodes in a solution with a pH lower than 1.5 was not
performed as it is unlikely that Cu(II) analysis is requested
in such strongly acidic solutions. In solutions having pH
above 5.5, copper hydroxide precipitate as it has a
relatively low solubility product. More copper hydroxide
precipitates in solutions with higher pH, leaving lower
and concentrations

amounts of copper ion and

correspondingly lower measure potential.

Response time, homogeneity, surface-renewal, and
reproducibility

The response time of an electrode depends on the
membrane type and the interferents. Therefore, all
relevant measurements must be made under the same
experimental conditions when addressing this issue. It
indicates how fast the unstirrable layer of sample adhering
to the ISE membrane can be exchanged for a new layer
noting that routine potentiometric measurements are
associated with responses involving ion movements over
nanometers at the phase boundary of the sample and the
ion-selective membrane [39].
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In the present work, the response time was
measured by varying Cu(II) concentration over the
range 4.0 X 107-4.0 x 107> M for electrode A and from
4.0 x 107°-4.0 x 107 M for electrode B. It was found that
electrode A reached equilibrium in about 3 s, as shown in
Fig. 6 for electrode A and was slightly longer (about 5 sec)
for electrode B. The modified carbon paste electrodes are
famous for their attractive possibility of renewal of the
electrode surface whenever needed. The renewal is
achieved by squeezing a little carbon paste out of the tube
to expose a new amount which can be smoothed on a piece
of weighing paper to a shiny surface [40]. The procedure
requires making about 1.0 g of a paste with optimum
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Fig 5. Effect of pH on potential response of electrode A
using 1.0 x 107 and 1.0 x 107> M Cu(II) solutions
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composition by intimately mixing its ingredients. This
amount was suitable for use for over a month to get a
stable response without any deterioration. However,
more prolonged periods cause slight deterioration in the
measured potentials, likely due to the evaporation of some
of the incorporated plasticizers.

Homogeneity of the present electrodes was tested by
applying the electrodes for measurementina 1.0 x 10* M
Cu(II) solution which was repeated seven times on a
freshly exposed paste for each measurement as explained
above. The average relative standard deviation (R.S.D.)
for the proposed electrodes was ~0.91, which are
reasonable values. However, after five times of use, it was
noticed that the slope of the calibration graphs measured
using electrode 1 decreased slightly from 29.13-26.95
mV/decade, and the slopes measured using electrode 2
decreased from 30.85-26.73 mV/decade.

However, it was noticed that the slope of the
calibration graphs measured using electrode 1 decreased
slightly from 29.13-26.95 mV/decade after five times of
use. Similarly, the slopes measured using electrode 2
decreased from 30.85-26.73 mV/decade. This decrease is
likely due to surface contamination and memory effects
and makes polishing the electrode necessary to expose a
new fresh layer ready for use after each calibration. The
standard deviation of five replicate measurements of the
electromotive force (emf) is 1.23, 1.13 for electrodes A and
B in 1.0 x 107° M solution, and 0.98, 1.08 in 1.0 X 10° M
solution, respectively. These results indicate excellent
repeatability of the potential response of the electrodes.

Effect of temperature

The thermal stability of an electrode must be
checked and determined being one of its characteristics.
Practically, this is done by constructing the calibration
graphs of the electrodes in test solutions at different
temperatures covering the range of 20-50 °C. No
appreciable change was found in the calibration
characteristics of both electrodes over the temperature
range covered. These observations indicate the high
thermal stability of these electrodes.

Effect of other ions
Selectivity is a salient feature of an ion-selective
(ISE) and is primary

electrode considered its
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characteristic as it is constructed to do [41]. The
selectivity of an ISE is quantitatively related to equilibria
at the interface between the sample and the electrode.
The response of an electrode is generally affected by the
presence of other ions in solution, and the Nernst
equation should be modified to the simplified Nicolsky-
Eisenman equation [42].

Selectivity  coefficients depend upon the
composition of the paste and may take values ranging
from zero (indicating no interference) to greater than
unity (where the electrode responds to the interferent
more strongly than to the primary species). The
selectivities determined by the Eisenman equation are
of different

significantly contribute to the emf. Besides, Ky has

incorrect when two ions charges
different dimensions for different charges of the
interfering ion J**. If the charges are different, an
separate

method, is used to determine the selectivity [42]. The

alternative approach, modified solution
electrodes’ response towards different cations was tested
and measured as described in the experimental section.
For example, Ky = 1.0 for two ions with equivalent
responses. lons with low Ky values have less impact and
a lower interfering effect on the measured potential.
When Kj values are greater than 1, the ISE is more
responsive to the interfering ion. The resulting values,
presented in Table 2, show that these sensors display
significantly high selectivity for Cu(IlI) over many
common inorganic ions. It is noteworthy that the results
obtained from the two methods are different. The MSSM
produced much better values than those obtained by the
SSM, following expectations that the MSSM produces
unbiased, thermodynamic selectivity coefficients.

Recovery and Determination of Copper lons in
Urine and Serum Samples

Physiological concentrations of copper in human
blood 1.1-24 x 10° M.
Ceruloplasmin is an enzyme synthesized in the liver and

serum range from
is the main carrier of copper ions in the human blood.
Wilson's disease (WD) results from serum deficiency of
ceruloplasmin. The progression of this disease leads to a
significant increase of free copper ions circulating in the

bloodstream and accumulation of copper ions in organs
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Table 2. Selectivity coefficient for electrode A and electrode B

. . Electrode A Electrode B
Interfering species
SSM MSSM SSM MSSM

K() 4.14x1076 1.12x107¢ 5.46x107° 2.15x107°
NH,(I) 3.51x10°° 1.28x107¢ 7.33x107°° 1.48x107¢
Na(I) 4.72x1076 1.41x10°¢ 6.78x107° 2.74x10°°
Li(I) 3.25x107°° 1.77x1076 3.96x10°° 3.46x10°°
Ca(II) 5.41x10°° 1.98x107¢ 7.55%x107° 3.42x107°°
Ba(1II) 4.78x107° 2.13x10°° 8.89x10°° 4.26x107°
Zn(II) 6.33x107°° 4.15x10°° 9.11x10°° 6.32x107°
Ni(II) 3.78x10°° 2.42x107°° 8.63x10°° 5.93x10°°
Co(II) 5.19x10°° 2.38x10°° 7.76x107° 4.11x107°
Pb(II) 4.73x107¢ 3.22x107°° 6.19x107° 4.27x107°
Mg(II) 5.22x107° 3.17x10°° 6.13x107° 4.66x107°
Mn(1II) 5.31x10°° 3.77x107°° 7.36x107° 5.47x107°
AI(IIT) 3.31x10°° 1.88x107¢ 5.41x10°° 2.93x107°

Table 3. Analysis of Cu(II) in tap water and biological fluids samples using calibration curve method

Sample Taken (M) Found M) X% R.S.D.%

Electrode A

Serum 1.96x 10~ 1.91x 107 97.44 1.98
7.14x 107 6.93x 107 97.06 2.31
1.66x 10~ 1.61x 10™* 97.00 2.67

Urine 1.96x107° 1.92x107° 97.96 2.39
7.14x107° 7.01x107° 98.18 2.14
1.66x107* 1.62x107* 97.59 2.54

Drinking water ~ 5.00x1077 4.97x107 99.40 1.13
5.00x10°° 4.98x107° 99.60 1.04
5.00x10™* 5.00x107* 100.0 0.89
5.00x107 4.99x107 99.80 0.78

Electrode B

Serum 1.96x107° 1.89x107° 96.43 2.15
7.14x107° 6.94x107° 97.20 2.33
1.66x107* 1.60x107* 96.39 2.58

Urine 1.96x107° 1.90x107° 96.94 2.11
7.14x107° 6.98x107° 97.76 2.32
1.66x10* 1.62x10* 97.59 2.36

Drinking water ~ 5.00x107 493x 107 98.60 1.45
5.00x10°° 4.96x107° 99.40 1.21
5.00x10~* 5.00x10™* 100.0 1.18
5.00x107 4.98x1073 99.60 0.93

R.S.D.: relative standard deviation, the number of replicate measurements = 5; X: recovery

such as the brain, liver, and cornea (Kayser-Fleischer  patients [44]. Therefore, the 24-h urinary excretion of
rings) [43]. Basal 24-h urinary excretion of copper in WD Cu(II) is measured to aid in diagnosing WD that needs
is typically greater than 100 g (1.6 mol) in symptomatic ~ proper chelation therapy. The present electrodes were
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used to determine Cu(II) in spiked urine and blood serum
samples as recovery experiments. Tests showed that the
addition of 0.1 mL urine or blood serum did not affect the
further measurement of Cu(II) in the samples. However,
adding 1.0 mL of the body fluids significantly lowered
potential values measured by the electrodes. These
observations are in line with expectations based on blood
serum and urine properties as fluid extracts from the body
that generally contain amino acids and other ligands
capable of sequestering Cu(Il). After reaction and
consumption of the low added amounts of serum or urine
with an equivalent amount of Cu(Il), the rest of the
samples show linear response as anticipated. These test
results collectively indicate that the present electrodes
may be successfully used to determine Cu(II) in urine and
blood serum. The results collected using the calibration
curve method are presented in Table 3. Recoveries and
R.S.D. values range between 98.18-96.39% of Cu(II), and
2.67-1.98, respectively. Therefore, the present sensors are
applicable for the quantification of Cu(II) in urine samples.

Determination of copper ions in drinking water
samples

Similarly, Cu(II) in drinking water samples was
potentiometrically determined using these electrodes as
indicators, and the results are presented in Table 3. They
have reasonable recovery ranges of 100.0-98.60% and
R.S.D. ranges of 0.78-1.45, which indicates the electrodes
are satisfactory for analysis.

Titration of a copper solution with a standard EDTA
solution

Each of the present electrodes was applied as an
indicator in titration of 20.0-mL samples of 1.0 x 10~ M
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Cu** with a standard 0.01 M EDTA solution. The
resulting titration curve is shown in Fig. 7. These
electrodes provide accurate means for determination.

Comparison with Other Electrodes

The performance characteristics of the proposed
electrode A and those of some reported carbon paste
electrodes are compiled in Table 4 for comparison. The
detection limit of electrode A is lower than those of the
other electrodes. In addition, its working range is wider
than those of the others [18,26-28]. In brief, electrode A
excels the relevant electrodes and is more useful for the
intended applications with the aforementioned properties.

m CONCLUSION

Two competitive newly fabricated Cu(II)-selective
carbon paste electrodes have been built, characterized,

180

60

15 17 19 21 23 25
Volume of EDTA (mL)

Fig 7. Potential titration curves of 20.0 mL 1.0 x 10° M
Cu(II) solution with 1.0 x 10> M of EDTA of the
electrode A

Table 4. Comparison of the proposed Cu-CMCPE with reported electrodes

Modifier Slope

C.R. (M) LOD (M) R(s) Ref

2-N, N-dimethylcarbamimidoyl (met-formin) 30.2
2-((3silylpropylaminoethylimino) methyl) phenol in

presence of Ag-NP-AC 291
CuNiO/Gt nanocomposite 30.2
(3,4-dihydro-4,4,6-trimethyl-2(1H)-pyrimidine thione ~ 30.0
etioporphyrin I dihydrobromide 30.3
2-(furan-2-ylmethyleneamino) phenol 29.1

1.0x107°-5.0x102 3.3x10° 10  [17]
50x107-1.0x10"  2.5x1077 15 [28]

1.0x107°-5.0x10"2 1.0x10°® 5 [29]
9.77x107-7.6x102 7.0x1077 45 [30]
1.28x1075-1.28x102 8.99x107 5 [31]
3.98x107-1.00x107% 2.32x107 3 Present work
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and tested for applicability. Two Schiff base ligands, 2-((2-
hydroxybenzylidene)amino) benzoic acid and 2-(furan-
2-ylmethyleneamino) phenol, were utilized as the
ionophores of Cu(II) based on the distinct stability of
these chelating ligands and the flexibility of bonding
provided by Cu(II) over other cations. These sensors have
notably good characteristics: low detection limits: 2.32 x
107 and 1.14 x 10°® M Cu(II), Nernstian slope of 29.13
and 30.85 mV/decade Cu(II), wide concentration ranges
from 3.98 x 107-1.00 x 10 and 1.52 x 10°~1.00 x 107
M for the two sensors, respectively. Also, they have a short
response time (ca. 3-5 sec), distinct Cu(II) selectivity over
other cations, thermal stability up to 50 °C, and
applicability over the pH range 1.5-5.5 for miscellaneous
samples. They were proven successful in determining
Cu(II) in aqueous solutions, urine, and blood serum.
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