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Modified screen-printed electrode (SPE) with magnesium alumino-silicate ionophore was fabricated
for the determination of Co(ll). The modified electrode reveals linear response over wide
concentration range of 3.1x107 - 1x10™ mol L™ of Co(ll) at 25 °C with a divalent cationic slope of
30.33 + 0.75 mV decade™ and exhibit detection limit of 3.1x10”" mol L. Moreover, the selectivity
coefficient was measured by matched potential and fixed interference methods. The modified SPE
sensor shows high selectivity and sensitivity for determination of Co(ll) and also shows stable and
reproducible response over a period of four months. This method can be used for determination of
Co(Il) in water, soil and fish tissue samples and the results obtained agreed with those obtained with
atomic absorption spectrometer (AAS). The proposed potentiometric method was validated according
to the IUPAC recommendation.

Keywords: Screen-printed ion-selective electrode, magnesium alumino-silicate, cobalt determination,
water samples.

1. INTRODUCTION

The need of selective determination of heavy metal ions has increased immensely during the
last few decades due to the growing environmental problems. Among heavy metals, the pollution
caused by cobalt is of considerable concern. Determination of cobalt assumes importance because of
its widespread occurrence in sea as well as in fresh water, earth crust, meteorites, animals and plants.
Cobalt is an essential micronutrient for man, animals and plants for a range of metabolic process or
some biochemical metalloenzyme reactions [1-3]. Cobalt acts as the central atom of vitamin Bi,
(cyanocobalamin), which is widely responsible for the production of red blood cells (4.35%) and the
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prevention of pernicious anemia [4-5]. Insufficient natural levels of cobalt in feed causes co-deficiency
diseases characterized by pernicious anemia, loss of weight or retarded growth and is one of the main
risk factors for cardiovascular diseases [6]. However, at high concentrations, cobalt is toxic and has
been reported to produce pulmonary disorders, dermatitis, nausea, vomiting, diarrhea, blood pressure,
slowed respiration, giddiness cardiomyopathy, hyperglycemia and so on [7]. The maximum
recommended concentration of toxic ions such as cobalt in drinking water for livestock is 1.0 mg [8].
So determination of this element is very important. So far a number of sophisticated methods of cobalt
determination have been applied, including flame atomic adsorption [9], atomic adsorption
spectrometry [10], vis spectrophotometry [11-12], stripping voltammetry [13-14] and
chemilumnescence [15]. These methods are characterized by good accuracy but they require time-
consuming sample preparation and are relatively expensive. Therefore, new methods are being
developed, including potentiometric methods with ion-selective electrodes (ISEs). Potentiometry with
ISEs offers advantages such as selectivity, sensitivity, good precision, simplicity, low cost and short
time of analysis. So far number of cobalt-selective sensors has been described in the literature on the
topic [16-24]. Moreover, most of these electrodes suffer a lack of stability, a limited concentration
range with theoretical response, and exhibit low lifetime and high response time. Furthermore almost
all electrodes have an internal filing solution, which requires some operation and vertical position. The
purpose of the present work is to obtain a modified screen-printed electrode with magnesium alumino-
silicate ionophore to make a highly selective and sensitive electrode for potentiometric determination
of cobalt(ll) ion in different water samples. The different experimental parameters are optimized
according to the IUPAC recommendation. The method is validated and the data obtained are compared
with those obtained using atomic absorption spectrometry.

2. EXPERIMENTAL

2.1. Reagents and chemicals

Analytical grade reagents are used in this study. Bidistilled water was used throughout all
experiments. Cobalt chloride was supplied from Merck. Sodium metasilicate (GRG, UK), magnesium
chloride and aluminum chloride (EI-Nasr Company, Egypt) were used. o-Nitrophenyloctylether (o-
NPOE) was supplied from Fluka while dioctylphthalate (DOP), dibutylphthalate (DBP) and
dioctylsebacate (DOS) were supplied from BDH. Tricresylphosphate (TCP), polyvinyl chloride (PVC,
relative high molecular weight) and graphite powder (synthetic 1-2 um) were supplied from Aldrich.
Hydrochloric acid and sodium hydroxide were supplied from BDH. Chloride salts of metal cations are
used as interfering ions.

2.2. Apparatus

Laboratory potential measurements were performed using Jenway 3505 pH-meter. Silver-silver
chloride double-junction reference electrode (Metrohm 6.0726.100) in conjugation with SPE ion-
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selective electrode was used. Digital burette was used for the measurement of Co(ll) ion under
investigation. pH measurements were done using Thermo-Orion, model Orion 3 stars, USA. Prior to
analysis, all glasswares used were washed carefully with bidistilled water and dried in the oven before
use. A Perkin Elmer model 3100 atomic absorption spectrophotometer (AAS) with a graphite furnace
was used to determine the concentration of Co(ll) ion in the standard solutions and water samples.

2.3. Preparation of magnesium alumino-silicate ionophore

This composite was synthesized by dropwise addition of 0.5 mol L™ aqueous solutions of
magnesium chloride and aluminum chloride mixture (1:1) (200 mL) to 0.5 mol L™ aqueous solution of
sodium metasilicate (200 mL) with continuous stirring in a water bath adjusted at 60+1 °C. The mixed
solution was immediately hydrolyzed in demineralized water. The precipitate was formed by addition
of diluted ammonia solution to the mixture. After an overnight standing, the precipitate was separated
and washed several times with bidistilled water. Then, it washed with 0.1 mol L™* HNO; to remove the
impurities and CI ions. The precipitate was rewashed by bidistilled water to remove NO3 ions. After
drying at 60+1°C, solid was poured in bidistilled water heated at 80+1 °C to broken the solid and
remove air trapped inside the solid, then redried at 60+1 °C. The obtained solid was ground, sieved and
stored at room temperature [25].

2.4. Preparation of modified screen-printed electrode

SPE was prepared by using a manual screen-printer and an array of 12 electrodes was printed
on a flexible X-ray film by forcing the prepared conductive ink to penetrate through the mesh of a
screen stencil. A screen consisting of a heavy duty polyester fabric (1 003 M Sefar Pet 1000 with mesh
count of 36) was pre-tensioned to ca 30x40 cm wooden frame. For the stainless-steel template, steel
sheet were pre-tensioned to a steel frame and contain grooves with the same electrode dimensions [26-
33]. The home-made printing ink was prepared by thoroughly mixing the cyclohexanone:acetone
mixture 1:1, as a solvent for the binding material with 450 mg of plasticizer, 1.25 g polyvinyl chloride,
0.75 g of the carbon powder and then 12.5 mg of magnesium alumino-silicate was added after stirring
for 15 min. The ink was sonicated and applied for printing of the electrodes [26-33]. The influence of
the plasticizer choice on the electrode performances has been studied as the electrode plasticized with
0-NPOE is compared with those plasticized with DBP, DOP, DOS and TCP. The SPEs were stored in
a dry state at room temperature [26-33].

2.5. Potential measurements

The sample solutions were stirred and thermostated at room temperature. The response of the
sensor for cobalt ion was examined by measuring electromotive force (emf) of the following
electrochemical cell: Ag | AgCl | satd. KCI || sample solution | SPE. The emf was plotted as a function
of the logarithm of cobalt ion concentration. The detection limit was taken at the point of intersection
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of the extrapolated linear segments of the calibration curve. The selectivity coefficients (K"*¢,,;) were
measured using the fixed interference and matched potential methods using 1310 mol L™ Co(Il) and
interfering ions. The pH of Co(ll) solution was adjusted by adding an appropriate amount of 0.1 mol L’
! of either HCI or NaOH. Cobalt chloride solutions were prepared with the concentration range 1x10~"
to 3.1x10"" mol L™ by serial dilution of 0.1 mol L™ Co(l1) solution. The concentrations of the standard
solutions were also confirmed by atomic absorption spectrophotometry.

2.6. Determination of Co(ll) in water samples

The proposed sensor has been used for determining cobalt ions in different water samples.
These samples were collected (Table 1), filtered, stored and their pH was adjusted according to the
working pH range of the sensor by using 0.1 mol L™ HCI or NaOH. Cobalt(ll) is determined
potentiometrically as described above [34, 35].

2.7. Determination of Co(l1) in soil samples

About 10 g of aerobically dried soil samples (Table 1) is treated with diethylene triamine
pentaacetic acid [DTPA] solution, stirred for 2 hours, filtrated with Whatman filter paper No. 42 [34,
35]. Take 10 mL of the prepared soil solution and treat it as mentioned before.

2.8. Determination of Co(ll) in fish tissue samples

Table 1. Types and location of water, soil and fish tissue samples

Samples Type Location, Egypt Samples Type Location, Egypt

No. No.

1 Canal water El- Basoseya Canal 1 Canal soil El- Nokra Canal

2 Drain water El- Omoom Drain 2 Drain soil El- Omoom Drain

3 Nile water Nile River 3 Drain soil Sendbees Drain

4 Drain water Sendbees Drain 4 Drain soil El- Omoom Drain

Formation Water Samples Fish Tissue Samples

Samples Type Location, Egypt Samples Type Location, Egypt

No. No.

1 Formation water Gemsa Petroleum 1 Canal fish El- Ibrahiumeya Canal
Company

2 Formation water Badrl Petroleum 2 Canal fish El- Sharkaweya Canal
Company

3 Formation water Karama, Qarun Petroleum 3 Drain fish El- Omoom Drain
Company

4 Drain fish Sendbees Drain

Co(Il) is determined in fish tissue samples (Table 1) after its preparation and digestion
according to the previous method [24]. A 2 mL sample is transferred to 50 mL beaker and treated with
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1 mL acetate buffer and adjusted to pH (4). Cobalt is determined potentiometrically as described
above.

3. RESULTS AND DISCUSSION

In preliminary experiments, magnesium alumino-silicate was used as an electroactive material
to prepare SPEs for a wide variety of metal ions, including alkali, alkaline earth, transition and heavy
metal ions. The potential responses of various SPEs based on magnesium alumino-silicate were
obtained separately for each ion and the results are shown in Figure (1). As seen from this figure, the
Co(I)-SPE has shown the most sensitive response, which indicates that the paste electrode based on
magnesium alumino-silicate could be suitable for determination of Co(ll).
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Figure 1. Potential response of modified SPEs based on magnesium alumino-silicate for various metal
ions.

The screen-printed electrode was found to be responsive to Co(ll), Cu(ll), Zn(ll), Cd(l1), Pd(l1)
and Sr(Il) ions (Figure. 1). The electrode has a better response time and Nernstian linearity for Co(ll)
than for the other metal ions. We therefore studied in detail the properties of the SPE for the Co(ll) ion
determination. The response of the SPE electrode to the Co(ll) ions may be attributed to the strong
interaction between Co(ll) ions with the silicate framework or incorporation of Co(ll) ions in the
framework of magnesium alumino silicate ionophore [36]. Previous publications have reported that the
interaction between zeolite and Co(ll) ions is an indication of strong interactions between Co(ll) ions
and the silica frameworks [36] or the incorporation of Co(ll) ions into the silica frameworks [36].
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The response characteristics of the magnesium alumino-silicate SPE were systematically
evaluated according to ITUPAC recommendation [37,38]. The calibration plot obtained, Figure (1),
shows a linear response over the concentration range of 3.1x107 - 1x10™ mol L™ Co(ll) ion with a
cationic slope of 30.33+0.75 mV decade™. The lower limit of detection was approximately 3.1x107
mol L™ Co(l1) ion. Table (2) summarizes the response characteristics of the proposed SPE sensor.

3.1. Effect of ionophore content

The paste composition is a significant parameter for an electrode, when the amount of the
magnesium alumino-silicate as an electroactive material in the matrix is sufficient to achieve
reasonable ionic exchange (selective extraction of the target ion), chemical equilibrium at the paste
will be responsible for the electrode potential.

Table 2. Response characteristics of modified SPE sensor with magnesium alumino-silicate ionophore.

Slope (mV decade™) 30.33+£0.75
Concentration range (mol L™) 3.1x10" - 1x10*
Correlation coefficient, r 0.999

Lower detection limit (mol L™) 3.1x10°"

Upper detection limit (mol L™) 1x10™"

Working pH range 2-7

Intercept (mV) 358.50

Life time (months) 4

Standard deviation (SD)* 0.51-0.67
Relative standard deviation (RSD%)* 0.98-1.32

* Average of four determinations

Table 3. Effect of ionophore content on the performance characteristics of modified SPE sensor.

[ 5 1x10°-1x10" 25.06+1.45 98.14 147
Il 75 5x107-1x10™ 26.83+1.23 98.86 155
1T 10 5x107-1x10™ 27.54+1.01 99.06 163
v 125 3.1x107-1x10™ 30.33+0.75 99.97 181
Vv 15 3.1x107-1x10™ 29.04+0.89 99.58 173
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Figure 2. Effect of ionophore content on calibration of the modified SPE sensor.

The influence of the sensing material on the electrode performance was studied. For this
purpose, five electrodes were prepared containing different amounts of the magnesium alumino-
silicate ionophore (5-15) mg. It was obvious that, the optimum ionophore content was found to be 12.5
mg, as indicated in Table (3) and Figure (2). As the ionophore content increases, the slope of
calibration curve increases till certain point then decreases for all studied electrodes.

3.2. Effect of plasticizer type

The plasticizers type are greatly influence the behavior of SPEs since the solubility of the
sensing material will be improved and the overall bulk resistance of the electrode will be also lowered
due to their polarity characteristics. The influence of the type of the plasticizer on the electrode
performance has been studied as the electrode plasticized with o-NPOE is compared with those of
TCP, DBP, DOP or DOS. The obtained calibration graphs with different plasticizers clarified that,
using of o-NPOE as plasticizer showed the highest sensitivity of the membrane electrode indicated
with the highest slope and wider linear range (Figure 3) which is related to the dielectric constant of
these plasticizers (e values were 24, 17.6, 5.2, 4.7 and 3.88 for o-NPOE, TCP, DBP, DOP and DOS,
respectively).
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Figure 3. Effect of plasticizer type on calibration of the modified SPE sensor.

3.3. Dynamic response time
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Figure 4. Dynamic response time of cobalt(I1) modified SPE sensor.
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The response time of the mentioned electrode was evaluated by measuring the average time
required to reach the potential within 1 mV of final equilibrium value after successive immersion of a
series of Co(ll) ion solutions each having a 10-fold difference in concentration (1x107 to 1x10® mol
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LY). The measurements of potential versus time were carried out with Co(l1) solutions from lower to
higher concentrations (Figure 4). It was found that the static response time for the proposed sensor was
7 s over all linear concentration ranges and the potentials remained constant for about 15 s.

3.4. Lifetime

The average lifetime for most of the reported SPE sensors is in the range of 4-5 months. After
this time the slope of the sensor will decrease, and the detection limit will increase. The modified SPE
sensor was tested for five months, during which time, the performance of the SPE sensor was
extensively studied. The proposed sensor can be used for four months. First, there is a slight gradual
decrease in the slopes (from 30.33 to 26.10 mV decade™) and, second, an increase in the detection
limit (from 3.1x107 to 2x10™° mol L™). It is well established that the loss of plasticizer, carrier, or ionic
site from the polymeric film due to leaching into the sample is a primary reason for the limited lifetime
of the SPE sensor (Figure 5).

3.5. Effect of pH

The potentiometric response of the electrode was found to be sensitive to pH changes. Hence,
the pH dependence of the potentials of the proposed SPE sensor was investigated in the pH range of 1—
8 for 1x102and 1x10™* mol L™ Co(l1) ion solutions, and the results are shown in Figure 6. The pH of
the test solution was adjusted by the addition of 0.1 mol L™ sodium hydroxide or hydrochloric acid.
The results show that the potential response of the SPE sensor remains constant over the pH range of
2—7. However, beyond this range, relatively drastic drifts were observed in the potential response. At
pH < 2, the observed increase in potential could be ascribed to the competitive binding of proton to the
carrier in addition to Co(ll) ion at the surface of the electrode whereas formation of hydroxide
complexes of Co(ll) ion at higher pH (>7) may result in the sharp decrease in potential response.
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Figure 5. Life time of the Co(Il) modified SPE sensor.



Int. J. Electrochem. Sci., Vol. 9, 2014 1821

S 340
£
w
320
I \ 0.01 M
300 e
280 -
260

Figure 6. Effect of pH of the test solution on the potential readings of modified SPE sensor

3.6. Effect of temperature

Calibration graphs (electrode potential (Eeec) Versus p[Co(ll)]) were constructed at different
test solution temperatures at 10-60 °C. For the determination of the isothermal coefficient (dE/dT) of
the SPE sensor, the standard electrode potentials (E') against the normal hydrogen electrode at the
different temperatures were obtained from calibration graphs as the intercepts at p[Co(Il)] = 0 (after
subtracting the values of the standard electrode potential of the silver/silver chloride electrode at these
temperatures) and were plotted versus (t-25), where t was the temperature of the test solution in °C
(Figure 7). A straight-line plot is obtained according to Antropov’s equation [32-35].

E'cetl = E cent (25 'C) + [(dE)cen/dt] (t-25)

Where E'(25) is the standard electrode potential at 25 °C and the slope of the straight-line
obtained represents the isothermal coefficient of the electrode. The SPE was found to have isothermal
coefficient of 0.0018 mV °C™. The value of the obtained isothermal coefficient of the SPE indicates
that the electrode has a fairly high thermal stability within the investigated temperature range. The
investigated electrode was found to be usable up to 60 °C without noticeable deviation from the
Nernstian behaviour.
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Figure 7. Variation of the cell e.m.f. with the temperature for the modified SPE sensor.

3.7. Selectivity and interference

Table 4. Potentiometric selectivity coefficients of some interfering ions using the modified SPE sensor

MPM FIM

Na* 2.07 x 107 2.53 x 107
K* 245x% 107 2.96 x 107
Ni“* 733 x 107 9.49 x 107
Mn?* 5.85x 107 6.61 x 10™
Ca™* 8.02 x 10° 4.83x10°
Pb** 3.22 % 10° 4.79 x 10°
Sret 6.50 x 10~ 3.69 x 107
Fe®" 5.58 x 107 8.01 x 107
Ba®" 7.47 x 107 921 x 107
Mg* 121 x10° 410 x 10°
crt 4.94 x 10 522 %107
Ti* 445 %107 9.32 x 107
Fe** 4.65%10° 7.11 x 107
Al 7.75 x 107 5.45x 107
NH," 1.95 x 107 4.66 x 107

Selectivity is perhaps the single most important characteristic of any electrode, which defines
the nature of device and the extent to which it may be employed in the determination of a particular ion
in presence of other interfering ions. Potentiometric selectivity coefficients of the Co(ll)-SPE were
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evaluated by fixed interference method (FIM) [32] and matched potential method (MPM) [35] at
1x10* mol L™ of the interfering ions. MPM is recommended by IUPAC to overcome the difficulties
associated with the methods based on the Nicolsky—Eisenman equation. According to this method, the
specified activity of the primary ion (A) is added to a reference solution, and the potential is measured.
In a separate experiment, interfering ion (B) is successively added to an identical reference (containing
primary ion) solution until the measured potential matches to that obtained only with the primary ions.
The results showed in Table (4) indicate that the modified SPE is highly selective for Co(ll) ion and
there is no interference from the studied cations.

Table 5. Potentiometric determination of Co(ll) in water, soil and fish tissue samples using modified
SPE sensor.

AAS SPE AAS SPE AAS SPE
Water Samples
1 0.55 0.547 0.019 0.011 1532 1.064
2 079 0785 Toots 001 1435 L1078
0.215 —0.003 — 1039
3 0.22 0.308 0.005 0.005 1.873 2.432
4 0.31 0.009 2.321
Soil Samples
1 0.34 0.437 0.064 0.032 2.084 1985
2 054 053 Tooa3 0001 2021 1075
0.238 - 0.027 — 0769
3 0.24 0.653 0.059 0.006 1.126 0.998
4 0.68 0.017 1.067
Formation Water Samples
1 1.45 1.495 0.0321 0.0036 2.413 2.006
2 174 1.679 0.0689 0.0079 1074 0958
0.0963 0.0080 - 1.002
3 2.01 1.989 1.237
Fish Tissue Samples
1 0.25 0.248 0.027 0.015 1.753 1.006
0.456 0.075 0.053
2 4 97 071
046 0.207 0.035 0.005 0.979 00
3 0.21 0.235 0.079 0.028 2.756  2.066
4 0.24 1.993 1.014

3.8. Analytical applications

The modified SPE is successfully applied for the determination of Co(ll) in different samples
such as water, soil and fish tissues. The Co(ll) contents were determined with the modified SPE and
atomic absorption spectrometric methods (AAS). The results of standard deviation and relative
standard deviation of Co(ll) ion in water, soil and fish tissue samples using SPE and (AAS) methods
are summarized in Table (5). As can be seen, the SPE sensor gives acceptable standard deviation and
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relative standard deviation of Co(ll) ion, which are also in satisfactory agreement with those obtained
by AAS method.

3.9. Repeatability and reproducibility

The repeatability and reproducibility of the SPE was studied by performing successive
calibrations using two different concentrations of pure Co(ll) solution and two different concentrations
of two formation water and two water samples in the same day (intra-day) (n = 5) and in different days
(inter-day) (n = 5). The low values of the relative standard deviation (RSD%) and standard deviation
(SD) indicate the high precision and the good accuracy of the proposed method (Table 6).

Table 6. Evaluation of intra- and inter-day precision and accuracy of modified SPE sensors

[Co(IN] Recovery SD? [Cu(IN] Recovery
Found, * % Found, *
(mgmL™) (%) (mgmL™) (%)
Pure Co(Il) ion  SPE 0.550 0.548 99.63 0.073 0921 0.542 98.54 0.102 1.007
(0-NPOE) 0.755 0.751 99.47 0.067 1.045 0.748 99.07 0.125 1.601
SPE 0.550 0.546 98.27 0.104 1210 0.547 99.45 1.450 1.136
(TCP) 0.755 0.756 100.1 0.094 1.522 0.743 98.41 1.643 0.996
Water samples ~ SPE 0.553 0.551 99.63 0.034 0.956  0.549 99.27 0.125 1.013
no. (1, 4) (0-NPOE)  0.315 0.311 98.73 0.057 0.756  0.306 97.14 0.652 1.047
SPE 0.553 0.547 98.91 0.025 1.046 0.541 97.83 0.070 1.734
(TCP) 0.315 0.316 100.3 0104 1085 0312 99.04 0127 2240
Formation SPE 0.685 0.680 99.27 0.073 1592 0.686 100.1 0.106 0.951
water no. (0-NPOE) 0.448 0.441 98.43 0.091 1.802 0.445 99.33 0.058 0.378
1,3) SPE 0.685 0.682 99.56 0.106 1.048  0.687 100.3 0.125 2.004
(TCP) 0.448 0.449 100.2 0.065 1929  0.446 99.55 0.088 1.908

 Mean values for five experiments carried out on the same day.
® Mean values for five experiments carried out on five different days.
Average of five determinations

4. CONCLUSION

In this paper, we have constructed a novel screen-printed electrode for the determination of
Co(ll) ions using magnesium alumino-silicate ionophere for the first time. The results of this study
indicated that the electrode exhibited linear response over a wide concentration range (3.1x107 - 1x10°
! mol L) with a Nernstian slope of (30.33+0.75 mV decade™). The SPE sensor also showed excellent
sensitivity (with a detection limit of 3.1x10” mol L™), good selectivity, stability and reproducibility for
Co(Il) ions. This method can be used for the determination of cobalt in water, soil and fish tissue
samples.
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