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Abstract- In this study, the synthetic ligand of ortho-phenylenediamine (C22H22N4O4) was 
used as an ionophore in the design and manufacture of Gd(III) ion selective carbon paste 
electrode. The D-optimal Mixture Design was used to investigate the effects of independent 
parameters and their correlations, for evaluating and optimizing of the components of the 
Gd(III) carbon paste electrodes. The Design-Expert (Plackett-Burman Design) software 
package Minitab ver. 17.0 optimized the composition of the membrane percentage of the 
proposed sensor. The experimental design method reduces of number of experiments and 
saving time and cost. Also consider simultaneously effect of factors on optimal condition, 
study non-linear relations and the interactions between factors is possible.  The optimal 
components of the membrane included graphite powder 60.00%, paraffin oil 30.00%, 
ionophore 8.00%, and multiwall carbon nanotubes 2.00 %. Ion selective electrode show the 
Nernst slope of 19.08 mV/decade at a concentration range of 1.0×10-2 to 1.0×1.0-7 mol L-1, 
with the detection limit of 2.14±10-8 mol L-1. The desired electrode has a response time of 
less than 15 seconds and relatively good lifetime in the pH 5-9 range. It can also be used in 
potentiometric titration of Gd(III) by EDTA.  

Keywords- Gd(III), Ortho phenylenediamine, Experimental design, Ion selective electrode, 
Multi-walled carbon nanotubes  
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1. INTRODUCTION  

In analytical chemistry, the easy procedures for fast designation of ionic species are of 
special attractions [1-3]. The potentiometric sensors are one of the vast classes of 
electrochemical sensor which have demonstrated to be impressive for the analysis of various 
ionic species [4-6] for many years rather than other instrumentation analysis procedure due to 
significant sensitivity, reproducibility, wide dynamic range, portability. Special in carbon 
paste electrodes simple renewal of surface and no requirement of internal solution, lower 
ohmic resistance and also conceivable interfacing with automated and computerized systems 
[7-10].  Despite these advantages, these electrodes have disadvantages include use limitation 
in non-aqueous solution and low thermal and mechanical stability [11,12]. The major 
application of ion selective electrodes is usually quantitative activity determination of ions 
and molecules by potentiometric method [13-16]. Ion selective carbon paste electrodes are 
known as an important tools in industrial [17], medical [18] and environmental [19] analysis  
special designation of rare earth elements [20]. 

The experimental design method has advantages to the one variable at the time (OVAT) 
method invalve: several factors are simultaneously (varying together in process) studied, It is 
possible to study non-linear relations and the interactions between factors, reduce of number 
of experiments and saving time and cost. The Placket-Burman design (PBD) is beneficial 
method for screening of main variables effect in multivariate system that gives a few 
considerable information about each variable with fewer experiments [21].  

The Gadolinium element, which can be applied in color televisions, glasses and 
fluorescent lamps [22], also in the medical field ,Gadolinium is occupied as a contrasting 
doer in pictures obtained by magnetic resonance [23], as well as in the nuclear region, as a 
thermal neutrons absorber [24] Gadolinium due to the have the numerous thermic neutron 
absorption cross section (49,000 b) and good solubility in water , it has been used to remove 
tumors in neutron therapy [25]. This element can be used efficiently in neutron radiography 
and shielding the nuclear reactors [26,27]. Due to metallurgic properties, even 1% of 
gadolinium is capable of enhancing the workability and resistance of iron, chromium [28], 
and related alloys to high temperatures and oxidation [29]. At room temperature, Gadolinium 
has paramagnetic feature and its ferromagnetic Curie point is 20 °C [30]. It was shown that 
the nuclear relaxation rates are boosted by the paramagnetic ions; thus, gadolinium is useful 
for magnetic resonance imaging (MRI) [31]. Research confirms that the images in medical 
magnetic resonance imaging and magnetic resonance angiography (MRA) procedures by the 
solutions of organic gadolinium complexes and gadolinium compounds [32].  

In this study, the optimal conditions for constructing gadolinium potentiometric sensors 
based on synthetic ligand of ortho-phenylenediamine C22H22N4O4 using computer software 
were investigated. The effect of different parameters was tested and optimized using a 
multivariate statistical method by the Placket-Burman via MiniTab 17.0 software.  
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2. MATERIAL AND METHODS 

2.1. The materials used to make ion selective carbon paste electrodes were 

Nitrate salts of cations. Chloride salts of Tin, Ferro, and Ferric, Arsenic oxide. Nitric acid, 
Acetic acid, Sodium hydroxide, Sodium acetate, Ethylene Diamino Tetra acetic Acid 
(EDTA), Graphite Powder, Multiwall Carbon Nanotubes (MWCNTs) (Merck company), 
Paraffin Liquid Oil, methanol, triethylenediamine, pyridoxal (Merck), synthetic ligand of 
ortho-phenylenediamine (M=406 gr/mol) [33]. 
 
2.2. Preparation of Ortho phenylenediamine ligand  

Ortho-phenylenediamine and pyridoxal (1:1 ratio) separately dissolved in 2-3 ml 
methanol and then mixed together. 2-3 drops of triethylenediamine were added to this 
solution. This solution was stirred for 6 to 8 h. The resulting sediment was filtered and 
washed with methanol. A view of the constructed ligand is shown in Fig. 1. 
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Fig. 1. Ligand structure of N, N′-dipyridoxyl(1,2-diaminobenzene) or N,N′-dipyridoxyl (1,2-
benzenediamine [13] 
 
2.3. Preparation of ion selective carbon paste electrode 

For preparation of ion selective carbon paste electrode, ddifferent amounts of graphite 
powder, Multi Walled Carbon Nanotubes (MWCNTs) and C22H22N4O4 synthetic ligand with 
appropriate amount of oil were transferred to petri dish. After the material is completely 
mixed, the resulting paste is carefully filled in. In order to create an electrical contact, a 
copper wire was inserted from the other end, and the outer surface of the electrode was flatted 
with sandpaper. The electrode was exposed to open air for 24 h. After making the carbon 
paste electrode for use in potentiometric measurements and determining the optimal amount 
of materials used in its manufacture, it was measured in a 10-3 mol L-1 ion solution for 24 h, 
until the cavities in the ion selective membrane is replaced by the corresponding ions in the 
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solution. The electrode was then washed with distilled water to be used to measure analytical 
solutions. 
 
2.4. Preparation of gadolinium and other cations solutions 

The analytical solutions for Gd(III) and other cations were prepared by dissolving the 
nitrate salts of them in distilled water. In order to prepare 0.01 mol L-1 gadolinium solution, 
0.375 g Gd(NO3)3.6H2O salt was dissolved in distilled water and was reached 25 ml volume. 
 
2.5. Measure the potential of solutions 

By combining carbon paste ion selective electrodes to the potentiometer as an indicator 
electrode and using an Ag-AgCl reference electrode, and placed in a container containing the 
measured solution, the potential difference between the two electrodes was measured. The 
probability difference between the two electrodes was measured. The calibration curve was 
plotted by spotting the potential values E(mV) against the logarithm of the measured ion 
concentration. All measurements were performed at room temperature.  
 
2.6. Design and construction of gadolinium ion selective electrode 

In order to study of the electrode and determine the sensitivity of the ligand to a specific 
cation, solutions were prepared from nitrate salts and cations chloride. The potential of the 
above solutions was then measured. Repeating this procedure several times, the electrode 
sensitivity was determined by a cation that had the best Nernst slope. 
 

Table 1. Definition range of test design for ion selective Gd(III) electrodes 
 

Upper limit Lower limit Factors (w/w%) Code  
70 60  Graphite powder A 
15 0  ligand B 
15 0 CNT nanoparticles C 
30 25  Paraffin oil D 

 
 

2.7. Experimental design and statistical analysis 

For statistical analysis and optimization of the electrochemical sensor, four factors 
including softener (paraffin oil) additive (nanotube), ligand and a graphite powder in two 
levels were designed in a Mixture Design (Table 1 and 2). As shown in Table 2, the best 
combination is Electrode 11 containing 60.00% Graphite powder, 8.00 % ligand, 30.00% 
Paraffin oil and 2.00% additive of nanoparticles. Electrode has a Nernst slope of 19.08 
mV/decade and a linear domain of 1×10-8 to 1×10-2 mol L-1. 
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Equation 1 
Slope=+18.76A+14.05B+712.11C+2.86D+0.41AB-897.63 CA+17.76AD-932.62BC+2.58 
BD-844.93CD 
 

In the equation 1, the parameters of A, B, C, D represents the amount of graphite powder, 
ligand, CNT nanoparticle and paraffin oil, respectively. Each of the parameters A, B, C, D 
can have a positive or negative effect on the gradient of equation (1). Among them, the 
single-parameters have positive effect on the equation, but dual parameters such as CD and 
BC have a negative effect on the equation. In fact, the value of each component of the system 
acts as an independent variable.  
 

Table 2. Mixture design and predicted analytical results for Gd(III) ion selective electrodes 
  

 
R2 

linear 
Range(M) 

Slope 
(mV/decad) D (%w/w) C (%w/w) B (%w/w) A (%w/w) Electrode 

No 
0.9570 10-4-10-8 18.36 30.00 2.00 10 60.00 1 
0.8544 10-3-10-7 12.51 23.96 5.00 4.50 66.55 2 
0.9570 10-2-10-4 9.16 26.66 4.48 5.64 63.31 3 
0.8990 10-1-10-4 20.01 26.35 5.00 7.10 60.65 4 
0.8830 10-1-10-3 2.071 25.81 4.06 2.00 68.85 5 
0.9989 10-2-10-4 17.53 29.10 5.00 3.39 61.62 6 
0.9018 10-2-10-5 1.58 21.96 3.55 6.54 67.95 7 
0.9319 10-3-10-7 11.80 21.98 5.00 7.10 65.02 8 
0.9420 10-2-10-5 11.00 25.85 2.05 2.10 70.00 9 
0.9964 10-1-10-3 6.61 20.44 4.10 4.57 70.00 10 
0.9598 10-2-10-7 19.08 30.00 2.00 8.00 60.00 11 
0.9392 10-2-10-5 11.96 25.85 2.05 2.10 70.00 12 
0.9790 10-3-10-6 7.94 29.40 4.22 6.38 60.00 13 
0.9022 10-3-10-5 3.68 26.95 3.63 3.38 66.05 14 
0.9510 10-2-10-5 8.14 30.00 2.73 3.50 63.77 15 
0.9999 10-2-10-5 16.59 20.00 2.01 8.00 69.99 16 
0.9572 10-3-10-8 6.61 20.44 4.10 4.57 70.00 17 
0.9392 10-4-10-6 16.60 20.00 2.01 8.00 69.99 18 
0.9088 10-1-10-4 18.46 25.14 2.00 6.20 66.66 19 
0.9989 10-3-10-6 16.35 29.10 5.00 3.39 61.62 20 

 
In this study, 20 completely randomized trials were designed by mixture design and for 

evaluation of the mathematical, statistical and optimization of the electrochemical sensor 
using four independent factors: ligand %, nanoparticle %, paraffin oil % and graphite 
powder% in two levels, were studied (Table 2 and 3). All parameters were optimized by 
Minitab software. 
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3. RESULTS AND DISCUSSION 

Interaction of the studied parameters was investigated using ANOVA (Table 3). 
 

Table 3. Results of variance analysis of different factors (ANOVA table) 
 

P-value 
Prob>F 

F ratio Mean of 
squares 

Df Sum of 
squares 

Reference 

0.0001< 54.49 73.61 9 662.49 model 
0.0001< 65.08 87.92 3 263.76 linear 

     mixture 
0.9789< 7.324E-004 9.895E004- 1 9.895E-004 AB 

0.0001< 249.59 337.19 1 337.19 AC 
0.0198< 7.68 19.37 1 19.37 AD 
0.0001< 229.53 31.09 1 31.09 BC 
0.8902< 0.020 0.027 1 0.027 BD 
0.0001< 213.54 228.50 1 288.50 CD 

  1.35 10 13.51 Residual 
0.0613< 4.53 2.21 5 11.07 Lack of Fit 

  0.49 5 2.44 Pure Error 
   19 676.00 Cor Total 

 
According to Table 3, the analysis of variance of factors A, B, C, D and also the dual 

factors AC, AD, BC and CD were affect in the response. A quadratic equation for the 
response, deduced from the mixture design results, expresses the relationship between the 
responses with non-coded values of direct factors. The results of analysis of variance show 
that all independent evaluated factors have a significant effect on the response of gadolinium 
ion selective electrodes. To obtain the maximum response, this equation was solved and the 
exact values of the optimal factors were obtained with a high degree of utility as expressed in 
Table 3. The quality of fitting the data and ensuring the accuracy of the proposed model was 
proven by analysis of variance and the response surface. Considering the P-value, which is 
much less than 0.05, the significance of the model is confirmed. The determination 
coefficients for R2 and R2-adj in this analysis were 0.9800 and 0.9620, respectively, which 
relatively high values of these parameters, (above 0.8); represent the ability to predict the 
model. Based on the results, indicated in the ANOVA (Table 3), P-value for coefficients AC, 
AD, BC, CD is much less than 0.05, which indicates that the interactions are significant. 
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Fig. 2. Normal diagram for Gd(III) ion selective carbon paste electrode 

 

 
 
Fig. 3. Three-dimensional graphs for response surface of Gd(III) ion selective carbon paste 
electrode (a) Interaction between graphite powder and nanoparticles (AC); (b) Interaction of 
Graphite powder with paraffin oil (AD); (c) The interaction between the ligand and the 
nanoparticle (BC); (d) the interaction between the nanoparticle and the paraffin oil (CD) 
 

Positive and negative coefficients show how variables influence the response process, and 
the 3D graphical method provides a more accurate interpretation of this topic. Three-
dimensional graphs of the response surface for obtaining the best target function, Nernst 
slope of gadolinium ion selective electrodes and finding optimal levels of independent 
variables are shown in Fig. 2.  

The interactions effects of the two factors on the target function were evaluated with 
being constant of other factors.  
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The interaction between considered factors was shown these factors maybe affect the 
response dependently and factors values are lower or greater than of waited.  Fig. 3 shows 
interaction of the parameters that affect the slope of the sensor.  

Fig. 3a shows that the slope of the electrode obtained from 60.00 %w/w graphite powder 
and 2.00 %w/w the nanoparticle expresses an appropriate response. Fig. 3b, shows the 
positive interaction between the ligand and the oil Paraffin that both parameters with the 
highest value can provide better results. Fig. 3c represents the interaction between the ligand 
and the nanoparticle, the higher amount of ligand and nanoparticles are obtained the better 
results. Fig. 3d shows the interaction between the nanoparticles and the paraffin oil, the lower 
amount of nanoparticles, the better the slope value.  
 
3.1. Linear range of gadolinium ion selective electrode  

Linear range of gadolinium ion selective electrode was studied in the best conditions, for 
example, in terms of the potential reading time, in which the electrode response follows the 
calibration curve. Potential response had Nernst slope of 19.08 mV/decade, the linear domain 
of 1.0×10-7 to 1.0×10-2 mol L-1, and the detection limit of 2.14×10 -8 mol L-1. 
 

 
Fig. 4. Effect of pH on Gd(III) ion selective electrode 

 
3.2. Effect of pH 

In this part of the experiment, the pH of two solutions, gadolinium nitrate with 
concentrations 1.0×10-3 and 1.0×10-4 mol L-1 was adjusted with nitric acid and sodium 
hydroxide. The electrode response was measured at various pH values. The results of this 
experiment are presented in Fig. 4. As you can see, the potential is constant in the pH range 
of 5-9. Observed deviations at higher pH may be due to the formation of gadolinium 
hydroxides in the solution. Also, at lower pH, the observed deviation is due to the response of 
the ligand to H+ ions, which increases the sensitivity of the electrode to the H+ ion [34]. 
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3.3. Response time 

Ion selective electrodes usually react very quickly to change of sample concentration. 
Since the response time of the electrode is a very important feature of the ion-selective 
electrode, it has been carefully studied. According to the IUPAC definition, the response time 
of electrode was defined as the time required for the variation of electrode output from the 
initial value to the 99 percent of the final value [35]. 

In this experiment for 1.0×10-3 to 1.0×10 -5 mol L-1 gadolinium solutions, the time to 
reach a stable response was investigated by gadolinium ion selective electrodes. The results 
of these experiments were shown in Fig. 5. As is clear, the potential is in equilibrium in less 
than 15 seconds and shows a constant value. 
 

 
Fig. 5. The response time of Gd(III) ion selective electrodes 

 

3.4. Selectivity of gadolinium (III) ion selective electrode  

Since the effect of the interference ions influences on the response of the ion selective 
electrode, in this study, the Matched potential method (MPM) was used to calculate the 
selectivity coefficients. In this experiment, quantities of interference solutions were added 
successively to the main solution and the potential was recorded in each step. The selectivity 
by MPM method via determining the ratio of the main ion activity to the interference ion 
activity at a constant potential was measured [36]. Table 4 shows Gd(III) selectivity 
coefficients in the presence of interference ions. 
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Table 4. Gd(III) selectivity coefficients in the presence of interference ions 
 

interference ions 
 

interference ions 
 

Ca(II) 1.8×10-4 Cd(II) 8.1×10-4 
La(III) 5.3×10-4 K(I) 6.4×10-4 
Cr(III) 7.4×10-3 Na(I) 5.3×10-4 
Fe(III) 6.8×10-4 Cu(II) 7.1×10-3 
Sm (III) 8.2×10-4 Ni(II) 2.7×10-3 
Mg(II) 4.2×10-4 Pb(III) 8.8×10-4 

 
3.5. Potentiometric titration 

The gadolinium ion selective electrode was used as an electrode to detect the titration 
endpoint 25 ml of 1.0×10 -4 mol L-1 gadolinium solution with EDTA solution of 1.0×10 -3 
mol L-1. The results are shown in Fig. 6. From the diagram, a satisfactory equivalence point 
indicating the usefulness of the electrode in measuring gadolinium by a potentiometric 
method has been demonstrated.  
 

 
 
Fig. 6. Titration graph of 1.0×10-4 mol L-1 gadolinium solution with 1.0×10-3 M EDTA 
solution  
 
3.6. Efficiency on the real sample 

Water samples were first filtered 2 to 3 times by the filter to remove contaminated 
suspended particles. Then, in the absence of gadolinium ion, using the routine method of 
spike of analyte. The measurements were carried out and the amount of recovery for mineral 
water of Zoshk and urban water were shown in Table 5. 
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Table 5. Measurement of real sample for Gd(III) ion selective electrodes 
 

Relative recovery of 
CPE (%) 

Found amount of  
(ppm) CPE 

Spiked amount 
(ppm) 

Samples 
 

- 0 0 Mineral water of 
Zoshk (1) 106.5 2. 13×10-3 2.00×10-3 

94.0 5.64×10-6 6.00×10-6 

- 0 0 Urban water (2) 

92.0 1.84×10-3 2×10-3 

105.0 6.3×10-6 6×10-6 

 

4. CONCLUSION  

The experimental design was used for optimization instead of one variable at the time 
method that reduced of number of experiments and saved time and cost. In the optimized 
conditions: 60.00% graphite powder, 30% paraffin oil, 8.00% ionophore, and 2.00% 
MWCNTs which has the best slope 19.08 mV/decade to the Gd(III). The linear range was 
1.0×10-7 to 1.0×10-2 mol L-1 with correlation coefficient (R2) 0.9598, LOD was obtained 
2.14±10-8 mol L-1. The satisfactory recoveries 92.0-106.5% were obtained for real water 
samples. The results of the pH investigation on the electrode response indicated that the 
electrode response is constant in the pH range of 5 to 9.  
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