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Abstract:    We report a sensitive electrochemical voltammetric 
method for analyzing diquat (DQ) ions using a carbon paste electrochemical 
(CPE) modified by porous material, such as hydroxyapatite (HAP). Diquat 
strongly adsorbed on a HAP-CPE surface and provides facile 
electrochemical quantitative methods for electroactive DQ ions. Operational 
parameters have been optimized, and the stripping voltammetric 
performance has been studied using square wave voltammetry. The peaks 
current intensity are highly linear over the 7×10-7–3×10-4 mol.L-1 diquat 
range examined (10 min accumulation time), with a good sensitivity. These 
findings can lead to a widespread use of electrochemical sensors to detect 
DQ contaminates. 
Scanning electron microscopy (SEM) was used for morphology observation 
and in particular the X-ray diffraction analysis (XRD) and Fourier 
transformed infrared spectroscopy (FTIR) analysis for characterization of 
synthesis powder. 
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INTRODUCTION 
 
Apatites form a large family of inorganic compounds, with the main formula             
M10 (XO4)6Y2 (M = Ca, Sr . . .,  X = P, Si, V . . . and Y = F, Cl, OH. . .). Apatites are the 
major constituent of the mineral part of bone and dental enamel, and an important 
compound in solid-state chemistry [1, 2]. They are the starting material of phosphate 
fertilizer, and have many industrial applications [3-7]. Hydroxyapatite (HAP) 
Ca10(PO4)6(OH)2 is the main constituent of the apatite family. It crystallizes in the 
hexagonal group P63/m, their physical-chemical properties give them a high adsorption 
power and a strong catalytic activity, so it may be used as catalyst [8-12] or gas 
detector. Apatites have been widely investigated because of their various applications in 
several domains such as agriculture (fertilizer), medicine (bone and teeth prosthesis), 
gemology and technology of phosphorus and laser materials [13-16]. It is well known 
that the reactivity of apatites is essentially correlated to their structure (existence of 
channels), chemical composition (substitution in the cationic and anionic sites) [9], and 
surface properties [17-20]. One characteristic of apatites is their capacity to establish a 
chemical bond with various organic compounds such as oxalic acid, porphyrine, 
glycine, carbohydrate polymers, etc. [21-25].  
During the past five years we have studied the use of phosphate compounds [26] to 
promote organic transformation [27] and have shown that its mild basic and acidic 
proprieties can be exploited in many synthetic applications [28]. In our work, we were 
interested to valorize this ceramic in the domain of modified electrodes destined for 
organic compounds determination such as herbicides. Besides a wide number of 
analytical methods, based on the most commonly employed physical-chemical 
techniques for the identification of organic compounds (UV, IR, HPLC, GC, MS or 
various combinations of these) [29-33], is available to detect and determine pesticides 
quantitatively in different matrices; nevertheless, none of the above mentioned 
techniques is effectively used ‘‘on the spot’’ to monitor the levels of pesticides in risk 
areas continuously: in this direction, it is the use of alternative analytical methods, such 
as those based on chemical sensors. 
Diquat has been extensively used as herbicide in olive crops. It is toxic to algae, fish, 
and other aquatic organisms such as crayfish and insects [34]. Acute oral LD50 (rats) for 
diquat (400 mg/kg) is relatively low [35]. The adverse health effect of acute and chronic 
exposure to humans is well documented [36]. Diquat produces lung damage although it 
is not concentrated. However diquat has severe toxic effects on the central nervous 
system. The cationic character of diquat makes its determination difficult. Capillary 
electrophoresis (CE) [37, 38] and ion-pair high-performance liquid chromatography 
(HPLC) using UV detection [22] are the methods of choice for ion species, although the 
use of selective electrodes [23] has been also reported. Different techniques of mass 
spectrometry coupled to either CE [24, 25] or HPLC [26, 27] have been described for 
determination of diquat. The aim of this work is to use the synthesis hydroxyapatite to 
modify the carbon paste electrode. We investigate the electrochemical behavior of 



SCIENTIFIC STUDY & RESEARCH ♦ Vol. VIII (2) ♦ 2007 ♦ ISSN 1582-540X 
 

 119

diquat attached on HAP-CPE surfaces on cyclic voltammetry and square wave 
voltametry. 
 
 
EXPERIMENTAL PROCEDURES 
 
Powder preparation 
 
Hydroxyapatite powder was precipitated in an aqueous medium by slow addition, at a 
rate of 10 mL/min, of calcium nitrate Ca(NO3)2

.4H2O solution into a boiling 
diammonium phosphate solution containing NH4OH [26]. The pH of the mixture was 
about 10, and was maintained at this level throughout the reaction with a pH stat by 
addition of 3% vol ammonia solution. After total addition of the reactants the 
suspension was filtered and calcined at 900 °C about 3 h. 
The chemical composition of the ceramic was also investigated by FTIR spectroscopy. 
The powder was ground together with KBr in an agate mortar and compressed to 
tablets. Transmission IR spectra were recorded under nitrogen atmosphere from 4000 to 
400 cm-1 with a resolution of 4 cm-1. Hydroxyapatite powder served as a reference and 
was heated to 900°C for 3 h prior to use.  FTIR spectroscopy analysis (PERKIN-
ELMER FTIR) was performed in order to determine hydroxyapatite stoechiometry 
deviations, in particular the PO4

3- and/or OH- groups. After grinding the material in an 
agate mortar the chemical composition of the ceramic was investigated by X-ray 
diffraction analysis (XRD: Cu Kα radiation, XPERT) to evaluate the purity of the 
synthesized hydroxyapatite powder. The Ca/P ratio was calculated from the calcium and 
phosphorus content. In order to evaluate Ca/P ratio of the powder using inductively 
coupled plasma–atomic emission spectrometry (ICP–AES) analysis.  
 
Electrode preparation 
 
The electrode was prepared by mixing a pure graphite powder and a synthesis 
hydroxyapatite described above. The mixture was grinding in a mortar. The mixture 
paste was packed into working electrode. The geometric surface area of the working 
electrode was 0.1256 cm². The electrolytic solution K2SO4 (0.1M) was deoxygenated 
with nitrogen during experiment at ambient temperature. 
 
Apparatus and electrochemical procedures 
 
Voltammetric measurements were made using a potentiostat PGSTAT 100 driven by 
the General Purpose Electrochemical Systems data processing software (Voltalab 
master 4 software). The auxiliary electrode was platinum, the reference electrode a 
saturated calomel electrode (SCE). The working electrode consisted of an HAP-CPE 
with a drop area of 0.1256 cm². The pH measurements were carried out with a pH 
meter. The parameters for the SWV were: step potential 25 mV; amplitude 5 mV and 
duration 5 sec at scan rate 1mV.s-1. All experiments were performed at 25 °C. Test 
solutions for voltammetric experiments were prepared in 20 mL volumetric flasks 
containing a suitable amount of diquat solution, 0.1M potassium sulfate. All solutions 
were added deionised water to a final volume of 20 mL and transferred to the 
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electrochemical cell. Before the voltammetric scan, the solutions were stirred and de-
aerated by bubbling nitrogen gas (purity 99.95%) at flow rate of 50 mL.min−1 for 5 min. 
Current–potential curves from −0.2 to −1.2V (versus SCE) in the square wave 
voltammetry mode were recorded and the scanning (CV) was performed in a negative 
direction at a rate of 50 mV.s−1 with a step potential of 2 mV and duration step 0.02 sec.  
 
 
RESULTS AND DISCUSSIONS 
 
Characterization of the prepared powder 
 
To obtain more information of the phases and other components of the synthesis 
ceramic it was investigated by FTIR spectroscopy. FTIR spectra displayed in Fig. 1 also 
confirm the formation of hydroxyapatite apatite powders with the observed fundamental 
vibrational modes of PO4

3- group at 475, 574, 609, 966 and in particular the bands at 
3571-3572 cm-1 and at 631-632 cm-1 derived from stretching and vibrational modes of 
OH groups in Ca10(PO4)6OH2 [39]. The XRD patterns of the as-prepared powders are 
presented in Fig. 2. All the powders have indicated the formation of an apatite phase. 
The SEM pictures (see Fig. 3) gave insight into the ceramic structure with respect to 
porosity, pore structure, pore- and crystal size and their variations. Calcium, phosphorus 
concentration and Ca/P ratio results of the synthesized powders are shown in Table1.  
 

0

50

100

150

200

250

300

350

10 000 20 000 30 000 40 000 50 000 60 000 70 000

2 Thèta

In
te

ns
ity

 
Figure 1. X-ray diffraction pattern for the prepared powders calcined at 900 °C 

 
Electrochemical behaviors on HAP-CPE 
  
The cyclic voltammogram (CV) of diquat, recorded with chemically modified carbon 
paste electrode in 0.1M K2SO4 between -0.3 V and -1.2 V for 75 % modified carbon 
paste electrode with phosphocalcic hydroxyapatite at 50 mV.s-1, obtained after exposure 
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to 2×10-4 mol.L-1 solution of diquat for 10 min in potassium sulfate solution is shown in 
Fig. 4. Two pair reversible peaks at scan rate 50 mV.s-1 can be observed at the HAP-CP 
electrode (P1, P4) and (P2, P3) at a potential E1 = - 0.75 V and E2 = - 1.0 V (versus SCE) 
respectively in the pH range from 3.0 to 12.0 associated to the redox couple (Eqs. 1 and 
2). Besides the redox reaction occurred at HAP-CPE is much more distinguishable due 
a properties of HAP to capture the diquat ions. 

      DQ2+   +   e-                   DQ+                                                           (1) 
      DQ+   +   e-                     DQ0                                                 (2) 

 
Figure 2.  FTIR spectra of the apatite heated at 900°C for 3 h 

 

 
Figure 3. SEM images of synthesis apatite 
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Table 1. Chemical composition (ICP-AES) of apatite calcined for 3 h at 900 °C 
Element           Ca P Ca/P 

Weight [%]        35.115         16.171            1.678 
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Figure 4. Cyclic voltammogram for 2×10-4 mol.L-1 of diquat in 0.1 mol.L-1 K2SO4, pH 

= 7.0, the HAP-CPE at scan rate 50 mV.s-1 and 10 min of preconcentration time 
 
As it has been pointed out in Fig. 5, we demonstrate that the diquat has been shown to 
exhibit improved voltammetry response at carbon paste electrode modified by HAP 
when compared with conventional CP. Modification of CPE with hydroxyapatite 
allowed the subsequent bond of HAP by following an extremely simple procedure 
consisting of immersion of HAP-CPE in diquat solutions. This led us to develop a 
methodology for the determination of diquat in real samples. The square voltammetry 
(SWV) experiments yielded the same reduction and oxidation processes described in 
eqs. (1) and (2). Here peak 1 was observed at -0.71 V and peak 2 at -1.0 V versus SCE, 
which is in close agreement with values obtained in cyclic voltammetric experiments. 
   
Effect of HAP loading 
 
The accumulation of DQ at HAP-CPE was based on the adsorption reaction between the 
herbicide ion and the modifier. Therefore the concentration of HAP in the carbon paste 
had significant influence on the voltammetric responses on the modified carbon paste 
electrode. The peaks currents increased with increasing the ratio of HAP/CP to give 
maxima at 75% by weight (w/w) after this percentage the peaks current decreased with 
the increase of the HAP amount (Fig. 6). This was attributed to the reduction of 
conductive area at the electrode surface. 
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Figure 5. Square wave voltammetry for 2×10-4 mol.L-1 of diquat in 0.1 mol.L-1 K2SO4 
at HAP-CPE with pH 8.2, step potential 25 mV, amplitude 5 mV and duration 5sec at 
scan rate 1mV.s-1,after preconcentration time of 10 min at (a) HAP-CPE and (b) CPE 
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Figure 6. Effect of HAP loading on the reduction peaks intensity on SWV of 2×10-4  

mol.L-1 diquat (same conditions as for Fig. 5.) 
 
Influence of accumulation time 
 
The influence of preconcentration time was examined in 9×10-6 mol.L-1 diquat (Fig. 7). 
The reduction peaks intensity increased when the preconcentration times ranged from 2 
to 40 min. For larger times the peaks were progressively broader and the peaks became 
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less than expected from initial linear relation. In this concentration equilibrium seemed 
to be reached after 10 min. However, after a specific accumulation period, the peak 
current tented to level off; illustrating that adsorptive equilibrium was achieved. 
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Figure 7. Influence of preconcentration time on the peaks currents on SWV of 9×10-6 

mol.L-1 of diquat (same condition as for Fig. 5.) 
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Figure 8. Effect of pH on the reduction peaks on SWV of 2×10-4 mol.L-1 of diquat ions 

(same conditions as for Fig. 5.) 
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Effect of pH 
 
A study of the influence of pH on the peak current Ip in square wave voltammetry was 
made in the pH range 2–12 at a diquat concentration of 2×10−4 mol.L-1 (Fig.8). Diquat 
exhibits only a single voltammetric peak (P1) at potential -0.75 V versus SCE in the pH 
ranges pH < 3.0 probably due to reduction of electrolytic media. However, in the pH 
range 3.0–12 two voltammetric peaks are observed. In this case the potential of the 
observed peaks at HAP-CPE does not shift with increasing pH, suggesting the absence 
of any protonation step in the reduction mechanism indicated by Eqs. (1) and (2).  
 
Calibration graph 
 
Figure 9 shows the dependence of peaks intensity of DQ concentration on SWV at 
HAP-CPE under the optimum experimental conditions resumed in Table 2. The 
electrode response was tested for DQ solutions ranging from 7×10-7 to 3×10-4 mol.L-1. 
The linear response with this concentration was achieved and the regression straight line 
has the following equation: 

I1(µA) = 0.1462 [DQ](mol.L-1)  + 8.4691 
I2(µA) = 0.079 [DQ](mol.L-1)  + 3.0378 

with the correlation coefficient of 0.9927 and  0.9890 of peaks P1 and P2 respectively. 
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Figure 10. Influence of diquat concentration on the peak intensity 

(same conditions as for Fig. 5.) 
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Table 2. Optimized parameters for diquat determination using the carbon paste 
electrode modified with hydroxyapatite in square wave voltammetry 

Parameter Optimized value 
Electrode composition     75% modified hydroxyapatite and 25% of graphite powder   
Supporting electrolyte     0.1M potassium sulphate      
pH 8.2 
Pre-concentration time     10 min 
Scan rate 1 mV/s 
Pulse amplitude 5 mV/s 

 
 
CONCLUSION 
 
The present results obtained with hydroxyapatite modified carbon paste electrode seem 
at first sight one more common evidence of this conclusion. The excellent properties of 
this material can contribute to the accumulation of the product onto electrode surfaces. 
It was demonstrated that the rather simple procedure using HAP-CPE allowed a rapid 
determination of DQ in dilute solution down 7×10-7 mol.L-1. More important is that the 
square wave voltammetry opens new opportunities for analyzing diquat ions.  
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