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Abstract

An electrochemically pretreated graphite pencil electrode (PGPE) has been prepared for the trace level determination of Hg(II) in human saliva. The pretreatment of GPE is conducted in 0.1 mol/L nitric acid by cycling the potential between -1.6 and -0.6 V for 60 cycles at a scan rate of 50 mV/s. The influence of the pretreatment conditions including media constituents, pHs, and various electrochemical techniques and parameters was studied and optimum conditions were obtained. Square wave anodic stripping voltammetry (SWASV) was used for the determination of Hg(II). Based on the obtained calibration curve under the optimum conditions, a linear range from 10.0 x 10-9 mol/L to 175.0 x 10-9 mol/L with a detection limit of 3.0 x 10-9 mol/L (S/N=3) were obtained. The results revealed that the electrochemical pretreatment of GPE surface improved its electrochemical performance towards Hg(II) detection with reference to the  non-pretreated GPE surfaces. The present analytical method was applied for the determination of Hg(II) released from dental amalgam in human saliva.
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1. Introduction

Mercury is a naturally occurring element that is found in air, water and soil. It exists in several forms: elemental or metallic mercury, inorganic mercury compounds, and organic mercury compounds.1 Mercury is an old occupational hazard that remains a problem in dental offices, health care institutions, and some homes.2,3 Elemental mercury is a heavy metal that interferes with the sulfhydryl groups of proteins, particularly active sites of enzymes.4 The major manifestations of these chemical reactions are nephrotoxicity, primarily proteinuria and tubular necrosis, and neurotoxicity, which can be profound with high exposure.5 Cardinal symptoms of mercury toxicity include tremors, nail changes, hair loss, oral and gingival inflammation, ataxia, excessive and uncontrollable salivation, anorexia and weight loss, labile affect and irritability, pathologic shyness and avoidance of people, and acrodynia (erythema and painful desquamative dermatitis of the hands and feet).6-16 Individuals with congenital mercury toxicity will have severe mental retardation and motor abnormalities, including disturbances in swallowing.17-18 

In recent years, the development of different methods for determination of mercury in body fluids such as urine,19 serum,20 and saliva,21-22 has received considerable interest. Techniques like atomic absorption spectroscopy,23 cold vapor atomic emission,24 X-ray fluorescence,25 mass spectrometry,26 and ICP,27 are used to detect mercury at trace level. All these methods, however, have limitations for routine analysis of mercury, including high cost, complex instrumentation, long duration and poor selectivity.

 
Electrochemical methods are frequently used in analytical chemistry due to their high sensitivity, low cost, fast response, simple instrumentation and portability.28,29 The poor electrocatalytic properties of conventional electrodes, however, limit their use in measuring mercury concentration. These electrocatalytic properties of electrodes can be improved by electrochemical pretreatment,30 modifying the electrode with a suitable electrocatalyst or electron mediator,31,32 and  using a solution that enhances the electrochemical reaction. For detection of mercury various modified electrodes have been constructed and used such as silica modified electrode,33 bimetallic Au-Pt inorganic-organic hybrid nanocomposite-modified electrode,34 mercaptoacetic acid modified gold microwire electrode,35 organic–inorganic pillared montmorillonites modified electrode,36 5-methyl-2-thiouracil, graphene oxide and gold nanoparticles modified electrode,37 carbon nanotube modified electrode,38 and DNA-modified electrode.39 Despite the selectivity of these voltammetric techniques, cheaper or more sensitive and selective methods are still needed to detect mercury. Electrochemical pretreatment of pencil graphite electrode seems to be a simple, less time consuming and more applicable strategy in comparison to other procedures. This method eliminates the use of some toxic compounds required in the modification of the electrode surface.


Trace metals in saliva may serve as a new biomarker for studying trace metals exposure, and metabolism.40 Salivary glands have high blood flow, chemicals and metabolites are distributed in saliva by several mechanisms, including passive diffusion, active transport, and ultrafiltration.41 Previous studies on the use of saliva for biomonitoring have focused on herbicides,42 lead,43 phthalate,44 and fluoride ions,45 in humans, animal or artificial models. The concentrations of chemical contaminants in saliva have been shown to reflect their concentration in plasma. Saliva sampling is non-invasive and has advantages over urine and blood collection, particularly from newborn and infants. In the present study, a simple sensor based on an electrochemically  pretreated graphite pencil electrode (PGPE) is described for the detection of a trace level of mercury (II) in human saliva. The analytical performance of this sensor was evaluated by the anodic stripping square wave voltammetry.

2. Experimental

2. 1. Reagents

All  chemicals  used  in  this  study  were  analytical  reagent  grade  and  used  without  further purification. Hydrogen peroxide (30%), sodium hydroxide, lithium chlorate and sodium acetate buffer (3.0 mol/L, pH 5.2) were obtained from Sigma Aldrich® (USA). Nitric acid was obtained from AnalaR® (England). A standard stock solution of mercury (5.0 x 10-3 mol/L, plasma emission standard solution) was obtained from BDH, ARISTAR® (England) and diluted as required. Hi-polymer graphite pencil HB black leads were obtained from Pentel (Japan). All leads had a total length of 60.0 mm and a diameter of 0.5 mm and were used as received.
2. 2. Apparatus and Procedures

A Jedo mechanical pencil (Korea) was used as a holder for both bare and pretreated graphite pencil leads. Electrical contact with the lead was achieved by soldering a copper wire to the metallic part that holds the lead in place inside the pencil. The pencil was fixed vertically with 15 mm of the pencil lead extruded outside, and 10 mm of the lead immersed in the solution. Such length corresponds to a geometric electrode area of 15.90 mm2. CHI 660C (CH instruments, USA) was used for the entire electrochemical work. The   electrochemical cell contained a pretreated GPE as a working electrode, a Pt wire counter electrode, and an Ag/AgCl (Sat. KCl) reference electrode. ICP-iCAP 6000 series spectrometer (Thermo Scientific, USA) was used to analyze the human saliva samples.

2. 3. Pretreatment of GPE 

10.0 mm of the extruded GPE from pencil, an Ag/AgCl reference, and Pt counter electrodes were immersed into a cell containing HNO3 (or otherwise mentioned) solution of different concentrations. Different potential ranges were applied to pretreat the GPE surface. Next, gentle dipping twice into deionized water washed the pretreated electrodes. The entire electrochemical measurements were performed right after the preparation of the pretreated electrodes. 
2. 4. Saliva collection

Saliva collection was done according to the recommendations of the world medical association declaration of Helsinki for international health research. A saliva sample was collected from volunteers living in Dhahran, Saudi Arabia. Sample collection was done at least after one hour of any food consumption and before collection participants rinse their mouth with water, at least, three times to remove any food residues. The collection was done by spitting in detergent washed collection vials by direct collection. The  samples  were  checked  for  food  and  blood  or  nasal  discharge contamination, and  contaminated  samples  were  discarded. After collection, samples were stored at -20.0 oC until analysis.
2. 5. Digestion of Saliva

Prior  to  the  sample  preparation,  the  saliva  samples  were  defrosted  and  allowed  to  equilibrate  to  room temperature before being rechecked for any trace of contaminants. Five ml of saliva was then measured into a beaker, and 20.0 ml of 2% nitric acid and 5.0 ml of 10.0 mol/L hydrogen peroxide were added. This solution was then filtered through Whatman no. 42 filter  paper  into  a  100.0 ml volumetric  flask  and  diluted  to  a  final  volume  of    with  DDW. The 100.0 ml solution was then stored until analysis.
3. Results and discussion

3. 1. Electrode and pretreatment solution Evaluation

The electrochemical oxidation of Hg(II) was assessed by recording SWASVs at different electrode materials (Figure 1a). The glassy carbon, graphite pencil, carbon paste, Pt disc and gold disc electrodes were utilized, and results showed that the last three electrodes are not responding to 6.2 x 10-7 mol/L Hg(II) solution. Both GCE and GPE gave a relatively well-defined SWASV signal. As can be seen in the histogram of Figure 1b, the highest obtained signal was at the GPE. 
Since a high electrochemical oxidation signal is essential for the fabrication of an ultrasensitive electroanalytical sensor, GPE was chosen as a transducer material for the electroanalytical determination of Hg(II).
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Figure 1: a) Square wave anodic stripping voltammograms
(SWASVs) of 6.2 x 107 mol/L Hg(Il) at different electrodes: 1)
Carbon paste, 2) Pt, 3) Au, 4) Glass carbon and 5) Graphite pencil
electrode. Working conditions: deposition potential, -1.6 V;
deposition time, 120 s; frequency, 100 Hz; amplitude, 0.06 V. b)
The corresponding histogram.





The effect of GPE pretreatment solution was evaluated in NaOH, LiClO4, HNO3, H2O2 and a mixture of H2O2 and HNO3 (Figure 2a). The potential pretreatment range was between -1.6 to -0.6 V of cyclic voltammetry (CV) with 20 pretreatment scans and followed by Hg(II) detection in acetate buffer solution (0.1 mol/L, pH 5.5). The pretreatment of the pencil graphite electrode in LiClO4 and NaOH did not show any increase in the SWASV response of Hg(II). Meanwhile, both H2O2 and HNO3 prominently increased the peak current for Hg(II). Figure 2b shows the corresponding histogram, where the GPE pretreatment in 0.1 mol/L HNO3 gave the highest peak current of Hg(II). This could be attributed to the more surface roughness and thus more electrode surface area. The electrochemically pretreated in 0.1 mol/L HNO3 graphite pencil electrode was used for further experiments.
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Figure 2: a) SWASVs of 6.2 x 107 mol/L Hg(II) at
unpretreated (6) and pretreated GPEs in various 0.1 mol/L.
media: 1) NaOH, 2) LiClO,, 3) H,0,, 4) H,0, and HNO,
and 5) HNO,. Working conditions: deposition potential, -
1.6 V; deposition time, 120 s; frequency, 100 Hz;
amplitude, 0.06 V. b) The corresponding histogram.




3. 2. Effect of the electrochemical pretreatment 


The main constituent of the pencil graphite electrode is graphite 65%, clay nearly 30% and 5% is an electro-inactive polymer as a binder. Pencil lead mainly consists of graphite, a form of carbon in which each atom is connected together by weak bonds. Clay is naturally occurring aluminosilicate showing the ion exchange properties. However, the graphitic part of a pencil in contact with pretreatment solution i.e. HNO3 is cleaned and attach various oxygen-containing functional groups. The enhancement in the signal of GPE after pretreatment can be attributed to the increased oxygen-containing groups on the electrode surface or to the formation of a graphite oxide film.


In order to determine the effect of concentration of the pretreatment solution (HNO3) on the PGPE, GPE was pretreated with different concentrations of HNO3 ranging from 0.05 mol/L to 0.8 mol/L in the potential range of -1.6 to -0.6V at a fixed scan rate of 100 mV/s. Then the pretreated electrode was used for the determination of Hg(II). Figure 3a shows SWASVs obtained using these electrodes in acetate buffer (0.1 mol/L, pH 5.5). With increasing the concentration, the peak current for 6.2 x 10-7 mol/L Hg(II) was also increased and gave a maximum peak current at 0.1 mol/L HNO3 as shown in Figure 3b.
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Figure 3: A) SWASVs of 6.2 x 107 mol/L Hg(Il) in 0.1 mol/L
acetate buffer solution, pH 5.5 at GPE surfaces pretreated in HNO,
solutions of different concentrations: 1) 0.05, 2) 0.1, 3) 0.2, 4) 0.4,
5) 0.6 and 6) 0.8 mol/L. Working conditions: Pretreatment CV
segments, 20; pretreatment potential, -0.6 to 0.6; deposition
potential, -1.6 V; deposition time, 120 s; frequency, 100 Hz;
amplitude, 0.06 V. B) The corresponding plot of peak currents i,
(1A) vs. the concentration of HNO;.





In order to evaluate the number of CV segments, the potentiodynamic pretreatment of the GPE carried out by scanning with a different number of scans between -1.6 and -0.6V, and with a scan rate of 100 mV/s. Based on the obtained results (Figure 4) the maximum ip was observed with 60 pretreatment scan numbers. Therefore, the optimum number of pretreatment scans is 60 segments.
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Figure 4: a) SWASVs of 6.2 x 10”7 mol/L Hg(IT) in 0.1 mol/L acetate
buftfer, pH 5.5 at GPE surfaces pretreated at different CV segments 1) 20,
2) 40, 3) 60, 4) 80 and 5) 100 segments. Working conditions:
Pretreatment potential, -1.6 to -0.6; pretreatment solution, 0.1 mol/L
HNO;; deposition potential, -1.6 V; deposition time, 120 s; frequency,
100 Hz; amplitude, 0.06 V. b) The corresponding plot of ip vs number of
pretreatment CV segments.




Moreover, the effect of potential scan range on GPE was studied. Figure 5a depicts the influence of scanning potential range used during the GPE pretreatment on SWV in a 0.1 mol/L solution of acetate buffer (pH 5.5) containing 6.2 x 10-7 mol/L Hg(II). It was observed that the potential range of -1.6 to -0.6V shows the highest peak current, as in Figure 5b. 
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Figure 5: a) SWASVs of 6.2 x 10”7 mol/L ppb Hg(II)in 0.1 mol/L
acetate buffer, pH 5.5 at different pretreatment potential ranges 1) -
1.6 to -0.6, 2) -0.6 to 0.6 and 3) 0.6 to 1.6. Pretreatment CV
segments, 20; other working conditions were same as in Fig. 4a. b)
The corresponding histograms of peak current vs different potential
ranges applied.




Also, Figure 6 illustrates the study of the scan rate effect on the Hg(II) response at the electrochemically pretreated GPE. The scan rate of 50 mV/s gave the maximum response.  
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Figure 6: The corresponding histogram showing effect of pretreatment scan
rate on 6.2 x 107 mol/L Hg(Il) in 0.1 mol/L acetate buffer (pH 5.5).
Pretreatment CV segments, 20; other working conditions are described in Fig.
4A.




3. 3. Optimization of SWASV parameters


In order to find a suitable voltammetric technique for the detection of Hg(II) using the developed GPE, different voltammetric techniques were tested. Including; differential pulse, square wave, differential normal pulse, linear sweep, staircase, and normal pulse voltammetry, the results (shown in Figure 7) revealed that the square wave voltammetry, among all tested voltammetric techniques, gives the highest peak current for the same concentration of Hg(II).
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Figure 7: The corresponding histogram showing effect of voltammetric
techniques on 6.2 x 10”7 mol/L Hg(I)in 0.1 mol/L acetate buffer (pH 5.5).
Working conditions: deposition potential -1.6 V, amplitude 0.06 V,
frequency 100 Hz, deposition time 120 s.





To select the best detection medium for Hg(II), various solutions were tested, such as HNO3, NaOH, acetate buffer and phosphate buffer solutions. All tested solutions were with the same concentration, 0.1 mol/L. The NaOH and phosphate buffer solutions show no peak for 6.2 x 10-7 mol/L Hg(II), however, HNO3 and acetate buffer gave well-defined peaks (Figure 8a). It was observed that peak current for Hg(II) was the highest in 0.1 mol/L acetate buffer (Figure 8b), thus, further optimizations were completed in the acetate buffer solution.
The pH of the aqueous medium and the SWASV parameters can significantly influence the detection limit of any analyte. Thus, the effect of pH and the optimization of SWASV parameters for Hg(II)  electro-oxidation on PGPE were analyzed.
[image: image8.jpg]300
3
< 200
_Q.
4
1 /
0
0.0 0.1 0.2 0.3 04 0.5 0.6
b) E/V
200
150
Z 100
2
50
0
0.1 mol/L 0.1 mol/L 0.1 mol/L 0.1 mol/L
HNO3 NaOH acetate buffer phosphate
buffer

Figure 8: a) SWASV of 62 x 107 mol/L Hg(Il) in different
supporting electrolytes. a) 0.1 mol/L NaOH, b) 0.1 mol/L
phosphate buffer, c) 0.1 mol/L HNO; and d) 0.1 mol/L acetate
buffer. Pretreatment CV segments, 20; Other working conditions
are same as mentioned in Fig. 4 A. b) The corresponding
histogram.




The effect of pH on the SWV response to the electro-oxidation of a 6.2 x 10-7 mol/L Hg(II) in acetate buffer at pretreated GPE was systematically studied over the pH range 3.2 - 6.5. As the pH increased, the electro-oxidation peak potential (Ep) of Hg(II) became less positive (Figure 9a). Figure 9b shows that the highest electro-oxidation signal was obtained at pH 5.5, and thus was selected as the optimum pH.
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Figure 9: a) SWASVs of 6.2 x 107 mol/L Hg(Il) in 0.1 mol/L
acetate buffer at different pHs: 1) 3.2, 2) 4.0, 3) 4.8,4) 5.5,5) 6.0
and 6) 6.5. Pretreatment CV segments, 20; other working
conditions are same as mentioned in Fig. 2a. b) The corresponding
plot of pH vs peak current.




To determine the effect of amplitude variation on the activity of PGPE, detection of Hg(II) was carried out at different amplitude values. SWV curves obtained showed a prominent variation in peak current and peak potential as well. From Figure 10a, 0.06V amplitude proved to be the optimum for the Hg(II) detection.
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Figure 10: Plot of peak current vs. a) the amplitude, b) frequency, c)
deposition time, and d) deposition potential of the square wave
voltammograms of 6.2 x 10”7 mol/L Hg (II) solution in 0.1 mol/L acetate
buffer (pH 5.5). Other conditions are described in Fig. 2a.





Afterward, to test for the effect of frequency on the activity of the PGPE, different frequencies were applied for the detection of 6.2 x 10-7 mol/L Hg(II) by keeping all other parameters constant, and same as in Figure 3a. SWV curves of different peak current were obtained, and the highest peak current was obtained when 100.0 Hz frequency was applied (Figure 10b). So, 100.0 Hz was considered to be optimum frequency for Hg(II) detection.


Optimization of the deposition time was completed as well for the detection of Hg(II) at the PGPE. Time was varied from 0 to 360 s, with the increase in the deposition time, the peak current also increased up to 300 s, and after that, it became nearly constant as shown in Figure 10c. Finally, the deposition potential was optimized for 6.2 x 10-7 mol/L Hg(II) at the PGPE. The deposition potential was varied from -1.4V to -2.0 V; the obtained peak current was the highest for the -1.6V deposition potential (Figure 10d). The optimal SWASV parameters are summarized in Table 1.
Table 1: Optimal parameters for Hg(II) determination by the SWASV method using PGPE.

	Parameter
	Optimum Parameter

	Electrode type
	PGPE

	Pretreatment media
	0.1 mol/L HNO3 

	Pretreatment potential range / V
	-1.6 to -0.6

	Pretreatment CV scan segments
	60

	Pretreatment CV scan rate/ V/s
	50 

	Sensing media/ mol/L
	0.1 acetate buffer 

	Sensing pH
	pH 5.5

	Amplitude/ V
	0.06

	Frequency/ Hz
	100

	Deposition potential/ V
	-1.6

	Deposition time/ s
	300


3. 4. Calibration


The dependence of Hg(II) peak currents on their concentrations presented in Figure 11. Under optimum conditions, mentioned in Table 1, the peak currents were linearly proportional to the Hg(II) concentration in the range of  5.0 x 10-9 mol/L – 1.75 x 10-7 mol/L with R2 = 0.994 (Figure 11, inset). So the limit of quantification was 10.0 x 10-9 mol/L and limit of detection was (S/N=3) 3.0 x 10-9 mol/L for Hg(II) at the PGPE. The variation of ip with the concentration of Hg(II) is represented by the straight line equation ip = a C + b, where a and b are the slope and intercept of the straight line respectively. The aforementioned results indicate that the developed square wave adsorption stripping voltammetry using inexpensive and renewable graphite pencil electrode provides a convenient and efficient method for quantitation of Hg(II).
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Figure 11. SWASV in 0.1 mol/L acetate buffer, pH 5.5 containing
different concentrations at the pretreated GPE: 1) 0.0, 2) 5.0 x 107, 3)
1.0x 10%,4)2.5x10%,5)5.0x 10, 6) 7.5 x 10%,7) 1.0 x 107, 8) 1.5
x 107, and 9) 1.75 x 107 mol/L. Other working conditions were as
mentioned in Table 1. The inset shows the corresponding calibration
curve from 1.0 x 10-¥ - 1.0 x 10-” mol/L.




3. 5. Determination of Hg(II) in the human saliva

Detection of Hg(II) in human saliva by non-pretreated GPE was impossible due to its low electroactivity. The ability of the PGPE was investigated to detect low concentrations of Hg (II) in saliva. Table 2 shows the promising results obtained from the PGPE, and as compared to the ICP-OES for the same added concentration.
Table 2: Concentration of Hg(II) spiked in saliva was measured by PGPE and inductively
                coupled plasma (ICP).
	Saliva Sample
	Hg(II) Added Concentration
	Hg(II) Concentration Detected by ICP 
	Hg(II) Concentration Detected by the Electrochemical Method  
	Recovery of the Electrochemical Method 

	1

2

3
	25.0 nmol/L

50.0 nmol/L

100.0 nmol/L
	25.0 ± 10.0 nmol/L

41.0 ± 6.0 nmol/L

96.0 ± 4.9 nmol/L
	25.0 ± 4.0 nmol/L

47.0 ± 5.5 nmol/L

99.5 ± 3.5 nmol/L
	100.0 %

94.0 %

99.5 %


(where n=3)
4. Conclusions

The pretreatment of the graphite pencil electrode surface improves its electrochemical catalytic activity towards the oxidation of Hg(II). Comparison of results obtained with non-pretreated GPE and PGPE revealed that PGPE is highly sensitive with a low limit of detection (S/N=3) i.e. 3.0 x 10-9 mol/L. Moreover, PGPE is considered a sensor with very low cost and easy in preparation. The proposed sensor can be used for low-level detection of Hg(II), in human saliva with satisfactory results. This work opens a new possibility in using human saliva as a biomonitoring matrix since it can be easily and non-invasively collected, for the application of Hg(II) electrochemical detection.
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