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v Mercury(Il), The optimized experimental conditions, for determination of mercury(Il) with
7 5-Br—'PADAP, cathodic differential pulse voltammetry at 5-Br-PADAP-CPE, include:
¥ Modified carbon paste supporting electrolyte: acetate buffer (0.1 mol.L™"), pH: 4.7, amount of mixed 5-
Y electrode, Br-PADAP in the CPE: 0.2% (w/w), open circuit accumulation time: 120 s. The

Differential pulse

monitored current was linear over the range of 3 10 — 1.8 1077 and the detection
limit is 10® mol.L"'. The relative standard deviation for 10 successive
determinations of Hg(Il) was 1.6%. A study of interfering substances was also

kadayouba@gmail.com performed and the method was applied to the direct determination of mercury in
Phone: +227 80033646 real samples

stripping voltammetry.

1. Introduction

Heavy metal contamination in soils and groundwater is a common problem encountered at many
hazardous waste sites. Once released into the soil matrix and waters, most heavy metals are strongly
retained and their adverse effects can last for a long time. Metal contaminants such as lead cadmium,
coppetr, zinc, mercury, and also cyanide are among the most frequently observed. They are present at
elevated concentration at many National Priority List sites. Heavy metals are toxic to people and pose
a great risk for safe ground water supply. Sites located around gold mining ore are described as critical
environments frequently subjected to heavy metal and cyanide contaminations. Degraded environment
due to gold mining activities have recently increased. Contaminated soil and water with mercury due
to both artisanal small scale mining and large-scale industrial mining, therefore have been in resident
concern around the area [1].

Mercury is one of the most harmful pollutants and it has become widespread into the environment
mainly as a result of anthropogenic activities. [2,3]. Mercury has no beneficial biological function, and
its presence in living organisms is associated with cancer, birth defects, and other undesirable outcomes
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[4,5]. One of the routes of incorporation of mercury into the human body is drinking water [6]. The
acceptable limit of inorganic Hg(II) in drinking water has been set by the World Health Organization
(WHO) as 30 nM [7]. According to the above health effects and environmental impacts, control of
mercury is becoming increasingly important, especially in water sources.

The detection of inorganic Hg(II) can be achieved with various analytical methods, which include
visible spectrophotometry or colorimetric assay [8], gas chromatography [9], atomic fluorescence
spectrometry [10], atomic emission spectroscopy [11], inductively coupled plasma [12] X-ray
fluorescence spectrometry [13] cold vapor atomic fluorescence spectrometry [14] high performance
liquid chromatography [15], enzyme-linked immunosorbent (ELISA) [16], and electrochemi-
luminescent immunoassay [17]. Generally, these techniques are reliable and have good sensitivity.
However, they may need extensive sample preparation or a speciation/separation step prior to analysis
(which is complicated) and may face difficulties in the detection of trace or ultra-trace levels of Hg(Il)
owing to matrix interferences and insufficient sensitivity. In addition, they are all limited with respect
to in-situ analysis and may require professional training of the user [18].

To overcome these limitations, attention has turned to voltammetry, in particular adsorptive
cathodic stripping voltammetry, due to its ability to achieve high sensitivity and selectivity.
Additionally, it is user-friendly, allows rapid analysis, is relatively inexpensive and highly suitable for
in situ applications [19-21]. Selectivity of determination of metal ions by adsorptive stripping
voltammetry was improved by their complexation or chelation with specific ligands [22]. Cathodic
stripping voltammetry technique was successfully used for the determination of metal ions with
different ligands at mercury, glassy carbon, carbon paste, carbon film and bismuth film electrodes [23].
The determination of Hg(I) has been performed by chemically modified carbon paste electrodes
(MCPE) by organic compounds and nanomaterials [24-26]. Mercury has been preconcentrated by
complexation with poly (Eriochrome Black T) [27], poly(EDTA-like) [28] or clay nanoparticle [29].
The detection limits obtained vary to 0.012 ppb to 20 ppb [19].

2-(5-Bromo-2-pyridylazo)-5-diethylaminophenol (5-Br-PADAP) is a ligand capable of forming
complexes with several metal ions as Hg(II) [30,31]. It was successfully used as a complexing agent
for cathodic stripping voltammetric determination of Mn(II) [32], Cu(Il) [33], Fe(Ill) [34], V(V)
[35,36], Bi(IIT) [37], Cr(II1) [38], Co(IT)[39] and Ti(IV)[40] at the mercury electrodes. However, 5-Br-
PADAP ligand has never been used before as a complexing agent for voltammetric determination of
mercury(Il) ions using the carbon paste electrode (CPE).

This work aimed to describe a simple and precise differential pulse voltammetry (DPV) method for
the determination of Hg(Il) in water samples as 2-(5-bromo-2-pyridylazo)-5-diethylaminophenol
complex using a modified carbon paste electrode.

2. Methodology
2.1 Chemicals and reagents

Graphite powder (99.9995%) was purchased from Alfa Aesar. Mineral oil, ethanol and 2-(5’-
Bromo-2’-pyridylazo)-5-diethylaminophenol (5-Br-PADAP, 97 %) were purchased from Sigma
Aldrich. Stock solution of 5-Br-PADAP was prepared by dissolving the required amount in ethanol.
Mercury(Il) nitrate monohydrate (Hg(NO3)-2H,0) was purchased from J.T. Baker. Acetic acid
(99.8%) and sodium nitrate used for preparation of acetate buffer come respectively from Merck and
VWR. Other solutions tested as electrolytes, prepared with NaCl, NaNO3 and sodium tetraborate
(Na2B40O7), come from Fisher Chemical. Nitric acid (HNO3) was provided by Sigma Aldrich. Metal
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ions used in interference studies were purchased from Prolabo for Manganese(Il) sulfate, from Fluka
for Aluminium(III) nitrate nonahydrate, from Sigma Aldrich for Zinc(II) sulfate heptahydrate and for
Copper(I) nitrate hydrate. The supporting electrolytes and other solutions were prepared with Milli-Q
water. Tap water samples were collected from laboratory.

2.2 Apparatus

The electrochemical experiments (cyclic and DPV measurements) were carried out using a
Palmsens potentiostat (Palm Instrument BV) running with the PStrace software. The conventionnal
three-electrode system was used for the electrochemical experiments, which comprised a bare or
modified carbon paste electrode as working electrode, an Ag/AgCl, 3 mol.L"! KCI as reference
electrode (Metrohm) and a platinum wire as the counter electrode (Radiometer Analytical).

2.3 Preparation of working electrode

The fabrication of Carbon Paste Electrode (CPE) and 5-Br-PADAP modified CPE (5-Br-PADAP-
CPE) were as follows:

i. The CPE was prepared by mixing 1 g of graphite powder and 0.3 mL of mineral oil using a
mortar and pestle until homogenous paste was obtained. The paste was then incorporated into
the electrode cavity of the body of an electrode dedicated to carbon paste, and polished on
smooth paper.

ii. The 5-Br-PADAP-CPE was prepared in the same manner by thoroughly mixing appropriated
amounts of 1 g of graphite powder with 5-Br-PADAP and 0.3 mL of mineral oil until a
uniformly wetted paste was obtained. After that, the paste was inserted into the cavity of the
electrode. The electrode surface could be renewed by simple extrusion of a small amount of
paste from the tip of the electrode. Otherwise, before each use the electrode surface, it was
rubbed with a piece of paper until a smooth surface was observed.

2.4 Mesurements and procedure

i. When analysis with bare CPE, 40 mL of supporting electrolyte 0.1 mol.L"! acetate buffer (pH
4.7) containing Hg(II) ions and ligand 5-Br-PADAP were introduced into the voltammetric cell.
Solution was stirred for a selected time. At the end of accumulation time, stirring was stopped
and a 30 s rest period was allowed for the solution to become quiescent. The voltammogramm
was then recorded by scanning the potential in the cathodic direction using cyclic and
differential pulse voltammetry.

ii. The same previous experiences were repeated when using 5-Br-PADAP-CPE, except the step
of adding 5-Br-PADAP in supporting electrolyte. A new surface electrode was used before the
commencement of each experiment. All the mesurements were carried out at room temperature.
To avoid contamination, the voltammetric medium was changed after each experiment.

2.5 Differential-pulse parameters

Differential-pulse parameters (scan rate, pulse amplitude AE, scan increment a, duration 0) used to
obtain intense and well-defined peak for mercury(Il) determination at 5-Br-PADAP-CPE by
differential pulse voltammetry, were as follow: scan rate 25 mV.s!, AE=70 mV;a=4mV, 0 =10
ms.
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3. Results and Discussion
3.1 Mercury(Il) and 5-Br-PADAP complex formation in aqueous solution

5-Br-PADAP, a pyridylazo compound, is a well-known analytical chelating reagent [31]. It is
endowed with two redox groups: an azo and a phenol group [41], as shown in Figure 1.

N N=—7N
OH

Figure 1. Structure of 5-Br-PADAP [42]

The molecular structure of 5-Br-PADAP can change as pH changes. It exists in different forms at
different pH value [42]:

pKa = 0.63 HL+pKa 2.77 pKa 11.2

\— \— \—

H3L** L~

Therefore, for optimal complexation of 5-Br-PADAP with mercury(Il), a pH value above 2.8 must be
chosen. The formation of the complex between 5-Br-PADAP and Hg(Il) causes a change in color of
the reagent phase from orange to purple.

Relatively strong complex was formed between Hg(Il) and the ligand with a corresponding
bathochromic shift. Figure 2 shows the structure of the complex between 5-Br-PADAP and Hg(II).

e n
N<N 0

Hg2+
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N——N /N
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Figure 2. Structure of [(Hg?")-(5-Br-PADAP),] complex [43].

3.2 Electrochemical behavior Hg(Il) ions and 5-Br-PADAP in aqueous solution

Fisrt, cyclic voltammogramms of 5-Br-PADAP in the presence and in absence of Hg(II), in 0.1
mol L acetate buffer (pH 4.7) recorded at bare carbon paste electrode, are shown in Figure 3. The
reductions of the azo group are observed at -0.05 V and -0.38 V (Figure 3a). This is in good agreement
with literature. Azo-ligand such as 5-Br-PADAP exhibits two reductions peaks when pH is above to
3.5 [41]. In oxidation a small redox wave near 0.15 V appeared after reduction. This wave belongs to
the reduct products at the surface of electrode according to same authors. The peaks observed in the
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presence of the ligand alone are due to the reduction of the azo group. The reduction mechanism
involves the formation of hydrazo derivatives followed by the cleavage of the N=N bond and the final
formation of amines, according to references [41, 44-46]:

—N=N- 4+2H*+2e~ » —NH - NH —
—NH — NH — +2H* + 2e~ - 2(—NH,)

With Hg(II) ions, the voltammogramm exhibits a large reduction peak, around -0.34 V, and no
oxidation peak return (Figure 3b), except oxidation observed in case of 5-Br-PADAP only. In the
presence of some metal ions, like Hg(II) ions in this study, the new peak that appears, at more cathodic
potentials, is related to the reduction of the ligand involved in the complexation, allowing the detection
of the metal. The potential shift is likely due to the involvement of the azo group in complexation, with
a consequent stabilization of the nitrogen electrons in the ring, which makes it less available to
reduction. Of the two possible reaction mechanisms, i.e., ligand reduction inside the complex or after
complex dissociation, the first one seems to be most likely, since evidence of the presence of metal-
hydrazo complexes was found [44-46].

-06 -04 -0.2 0 02 04 06
E/V

Figure 3. Cyclic voltammogramms obtained at bare CPE in 0.1 mol L™! acetate buffer pH
4.7, scan rate 25mV.s™!
(a) 2 10° M 5-Br-PADAP
(b) 2 10 M 5-Br-PADAP with 10> M of Hg(II)
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3.3 Electrochemical behavior of Hg(Il) ions at modified 5-Br-PADAP-carbon paste electrode

As shown in Figure 4, when using a 5-Br-PADAP-carbon paste electrode (1% modification), we
have the same behavior as when the ligand is in solution. The potential of the reduction peak, in the
presence of Hg(II) ions, is located at -0.34 V. Inserting ligand in carbon paste electrode is easier and
working with this electrode is simple and permit easier on-line measurements [47, 48]. So, this
modified carbon paste electrode was used for further measurements.

il A
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[ | | | | | |
-06 -04 -0.2 0 0.2 0.4 0.6
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Figure 4. Cyclic voltammogramms obtained at 5-Br-PADAP-modified CPE (1%) in 0.1 mol.L"!
acetate buffer pH 4.7, scan rate 25mV.s!,
(a) 5-Br-PADAP-CPE (1%)
(b) 10> mol.L! of Hg(IT) with 5-Br-PADAP-CPE (1%)

The effect of scan rate was studied in the range: 5 - 100 mV.s"!. Figure 5 shows the cyclic
voltammogramms response recorded by immersing the 5-Br-PADAP-CPE in the presence of 107
mol.L-! Hg(I). Percentage of mixed amount of 5-Br-PADAP was maintained at 1%. On raising the
scan rate, the potential of the cathodic peak was shifted cathodically confirming the irreversible nature
of the electrochemical reduction process of Hg-5-Br-PADAP complex. By contrast to surface
electrochemical process where the current is linearly related to the potential scan rate, we found that
the reduction peak current increased linearly with the square root of the potential scan rate between 5
and 100 mV.s™! (Inserted in Figure 5) as for a process controlled by diffusion [49, 50]. It can be
attributed to the free motion of the Hg(II) ions in the microenvironment of the modified electrode [51].
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Figure 5. Cyclic voltammogramms obtained at 5-Br-PADAP-modified CPE (1%) at different scan
rates: 100, 50, 25, 15, 5 mv/s. Inserted: relation between reduction peak and current square root of
the scan rate

To confirm irreversible process of the reduction, the dependence of pH was investigated over
pH range (pH 4-6) by recording differential pulse voltammogramms of Hg(II)-5-Br-PADAP complex
in acetate buffer 0.1 mol.L!. The plot of the change of the cathodic peak potential vs pH was linear
(Figure 6). On increasing the pH of the solution, the cathodic peak current was shifted to more negative
potential confirming the irreversible nature of the electrochemical reduction process and the electrode
reaction involves hydrogen ions. The observed dependence of the reduction peak of the complex, on
the pH can be explained by a direct exchange of four electrons in two successive two-electrons steps
with splitting of the N=N group to form —-NH>—NH> [44-46].

3.4 Optimisation of analytical parameters

3.4.1 Supporting electrolyte

Various electrolytes have been tested: HNO3 (0.1 mol.L!, pH 1), NaNO3/HNOs (0.1 mol.L'!, pH
4.7), Acetate buffer (0.1 mol.L"!, pH 4 - 6), NaCl (0.1 mol.L!, pH 5.4), NaNOs (0,1 mol.L"!, pH 6.2),
Borate buffer (pH 8.4). Acetate buffer (0.1 mol.L'!, pH 4.7) gave us better cathodic peak current. It
was chosen as supporting electrolyte for further experiments.
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Figure 6. Relation between cathodic peak potential and the pH.

3.4.2 Effect of amount of mixed 5-Br-PADAP

To found which amount of 5-Br-PADAP will give us better an well-defined peak, the influence
of the content percentage of the modifier in carbon paste mixture was studied by differential pulse
cathodic voltammetry of 10 mol.L! of Hg(IT) in 0.1 mol.L! acetate buffer (pH 4.7). Percent of 5-Br-
PADAP were varied from 0% to 10 %. The voltammetric cathodic response, of the 5-Br-PADAP-
carbon paste modified electrode for the different percent of 5-Br-PADAP in the carbon mixture (0%,
0.1%, 0.2%, 0.5%, 1%, 2%) is illustrated in Figure 7. Cathodic current reached maximum with 1% of
5-Br-PADAP in the paste, but with this composition the reduction of the free ligand take place and
affect the peak current response. This reduction of free ligand increase when we increase amount of 5-
Br-PADAP to 2 %. At 5% and 10% amounts of 5-Br-PADAP, peak currents are completely displaced
because reduction of free ligand 5-Br-PADAP dominates reduction of complexed ligand. With 0.2%
composition of 5-Br-PADAP we have better current peaks and therefore, a quantity of 0.2% of 5-Br-
PADAP (w/w) in weight in the composition of the electrode has been chosen as the best for other
experiences. We chose 0.2% also because it permits lower consumption of modifier 5-Br-PADAP
despite the maximum peak current is 1 %.

3.4.3 Effect of open circuit-accumulation time

The effect of open circuit accumulation time on the response was studied ranging from 0 s to
240 s as illustrate in Figure 8. The peak currents of the complex increase with accumulation time from
0 to 120 s and then become constant. This phenomenon is explained by the surface saturation where
the equilibrium between the complexed metal ions and the ions in solution take place. Thus, the
accumulation time of 120 s was chosen for further experiments.
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Figure 8. Effect of open-circuit accumulation time on the cathodic peak intensity of
107 mol.L! Hg(II) at 0.2% 5-Br-PADAP-CPE in 0.1 mol.L! acetate buffer solution (pH 4.7)
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Figure 7. Influence of the content of 5-Br-PADAP in carbon paste mixture on cathodic peak currents
(0.1 M acetate buffer (pH 4.7) containing 10> mol.L"! Hg(II)).
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3.5 Electrochemical determination of Hg(Il) with 5-Br-PADAP modified carbon paste electrode

Figure 9 presents the differential voltammetry curves and calibration curve, for different
concentration of Hg(IT) in the range 3 10 — 1.8 10”7 mol.L"!. The cathodic peak current of Hg(I) (Jipc|)
increases with increasing its concentration. A linear equation was obtained: y = -0,50048x + 0,83 with
the correlation coefficients of R? = 0.9982. The relative standard deviation (%RSD) for ten repetitions
analysis in 0.1 mol L'! acetate buffer pH 4.7, containing 10-> mol.L"! of Hg(IT) was 1.6%.

The limit of detection (LOD) was calculated based on statistical analysis. The formula utilized
was LOD = kSp/m, where LOD is the limit of detection, k is the signal-to-noise ratio (S/N=3), and Sy
is the standard deviation of the blank [27, 52]. The LOD of Hg(II) at 5-Br-PADAP-CPE in 0.1 mol.L-
! Acetate buffer pH 4.7, is 10® mol.L!. This LOD is lower than the WHO standard for mercury(II) in
natural waters (3 10® mol.L!) [7]. This result indicates so, that this sensor allows analysis of low
concentrations of mercury in water.

10 mol.L™
10 15 20

il JA

y = 0.83 - 0.50048x R2= 0.99825

-0.4 -0.3 -0.2 -0.1 0 0.1
E/V

Figure 9. Differential voltammetry curves and calibration curve for different Hg(II) concentrations
(a:310%M, b: 610 mol.L"!, ¢: 9 10®¥ mol.L!,d: 1.2 107 mol.L!, e: 1.5 107 mol.L"!, f: 1.8 10”7
mol.L"), in 0.1 mol.L! acetate buffer (pH 4.7), at 0.2% 5-Br-PADAP-CPE

The performance of our modified 5-Br-PADAP-CPE, in Mercury(Il) determination, is
evaluated and compared with other carbon paste modified electrodes as shown in Table 1. The results
show that our electrode has a good reproducibility (in term of % RSD) and high sensitivity (LOD) for
determination of Hg(II) ions as other previously electrodes reported in the Table 1.
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Table 1. Comparison of 5-Br-PADAP with other carbon paste modified electrodes in Hg(II)

determination
Electrode Technique Accumulation LOD RSD  Reference
time (mol. L") (%)
Poly(Eriochrome Black ASV* 2 min 22101 24 [27]
T)/CPE

EDTA/CPE SWV** 5 min 8.610° 3.1 [47]
Indigo Carmine/CPE DPV 10 min 7.510° / [53]
Crown ether/CPE CSV ks 2 min 210° 11 [54]
Tetraphenylborate/CPE ASV 10s 6107 4 [55]
SBA-15/ CPE ASV 3 min 4 107 5 [56]
Sepiolite/FeS; /CPE ASV 2 min 0.4110% 7.1 [57]

5-Br-PADAP/CPE DPV 2 min 108 1.6  Present work

* Anodic Stripping Voltammetry, **Square wave voltammetry, *** Cathodic Stripping Voltammet
pping ry q ry pping ry

3.6 Behavior of modified 5-Br-PADAP-CPE for Hg(Il) analysis with other metallic ions

In environmental sample, Hg(Il) ions coexist with many other ions. The major sources of
interferences are likely to be from metal ions coming from gold mining process and capable of forming
complexes with the used chelating agent 5-Br-PADAP, hence affecting response of the electrode via
an overlapping peak or competing for avalaible ligand. Based on previous studies of an artisanal gold
mining groundwater in the locality of Komabangou (Niger) [58], the metal ions identified to be most
interfering are: Cu(Il), Mn(II), AI(III) and Zn(II). The effect of these metal ions was tested at the
optimal experimental conditions, with all concentration 1-fold and 10-fold that of Hg(Il). The
concentration of Hg(Il) used was 5 10”7 mol.L"!. Table 2 surveys the results obtained by studying the
selected ions at concentrations 1-fold and 10-fold as large as that of Hg(II). Results show that these
interfering ions reduced the electrode response to mercury by competing with Hg(II) ions for available
ligand because they caused decrease of peak current.

To minimize effect of complex matrix, analysis of mercury content in real sample was
performed by standard addition method instead of using calibration curve.

Table 2. Interference of selected metal ions with the determination of 5 10”7 mol.L-! of Hg(II)

Metal ion Concentration of the interferent Change in peak current, %

Al(I)  1-fold 9.1
10-fold -26.4
Mn(l)  1-fold -55.2
10-fold -58
Zn(1D) 1-fold -16.5
10-fold 22.1
Cu(@  1-fold 26.4
10-fold -36.3
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3.7 Real sample

In order to assess the analytical utility of the modified electrode, it was necessary to evaluate this
electrode in a real sample. To do this, the developed sensor was tested in the tap water under optimized
parameters, as a selective and sensitive working electrode for the determination of Hg(II) without any
previous pre-treatment of the samples. Tap water samples were spiked with Hg(Il) at different
concentrations. The accuracy of the developed method was demonstrated by recovery studies. Good
quantitative recoveries were observed, as illustrated in Table 3. These data indicate that in the spiked
water samples the recovery is more than 95% what is satisfactory.

Table 3. Results of determination of Hg(Il) in tap water with 5-Br-PADAP-CPE

Element Concentration  Concentration Recovery (%)
spiked (mol.L') found (mol.L")

Hg(I) 5107 49107+£0.28 98
106 1.07 10°+ 0.1 107

Conclusion

A novel an easy 5-Br-PADAP-CPE was developed in this work for sensitive determination of
Hg(II) based on reduction. The results show that the developed sensor was easy to prepare, has good
reproducibility (RSD 1.6%) and low LOD (10 mol.L! after 2 min accumulation) comparable with
other modified CPEs and application of this sensor in real sample were satisfactory. In addition,
utilization of portable potentiostat (like Palmsens used in this study) makes 5-Br-PADAP-CPE sensor
suitable for on-site use.
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